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Slmmag Ve

The aim of this work was to design and build an equipment which can
detect ferrous and non-ferrous objects in conveyed commodities, discriminate
between them and locate the object along the belt and on the width of the
belt. The magnetic induction mechanism was used as a means of achieving the
objectives of this research.

In order to choose the appropriate geometry and size of the induction
field source, the field distributions of different source geometries and sizes
were studied in detail. From these investigations it was found the square
loop geometry is the most appropriate as a field generating source for the
purpose of this project. The phencmena of field distribution in the
conductors was also investigated.

An equipment was designed and built at the preliminary stages of the work
based on a flux-—gate magnetometer with the ability to detect only ferrous
objects. The instrument was designed such that it could be used to detect
ferrous objects in the coal conveyors of power stations. The advantages of
employing this detector in the power industry over the present ferrous metal
electromagnetic separators were also considered.

The objectives of this project culminated in the design and construction
of a ferrous and non—ferrous detector with the ability to discriminate between
ferrous and non-ferrous metals and to locate the objects on the conveying
system.

An experimental study was carried out to test the performance of the
equipment in the detection of ferrous and non-ferrous objects of a given size
carried on the conveyor belt. The ability of the equipment to discriminate
between the types of metals and to locate the object on the belt was also
evaluated experimentally. The benefits which can be gained from the

industrial implementations of the equipment were considered.

Further topics which may be investigated as an extension of this work are
given.
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INTRODUCTION

All powder producers and bulk material processors
are continually seeking ways to increase production,
improve the quality of the product and lower the operating
costs. An obstacle on the way to these aims can be damaging
tramp metal. When the presence of the tramp metal ié ignored

one or more costly events may occur(l’z).

(1) Damage to the processing machinery, dies, etc.,
resulting in considerable costs for repair and
replacement parts and sometimes shutdowns and

production loss.

(2) Contamination of the end product. Producers of
plastics, ~ement, fertilizers, chemicals, paper
products, pharmaceuticals, food, etc. strive to
produce products free of metal contamination. The
food and milling industries are especially vulnerable
when even fine slivers of metal are discovered in

their products.
(3) Explosions and fires.

To prevent the occurrence of these events, more
magnetic separators, metal detectors and vibratory
feeder-screens are being employed, not only at the
beginning of the material entry and along processing lines
but immediately ahead of bagging, packaging, canning or

bulk shipping.



Most of the available metal detectors are designed
with a very limited range especially to detect metals
buried just under the surface of the earth. The detector
employeéd currently for the detection of metal within a
processing material carried on a conveying system in most
of the industrial fields is the inductive loop metal
detector(z). This equipment derives its operation from
thé change of the loop inductance when a metal object passes
through it. The search coil in this detector is part
of a tank circuit and the reactance of the circuit is
sensitive to the capacitance as well as to the inductance.
Thus any change in the stray capacitance for any reason
may be significant endugh at the operating frequency of
the detector.to cause the system to give false detection.
The above factors reduce the sensitivity, accuracy and
reliability of the equipment. Currently available detectors
are generally unable to discriminate between ferrous and

non-ferrous metals or to locate the object on the conveyor

belt.

The ultimate objectives of this research were to design
and build a metal detector that would detect ferrous and
non-ferrous objects carried on a conveying system,
discriminate between them and locate them along the belt

and on the width of the belt.

At the early stages of the work a metal detector was
designed based on the flux-gate magnetometer which has the

ability of detecting only ferrous objects. This equipment

~3=



may be used to detect tramp iron within the coal material

in the power industry and control the operation of
electromagnetic separators used for removing the iron

pieces from the coal. The process of controlling the
separator and putting it on only when required leads to

a considerable saving in energy, since the presence of

tramp iron in the coal is very rare. Also, it increases

the efficiency of extraction of the iron objects and

reduces the overall cost of the separator as its intermittent
operation allows the coil to be wound using thinner wire

and less cooling is required.

To achieve the complete objectives of this research
a detector has been designed and built based on the
transmit-receive coil configuration. The design was
evaluated for detection of ferrous and non-ferrous
objects, discrimination between them and location of the

object on the belt.

An experimentél rig was constructed énd the performance
of the eguipment tested to determine how well it met the
design objectives. The facility to discriminate between
ferrous and non-ferrous metals enables the detector to
be used for the detection of ferrous objects within the
non-ferrous materials and vice-versa. Locating the object
on the belt makeg the removing of the tramp metal from
the material a simple matter once the belt is stopped, thus

reducing the period of interruption of production.



In Chapter 2 of this thesis, a survey of the
literature relevant to metal detection is given with an
indication of the deficiencies of various methods in

relation of the current problem.

Chapter 3 contains an investigation of the magnetic
field distributions of different source gecmetries. It
also includes the selection of the appropriate source

geometry for the purpose of this project.

Chapter 4 covers the theoretical principles of
operation and practical development of the ferrous metal

detector based on the flux—~gate magnetometer.

Chapter 5 deals with the thecoretical basis of the
ferrous and non-ferrous equipment design. It also
describes the principles of operation of the different

functions of the equipment in detail.

Chapter 6 describes in detail the practical development
of the ferrous and non-ferrous metal detector, together

with the experimental tests carried out on the performance

of the equipment.

The conclusions and suggestions for further work

are presented in Chapter 7.



Chapter Two

A short review of detectors using
an electromagnetic induction
mechanism



2.1 INTRODUCTION

In this chapter, mention is made of some of the
applications of the electromagnetic induction mechanism
and the literature related to the topic of metal detection
is reviewed. Brief descriptions of available detectors
are given. The remainder of the chapter describes the
general scope of the present work and details the important
factors involved in the development of the prototype

equipment.

Electromagnetic induction detection has been used in

many different applications. Among these is that of

(3,4,5,6 )

vehicle detection starting with its simple

detector and ending with quite sophisticated techniques.

Other typical applications include the locating of buried
objects such as underground pipes and telephone cables('7'8 )',
The mechanism has also been used at very low frequencies to
communicate in the sea(g’ha). The technique has been
used for the aetection of submarines under the surface of
the sea and weapons buried under the ground(ll ). The
relevant literature revealed various applications of

electromagnetic induction in different fields such as,

(12 ) (13 1 (14 )

, military, communications
(15,16 ) .

medical , industrial

(for short ranges) and geological science

Various metal detectors based on electromagnetic

induction technigues have been described.in the literature.



All such instruments depend on the measurement of magnetic
field associated with eddy currents induced in the metal
target by a primary magnetic field produced by an

excitation coid.

2.2 A SHORT REVIEW OF METAL DETECTORS

2.2.1 The B.F.O0. (Beat Prequency Oscillator) Detector

The princ¢iple of operation of the b.f.o. detector is

described in Ref. (17) and illustrated in Fig. 2.1l.

The b.f.o. detector consists of two oscillators with
resonant frequencies within 10 Hz of each other.
Oscillator (2) operates at a fixed frequency above that of
oscillator (l). However, the detector's search coil forms
part of the tuned circuit of oscillator (l). This means
that any change in the inductance of the search coil will
change the resonant frequency.of oscillator (1). When the
detector's search coil is brought near a metallic object,
the inductance of the coil changes and hence the resonance
frequency of the search oscillator changes. The output from
both oscillators is fed into a mixer and the difference
frequency emerges. This output is then processed to give
an indication of a metal target. This-system is very crude
because there are two oscillators of similar frequencies
operating in the same unit. This requires very good
shielding since the two oscillators will tend to pull

together to the same frequency and remain locked.

-8~



Search coil

Oscillator (1)
F Hz
Mixer Filter {> U:]
Oscillafor(2) P Amp Speaker
F 410Hz

Fig 2.1 Beat frequency oscillator detector.

Oscillator

Search | Power
coils Defector ThresholdT amplifier — Headphone

)

Meter
Fig 2.2 Block diagram of a typical Induction balance detecfor

Pulse A

generafor (B T T ]
L]

Transmit Receive| |Gafed| | Synch. | |Sum of | [Band] _|Display
coil coil amp detector| | exp. pass unit
elimnafor| | amp

Fig 2.3 Block diagram of pulse induction defector.



A development of the b.f.o. detector is the
discriminative metal detector. 1In this type of detector,
instead of measuring the difference frequency between the
two oscillators, the phase change between the two is
measured. This increases the sensitivity since phase
changes between the two frequencies can be much more easily

detected..

17
Waddington( )

states that the equipment is discriminative
because the sign of the phase change is dependent upon £he

type of metal near the search coil. Actually the
discriminating process of this instrument is not always
accuraté, because the net effect of the ferrous metal object
within the primary field on the sign of the phase shift is

a function of the comhination of both eddy currents and

enhancement effect. It is therefore impossible to discriminate

between ferrous and non-ferrous objects reliably.

A further problem concerned with this detector is the
change in the frequency of oscillation due to changes in the
reactance of the tank circuit. It is thus susceptible to
both capacitance and inductance changes. This can lead to
false detection and hence reduce the resolution of the

system for the detection of metallic objects.

2.2.2 Tnduction Balance and Pulse Induction Detectors

Fig. 2.2 is the block diagram for the induction balance

metal detector. The operation of the detector is based on

-10-



the detection of the magnetic field associated with eddy
currents induced in the metal(la ). The oscillator (running
at 100 - 120 kHz) drives a search coil and creates an
alternating magnetic field around the search head. A pick-up
coil is placed within this f£field. This coil is positicned so
that the fields around it normally oppose each other and
hence no output appears across it. A.piece of metal within

the searching field produces an imbalance which results in

an output from the pick-up coil.

Both coils are normally tuned as this increases
sensitivity. The detectors commercially available are
limited in the range of detection and they cannot discriminate

between ferrous and non-ferrous metals.

Pulse induction detectors have been described by

9)

Grant and West(wl ‘. A recently developed pulse induction
detector is described by Corbyn(zo)} Iﬁ this system a high
curreht is passed through the drive coil, creating a strong
magnetic field. This field is then allowed to collapse.

At the start of the pulse the field is built up; at the
switch off, or the end of the pulse, the collapsing field
causes the output initially to shoot up in the opposite
direction, then die rapidly away to zero. A metal object
within the range of the system would have an eddy current
induced in it. This in turn produces a field of its own,
opposing the main field collapse and slowing it down.

This would produce an output which is processed to indicate

-11-



the presence of a metal target. The block diagram of one

type of pulse induction metal detector is shown in Fig. 2.3.

2.2.3 Inductive Loop Detectors

Indﬁctive loop detectors were used initially for
traffic sensing('3 ). The loop is sunk into the surface
of the road and sealed in with tar. The detection zone is
very well_defined by physical size of the loop, and a
bigger area can easily be covered by paralleling of loops.
The lqop is energised by high frequency current and the
presence of a metallic object in the électromagnetic field
will cause a net decrease in the inductance of the loop
due to the eddy currents induced in the object. Several
loop detectors have been designed -around the principle of
change of inductance of the loop. One type is the self-tuning
detector. Here the loop is part of a tuned tank circuit
and a feedback loop'is.used to adjust the frequency of the
oscillator to'keep the detector automatically tuned to the
same amplitude on the resonance curve. A change in the

loop inductance due to the metal object shifts the resonant

frequency of the tank cizcuit, which results in a change in

the feedback voltage. The latter is used to indicate the

presence of a metallic object.

A second type is the bridge balance detector. 1In this
case, the loop forms one lég of a balanced bridge circuit
and change of the inductance causes the balance of the

bridge to be upset. This results in a change in the

output signal which indicates the presence of the object.

- =12-



In the phase shift detector the loop is tuned to the
resonance. In this detector, the change in the relative
phase-shift in the tank circuit, which is produced by a
metallic object changing the loop inductance, is used as

an indication of metal presence.

There are many metal detectors commercially available
based on these principles and used for the detection of
metal on convejor'belts. The change in the resonance
condition of the detector depends on the change of the
inductance of the search coil caused by the presence of a
metallic object. Since the change of the inductance of
the coil is very small compared to the total inductance of

( 21

the loop ),'the change in the resonance condition is
also very small. This results in a crude senstivity of
the equipment for the detection of metal objects. The
detector is also sensitive to changes in the capacitance
of the tank circuit as well as to its inductance. The
capacitance of the tank circuit includes the stray
capacitance which may be considerable at the operating
frequency of the detector. Any change in this capacitance
for any reason will therefore affect the resonance of

the tank circuit. The equipment is also affected by changes
in temperature and humidity. All the above factors can
lead to a false detection and reduce the efficiéncy of the

processing plant. The block diagram of the phase sensitive

inductive loop detector is shown in Fig. 2.4.

2.2.4 VLF Transmit-receive (T/R) Metal Detectors

Standard transmit-receive (T/R) detectors have been

-13-
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Fig 2.5 Block diagram of very low frequency metd detector.
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available for several decades., Most of them operate within
the frequency range of between 50 kHz and 100 kHz. The VLF
metal detector's operating frequency covers the range of

3 kHz to 30 kHz. These detectors are usually designed to
detect metal objects buried under the ground. By decreasing
the frequency, the électromagnetic field produced by the
transmitting coil penetrates more deeply into the ground and
hence the detection range of the VLF detectors extends into
the ground more than the standard (T/R) detectors(22 ).

The principle of operation and design of VLF metal detectors
are described in Refs. (22,23,24). However the theory of
the VLF detector is reviewed here briefly. The oscillator
power is fed into the transmitter coil which generates

an electromagnetic field around the coil. The field
penetrates the ground and, if metal is buried in the ground,
eddy currents are thus generated on the surface of the metal
target. These currents in turn generate their own
electromagnetic field. A portion of this field is received
by the pick-up coil which is situated in the field such
that its output is zero when there is no metallic object in
the field of the transmitting coil. The output of the
receive coil due to the presence of metallic object is

then processed to indicate the presence of metal.

The commercially available detectors of this type have
been designed either to detect both ferrous and non-ferrous
metal without discriminating between them or to detect the

non-ferrous and reject the ferrous objects. Also, the detection
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range of these VLF detectors is limited, because the
transmit and receive coils are both placed in the same
plane,(23 ). ThiS'a:rangement causes the electromagnetic
field to travel double the distance between the search
coils and the metallic objects buried under the ground.

The detection range may Be improved for other applications
by situating the transmitting and receiving coils in
parallel planes and passing the materials (in the case of
conveyed materials) to be inspected by the detector between

the coils. The block diagram of the VLF metal detector is

shown in Fig. 2.5.

A metal detector has been developed recently for tracing
submarine telecommunication cables. The equipment is based
on similar principles to the very low frequency transmit-
receive detector. The theoretical basis and development

of this detector is described in detail in reference (25).

2.3 GENERAL SCOPE OF THE WORK

2.3.1 Objectives of the Work

As a result of the review of the relevant literature,
it-was noted that most of the metal detectors were designed
to detect'objects puried just under the surface, and they
have a very limited range of detection. To cover the
complete width of conveyor belts used in material processing
plants, it is necessary to use several detecting heads,
which makes the system very costly and unreliable. It was

also found that none of the available deteqtors are

discriminative. They have been either designed to detect
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both ferrous and non-ferrous objects without distinguishing
between them or detect the non-ferrous and reject the ferrous
objects. It was also noted that most of the relevant

literature publications do not include theoretical analysis

of the detection principles.

The present work is aimed at designing and building
an equipment to detect metal objects carried on conveyor
belts, discriminate between ferrous and non-ferrous objects
and locate the object along the belt and on the width of
the belt. The proposed equipment has been designed such
that it does not give false detection due to the changes
of stray capacitance, temperature and humidity. This makes
it more reliable than the currently available detectors.
The detection range of the equipment is such that it is
caéable of covering the complete area of the given
conveying system. By using a suitable geometry for the
system, the sensitivity of the system may be increased

over that of currently available conveying system detectors.

2.3.2 General Approach to the Problem

At the preliminary stages of the work the proposal was
to use a flux-gate magnetometer as a means of sensing the
presence of metallic objects in the processing material,
in conjunction with an a.c. exciting field. ‘In this way,
the effect of the earth's magnetic field may be eliminated.
In proceeding with the project, it was found that the flux-gate
based detector cannot sense non-ferrous objects, but only
detects ferrous objects (with specified size) due to the
cy bandwidth limitation of the flux-gate magnetometer

frequen

which means that the excitation frequency cannot be increased
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to produce significant"eddy currents, To overcome

this problem a new design aporoach has been used.

Based on this approach, an equipment was built employing
the transmit-receive mechanism., The transmit and receive
electromagnetic coils are situated orthogonal to each other
and receiving coil was electromagnetically balanced against
transmitting coil. There is therefore, no energy coupling
between the coils as long as the balance is ﬁaintained.

In this way it is possible to achieve the objectives
described above. Further discussion of these factors is

to be found later in the thesis.

2.4 KEY FACTORS IN THE DEVELOPMENT OF THE PROTOTYPE EQUIPMENT

To design and develop a suitable system, performance
limiting factors have to be firmly established, and taken
into acoount.‘ This section summarises the key factors
in the work. It should be noted that the main theme of
the thesis is the practical development of equipment, and

full details are given in Chapter 6.

2.4.1 The Principle of Detection and Sensitivity of the

Equipment

In a normal transmit/receive detector, the transmitter
coil is fed with power from an a.c. oscillator. This sets
up a magnetic field around the coil and any metal which

enters this field has eddy currents induced in it. These

circulating eddy currents in turn generate their own magnetic
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field which radiates outwards and it is this field which

the receive coil detects. The magnitude of the eddy currents
induced, and hence the sensitivity of the equipment for a
given size and distance of the object from the receiving
coil, depends on the magnitude of the field at the point at
which the metal object exists. The geometry of the transmitting
electromagnetic coil should be optimised for maximum
sensitivity. For a particular conveying system, it is
necessary to generate the maximum field possible at each
point in the space for a given exciting power. The geometry
of the receiving coil should also be optimised for maximum
possible sensitivity. By careful positioning of the receive
coil, the net flux produced by the transmit coil linking

the receive coil can be reduced to zero. Optimising the
distance between the transmitting and receiving coil for

a certain conveying system enables the overall sensitivity

of the equipment to be maximised. When the metallic object
enters the field it will upset the balance and detection
starts at this point. The detailed theoretical analysis

of the detection principles, and the practical development

of the equipment are to be found in the following chapters.

2.4.2 The Importance of Tuning

The detector operates over such short ranges, relative
to the radiation wavelength, that the energy of the induction
field is much greater +han that of the radiated field. The

Sensitivity of the equipment depends on the transfer of
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energy from the transmitting loop to the metallic object
via the induction field for a given distance from the
receiving coil. To maximise the transfer of energy, the
magnetic flux at each point of interest should be made as
large as possible. This is simply achieved by series

tuning the transmitting loop to increase the current.

The receiving coil should glso provide as large an
induced voltage as possible from a given value of energy
transferfed from the metallit object to the receiving
coil. Here again, series tuning directly increases
performance by magnifying the induced emf. High
permeability ferrite rods are used in the receiving transducer.
This increases the induction energy picked-up and further
magnifies the resultant voltage because the ferrite
significantly increases the coil 'Q'. The increa;e in
10" reduces the bandwidth of the equipment and iq;reases
the accuracy of the detection. Tuning, Q factor and

self-capacitance problems are extensively discussed later.

2.4.3 Discrimination of Ferrous and Non-ferrous Metal

when a metallic target enters the electromagnetic field

of the transmitting loop and modifies 1it, (Chapter 5)
a small signal appears at the output of the receiving coil.

This voltage is amplified by the preamplifier. Using the

signal from the search oscillator as a reference and

comparing the time phase of the picked-up signal with the
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reference, it is found that there is a phase shift between
the two signals. 1In the case of non-ferrous objects the
phase difference is 45° because the non-ferrous metal is
magnetically linear and the permeability is that of free
space. When the metal is ferrous metal, the phase of the
picked-up signal is dependent on the size and position of
the obdgect, because the received signal is due to the
composite function of the eddy currents effect and the
intensifying effect arising from the high permeability of
the material. By using a phase shifter to modify the phase
of the reference signal and a phase sensitive detector,

it is possible to discriminate between ferrous and non-ferrous
metal. The operating principle of the discrimination is

given later.

2.4.4 Location of the Position of the Object on the Belt

The position of the object on the belt is located in

two steps.

(1) Finding the object on the léeft hand side or right hand

side of the belt,

(2) Measuring the distance of the object on either side

from the edge of the belt.

To determine on which side of the belt the object is

situated, another receiving coil has been employed with its

axis perpendicular +to the first receiving coil and directly

underneath it. This coil is also balanced against the
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transmitting coil and a metallic object in the field will
disturb the balance, The coil detects the effect of the
disturbance in the direction parallel to the axis of the
coil. By using a phase shifter and a phase sensitive
detector it is possible to determine the side on which the

object is situated.

The position of the object on either side of the belt
is found by measuring the time taken by the object to travel
within the boundaries of the loop in the direction of the
belt. The measured time is then converted into a distance,
calibrated to give the position of the object from the edge
of the belt. The theoretical analysis and the development
technique of the object locétion technique is described in-

greater detail later in the thesis.

2.5 SUMMARY

The general literature concerned with detectors using
the electromagnetic induction mechanism has been reviewed
briefly in this chapter. It was found that literature

related to the metal detector is very small, and most of

it consists of technical reports which give little attention

to investigating the theoretical analysis of the operating
principle. The chapter also included the general approach
to the objectives of the present work and brief discussion

of the key factors involved in the practical development

of the equipment.
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Chapter Three

Electromagnetic field distributions
for different source geometries
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3.1 INTRODUCTION

The theory associated with electromagnetic fields
generated by different source geometries has been studied
by many authors. The publications are far too numerous
to mention them all. A selected number of the more important
contributions relating to this work are therefore high-

lighted in the following discussion.

Any conducting element subjected to a time-varying
current will set up a propagating eletromagnetic wave and
an induction field. However, the amplitude of the
radiated energy is proportional to the product of current
and frequency. When fhe electromagnetic source is very
small compared to the wavelength of the time-varying current,
the conductor does not radiate significant energy. Only
at higher frequencies, when phase-shifts in the aerial
become significant, is the radiated eletromagnetic enefgy
significant('26 ). In the case of very long wavelengths
of the current compared to the dimensions of source, most
of the energy is stored in the induction field and confined
to the vicinity of the source(%27'm? The magnitude of the

energy in the induction field is proportional to the current

and depends on the spatial geometry of the source.

The sensitivity and range of the detectors described

in this thesis depends on the magnetic field distribution

of the field sources. It is therefore important to calculate

the field distribution for various source geometries at
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different points in the space near the detection zone

In this chapter, the field distribution for different
source geometries which may be used in the present work
are investigated. The chapter also includes a study of
the time-varying electromagnetic field in the conductors,
in order to establish some theoretical principles for the

equipment design.

3.2 I-SHAPE CORE ELECTROMAGNETIC COILS

3.2.1 Short Core Electromagnetic Coils -

If a small electric coil is subjected to sinusoidally
oscillating currentirgwt, the coil is equivalent to a short
magnetic dipole of length %.and pole strength 9 at each
end of the dipole(mizgz When the dimensions of the dipole

are very small compared to the wavelength and range, the

magnefic field components produced by the dipole in the

(9,29)
space are as follows : -
bsing 3®E-8_) - B2 38
qptsin J®LE=b) By Bs 1 4
Ho= = °© {-‘E‘+T+'§ (3.1)
4t |- r r
qptcos8 jwt-8) r 3By 1 ,
Hr = — 5 -3 E ] (3.2)
2T r r o
where qm2 = magnetic dipole moment
Bo = phase constant of free space
_(,0
e
W = frequency of t+he excitation current in rad/sec.
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c = velocity of the light
) = the angle between the axis of the coil and

radial distance r,.
r = radial distance from the centre of the coil

to the point at which the field is to be

measured,

If the wavelength of radiation considered is very much

larger than r then quasi-static conditions prevail and

only the 53 terms predominate; the other terms become
r

negligible under such conditions. The quasi-static
condition is applicable to. all cases considered in this
work. Under this condition the field equations reduce
to:

qm2¢OSé

g o= o | (3.3)
2TTr3

qm@slne

Hy, = ———
8 47Tr3

(3.4)

3.2.1.1 Horizontal MagnetiC’Dipole

The arrangement of the horizontal magnetic dipole is
shown in Fig. 3.1(a).

The component of the field along the x-direction in
the x-y plane is found from equations (3.3) and (3.4) to

be:

2.2
% (257-y") | (3.5)
2)5/2

HX = 5
AT (x"+y
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In the above equation, putting;

x = k44, ki =0.1to1l

In

y = kyd, k, =0 to 1,

the normalised field =

3

2

2
- 3.6
q_~ 4“(ki+k§)5/2 (3.6)

H_d
X

where d, as shown in Fig. 3.1l.(a),is the distance between
the coil and a point on the x-axis to which the distribution
of the field in the x-y plane is calculated. All other

parameters are as stated in Section 3.2,

The field distribution of this geometry was determined
at different points in the x-y plane. It was found that
the field falls rapidly as the distance from the x-axis

increases. The result of the calculations for kl = 0.5

is given as Fig. 3.2.

3.2.1.2 Vertical Magnetic Dipole

This geometry is shown in Fig. 3.1.(b). The normalised

field in the x-direction for this geometry is given by:

3
H,d 3k K%y (3.7)

= 577
U 4ﬂ(ki + k%) /

All the parameters in the above equation are as.defined

previously.

-28-—-



0 01 02 03 04 05 06 07 08 09 10
K2

Fig 3.2 The distribution of the normalized x component
of the field produced by a horizontal magnefic

dipole along Yy-axis.
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The field was calculated for different values of k
1

and k,. The result for k, = 0.5 is shown in Fig. 3.3

1

The field of this geometry is zero.at the centre-line of
the coil and increases with distance from the centre-line
until a maximum value is reached. Thereafter it starts

to decrease.

3.2.2 Long Core Electromagnetic Coils

If the length of the core of an electromagnetic coil
is not small compared to the diétance between the coil
and a point to which the field is to be calculated, then
equations (3.3) and (3.4) cannot be used to determine
the field distribution in close proximity to the coil
producing the field. The field equations in‘the x-direction
for horizontal and vertical geometries of long core coils

at any point in the x-y plane are derived in the following

sections 3.2.2.1 and 3.2.2.2.

3.2.2.1 Horizontal Geometry of the Long Core

The coil is regarded as a bar magnet of length % and

pole strength g at each end of the bar. The arrangement

of the system is given in Fig. 3.4.(a).

The field components due to long bar magnet at any

point in space may be found by considering the effect of

each pole, and the total field in any direction is found

29
by Superposition( X

=30~
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In Fig. 3.4.(a)if

2 = k,d, k; = 0.1 to 1
y = k2d, k2 =0 to 1
X = k3d, k3 = 0.1 to 1

The x-component of the field in the x-y plane for the

north pole is:

a _ qu3 L
XN L 2 (3.8)
2, 2 T .2.3/2
d“4m (k5 = kiky + 4= + k3)
and
u — qm. k3 . .
2 f1 2 3/2
41d% (7= + kiky + ko FKg)

where subscripts N and S refer to the north and south pole

respectivély. The total field in x-direction H is:

Hep = Hen = Hys
~ qu3 T
Y ( 2
™
2 1 2.3/2
- 1 ' ) (3.10)
k? 2 2.3/2
1 + k
QI— + klkz + k, 31
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The normalised field =

fas
or)
~

xT R ' L

= =

q 4w ]
; 62 -k 4oLy
2 T KRt T ks

N\

) — ) (3.11)
kl 2 2.3/2
QI- + klk2 + k2 + k3)

where d and q, are as defined in section 3.2.1.

The normalised field has been calculated for different
values of kl, k2 and k3. The results of the calculations
for k3 = 0.5 are shown in Fig. 3.5. From these graphs,
it is seen that the field is maximum on the axis of the
coil and decreases as the distance from the axis incredses.
The réte of decrease of the field depends on the length
of the core. For longer cores, the rate of decrease of

the field with increase in distance from the axis of the

coil is slower.

3.2.2.2 Vertical Geometry of the Long Core Coil

Fig. 3.4.(b)shows the vertical geometry of the long

core coil.

] ! i t
The x-component of the field H n for this geometry

is found in a similar way to that for horizontal geometry.

m3 (3.12)
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I3

H = V
et 2 . ,2.3/2
4nd (4 + klk2 + k2 + k3) /
g k L
xT xN XS 2 " 2
(k2 - k2kl + - k3)
1
- 5 (3.14)
-k 2 2.3/2
(7= + kiky + K5 + Kk3)

2
H><Td _ k3 » . l .......
q, - 4r ¢ 2
2 1, 3/2
= L (3.15)
2
Ky 2 .2.3/2

GI” + klk2 + k2 + k3)

All the parameters are as defined in the previous section.

The normalised x-component of the field has been

i ' ted
determined for wvarious kl’ k2 and k3. The calculate

fields are plotted in Fig. 3.6. Tt can be seen from these

is i e
results that as the length of the core 1s increased, th

i tre-
point at which the field is maximum moves from the cen

line of the coil along the y-direction.
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3.3 T-SHAPE CORE COIL

From the physical geometry of this coil and behaviour
of the flux lines as shown in Fig, 3.7, it can be seen
that the field is maximum along the axis of the coil as
in the case of I%shapeqcore coils. Also, from the physical
shape of this geometry the overall reluctance of the
magnetic path is less compared to the case of I-shape coils.
The flux produced by the T-shape coils is therefore
expected to be greater than that of I-shape coils fér the
same excitation Eurrent, number of turns and same material

of the core, since:

o = 2L (3.16)

where & = flux in ileber
NI = ampere-turn:

R = reluctance of the magnetic path.

According to the above equation, if the R reduces, the

flux produced will increase for the same ampere-turns.

To determine the flux-distribution of complex problems

such as the T-shape coil, either numerical analysis or

analogy methods(3o) are used. An electrical analogy
method was therefore employed to calculate the field

distribution of the T-shape coil. There are several

. . 4
different types of electrical analogues which may be use
(31,32 ) on

to calculate the field for such a problem " Among

(33} rthis

these analogues is the conducting paper analogy
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technique can be used to determine the field in the plane
of the source. However, it is impossible to determine
the components of the field with this technique. oOnly
the total field percentage can be determined at eaéh point
in the plane of the source. 1In order to compare between
the fields produced by the T-shape and the I-shape coils,

the field distribution of both geometries have been

determined using conducting sheet paper.

Both geometries were cut from teledeltos paper using
the same dimensional scale and the percentage of the flux
density distribution Qf both geometries was detérmined '
at identical points on the paper. The measurement was
carried out for both.geometries for different .values of
y at x = d (d is as shown in Fig. 3.7). The results are
given in Fig. 3.8. It is seen from these results that
the T-shape coil has stronger flux than the I-shape coil
at the identical points on the plane of the measurements.
Also, the T-shape coil field is spread over a greater

distance along the y-direction than for the I-shape core

coil.

3.4 LOOP ELECTROMAGNETIC COTLS

3.4.1 Square Loop with the gides Pparallel to the Co-ordinate

Axes

If a loop is subjected to a time-varying current and

to the
the dimensions of the loop are Very small compared to

p can be regarded as an equivalent

wavelength, then the 10O
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. (26,28)
magnetic dipole - The magnetic field of the dipole

at a point in space, where the distance between the point
and dipole is larger compared to the dimensions of the loop,
is given by equations (3.1) and (3.2). At ELF and VLF
where th.e» system may he regarded as quasi-static, the fieldv
can be found using equations (3.3) and (3.4]. However,
where the range at which the field to be calculated is
comparable with the dimensions of the loop, equations (3.3)
and (3.4) can not be employed to determine the field at
the required points. If the quasi=-static condition is
prevalent, as is the case for the system considered in
this work, the field equations in the near zone of the

34,35
loop can be found using the Biot-Savart lawt 4>

Biot-Savart states that the magnetic field- intensity for
a current element, &% at a point p, r metres distant from

§% is given by:

-

- L0 X .
s = I f_%__lﬁ] 3.
P 4w r2 ‘

where Er is the unit wvector along r.

The magnitude of the field strength éHp is

I82sinb

2

SH =
P a1y

where 6 is the angle between r and §2.

‘ . pig. 3.9

The field due to a short wire as shown i 19 (34,35)
. . und to be ! .

at an arbitrary point p using Biot-Savart 2 e

AN



o

Fig 3.9 A geomeiry for the calculation of the field
strength at point p due to a short wire AB
carrying current I.

@ . (b)
y-axis e
| H Hs
& : Hxy = Hx3
2a 2a LN \E |
Al G P1 ﬁZ\J A s 3
| 1
[31 B2 J\Ca o .
1 3 |
2a 2

Fig 3.10 Square electromagnefic loop
(a) plane view (b) section AA.

-4 3-



I__ (sinB - sina)

H =
Amr (3.18)

P
The angles B and o are the values of ¢ at the points A

and B respectively. TIf M lies between A and B, either

o or B must be taken as negative.

The square loop electromagnetic coil is built up of
four straight pieces of such a wire, A plane view of a
square loop and a section along the line AA are shown in

Fig. 3.10.

In this geometry the x- and y-axes are taken to be in
the piane of the loop and the z-axis perpendicular to the

plane of the loop, pointing up out of the page.

The field generated by any side of the loop at an
arbitrary point (p) may be found by direct application
of equation (3.18). If, for simplicity, point p is taken
on the x-z plane, then the field strength at p due to

sides (1) and (3) of the loop is:

T (3.19)
H = Ira 2 sin B4
1
20)
_ I . (3.
H3 = EEEE 2 sin 62

i -~di tion
From Fig. 3.10 the field components 1 the x-direc

at point p for sides (1) and (3) of the loop are:

(3.21)
) = 2I i cos O
HXl 4TT-Cl sin Bl L
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2T

H, o = 7-=— sin B8, cos
x3 ~ 4mcy 2 %2 (3.22)
The resultant field component in the x~direction H._ is
X
therefore given by:
- _I‘az[ 1 o
x 27 2
[z°+(a-x) 2] [22+a2+ (a-x) 2] 172
vl
- ' (3.23)
]:22+ (a+x) 2] [22+a2+ (a+x) 2] 1/2

The loop sides (2) and (4) do not contribute to the

x-component of the field.

The field in the y-direction HY in x-z plane is 2zero.

-

Following the same procedure in the y-z plane, H, is given

by:

g = laz [ 1 1'2
y 2m [:zz+(_a-y)2] [zz+a2+(a-y)2] /

- l ~1/2 :I (3.24)
[22+ (a+y) 2:[ [:22+a2+(,a+y)‘ i

The field component HY given in equation (3.24) 1is due

o~
to sides (2) and (4)- of the loops Yides (1) and (3)

do not contribute to y-component of the field; HX in this

plane is zero.

x . N . e
To find the field in the z-direction H,., the sam

procedure is used to find H, S HY' At any P

A



the space, H, 1s given by:

Ia |

e a—=Xx Co
H, = 27

[EZZ-F (a=-x) 2] [22+a2+ (a=x) 2_-1']‘75

t ‘a+x Lo
2 i)
[22*' (a+x] 7] [22+a2+ (a+x) 2] 1/2

+ 2' a-y : e
[z°+ (a-y) 2_] [22+a2+ (a~y) 2:[ L/

aty o C ]
[22+ (a+y) 2] [22+a2+ (_a-+Y) 2] l/2

(3.25)

‘The x-component of the field was calculated along the
x-axis for different values of z and different areas of
the loop. Fig. 3.1l shows the distribution of this
component of the field at z = 0.2m. It can be seen from
these graphs that the field strength is maximum near the
conductors of the loop and reduces toward the centre to
zero. The field strength in the g-direction at the other
half of the loop by symmetry follows the same profile as

that in the first half of the loop, but it is in the

opposite direction. Also, it is apparent from Fig. 3.11

that this component of the field increases with increasing

area of the loop. The field in the x-direction is also

calculated along the z—axis for different values of X and

areas of the loop. It is apparent from the results given

; is
in Fig. 3.12 that the field in the plane of the loop 1

£ z until a

zero and increases with increasing valuse ©
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ld at x=01m

tqnces along z-axis for different dimensions
loop are parallel

Fig 3.12 The normalized x component of the fie

versus dis
of the sguare l0Op. The sides of the

to x and y axes
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specific point is reached. After this point the field
decreases along the z-axis for the same value of X. Also,
it can be seen from Fig. 3.12 that the field strength
decreases with increasing area of the loop for~the same

value of z.

3.4.2 Square Loop with the Diagonals Parallel to the

Co-ordinate Axes

The field distribution equations in different directions
for the square loop geometxry with the diagonals coincident
to the cd—ordinate axes in the plane of the loop A& found

using a mathematical transformation of the field equations
obtained for the geometry shown in Fig. 3.10. The square
loop geometry with two systems of coordinate axes is given
in Fig. 3.13. To obtain the field equation with respect
to the new co-ordinate axes, the relation between.the two

co-ordinates system is derived as follows:

Let
u=x+3Jjy=r e’ (6+m/4) (3.2€)
gt = 1 el? | (3.27)

v =x' +3jy' =re 3.

then

X = rcos (8+m/4) (3.28)
_ X'—::'
/2

(3.29)

y = rsin(8+m/4)

- X'+::'
V2

40—



. : ‘ y -axis
y - axis J (x,y) .
X -axis

T
/L, X-axis

Fig 3.13 The square loop with both systems
of coordinafe axes.
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All the parameters in the above equations are as shown

in Fig. 3.13.

After establishing the relation between the two
co-ordinate systems, the field components in the direction

of the new~éo-ordinates can be derived as follows:

H - H .
H , = —X—é—i (3.301
H , = 531;1_55 (3.31)
.Y Sz
- T
HX' = 1az [:- 2 1 T > 5 1/2
227 [(a ”_‘__X_)2+22] Ea +(a- =Y ) T4z ]

2

1 _ ] (3.32)
- . oy bt 221/2
lar BN 2407 [aP4 ar 220 242
iz /2
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q =Iaz[" SR L

'a 2/2m . 4
§ D /; 1427 a2 s N
V2
[(a+'§iézilz+z%][§2+(a¥ 3112:)2+z%]l/2
V2 : V2
[(a— XL:X!12+2%][}?+(a;-xr‘x$)2+zg]l/2
/2 V2

...... L

’ ] (3.33)
[(a-F 3(—:/—%-17—' 12422 ]Ea +(a+ X/zy X'y 2., 2] 1/2

In the new co-ordinate system, the z-axis is coincident
with the z-axis in the original co-ordinate system and H_,

in the new system is as follows.
L]

. a+ .}_{.___L-
_ Ia V2

[(a+ _/__Y—) 2428 [2%+ (a+ —FX—) +22]

1/2
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a+‘ X'+z'

+ /2
[(a# 'w_';)?ﬂz] [a2+(a+ XJ;L')Z+22]1/2
V2 V2
~a_ -Xl-+xl .
. /‘2" ..... S
* X|+ . | 2 2 2 RV DT | | J (3.34)
[(a- 220 %42 2%+ (a- X232 4,212
Y2 V2

i For simplicity, the field components were calculated
only along the axes of the co-ordinates. The x'-component
of the field was determined along the x'-axis for different
values of z' and dimensions of the loop. Figure 3.14 shows
the results of the calculation at z = 0.2m. It can be

seen from these graphs that the field strength is maximum
near the conductors of the loop and decreases toward the
centre to zero. By symmetry on the other half of the

loop} the field strength follows the same profile as that

in thelfirst half of the loop, but in the opposite direction.
Tt was also found that this component of the field increases
with increase of the loop area. The field strength Hy'

was also calculated along the y'-axis for different values
of z' and sizes of the loop. These results are given as

Fig. 3.15, for z' = 0.2m. From these graphs it can be

seen that H_, along the y'-axis has the same profile as

H , along the x'-axis. The field component H,: has also
X

been calculated along the x'-axis for various sizes of

the loop. The results are shown in Fig. 3.16. It can be
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Fig 3.1 The normalized x component of the field at z =0-2m
for different dimensions of the square loop versus
different distances along >’<-,a>us. The diagonals of
the loop coincide with % and § axes.
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Fig 3.15 The normalized § component of the field af z=0-2m for
different dimensions of fthe sguare loop versus distunces
along §-axis. The diagonals of the loop coincide with

Id

% and y axes.
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Fig 3.16 The normalized z component of the field at z=5cm
for different dimensions of the squdre loop versus
different distances along x - axis. The diagonals of
loop coincide with X and y axes
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seen from these results that Hy: is negative with high
value outside the loop but near to the conductors, and
positive high amplitude inside the loop and near to the
conductors of the coil. In moving from the conductors
towardsvthe centre of the loop H decreases. On the
other half of the loop, by symmetry H, has the same

distribution as in the first half of the loop.

3.5 COMPARISON OF THE FIELD DISTRIBUTIONS OF DIFFERENT

SOURCE GEOMETRIES

Considering the I-shape core coils, the field
distribution of the goemetry shown in Fig. 3,4. (a) extends
over wider distances with greater magnitudes than the field
diSﬁribution of the other I-shape geometries. In comparing
the field of this gecmetry with field distribution of the
T-shape core coil, it can be seen from the results shown
in. Fig. 3.8 that the T-shape coil has a stronger field

and extends over wider distances than the I-shape coil.

In the case of the loop electromagnetic coil, the
field distribution is well defined by the physical size
of the loop as shown in Fig. 3.11. It is not possible
to compare'betweem the fields of the T-shape coil and the
loop coil geometries by using theoretical analysis.

However, there are many practical factors which have been

taken into consideration in choosing the appropriate

geometry of the coil for the purpose of this project and

these are as follows:
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(1) T-shape coils formed using transformer laminations
7
are suitable for use in the ELF range but not

practicable in the VLF range.

(2) Tt is not practically possible to use transformer

laminations or ferrite cores to form large loop coils.

(3) It is apparent from the field distributions of both
geometries that the required size of the system to
cover a specified width of conveyor belt using the
T-shape coil is greater than that of the loop coil
to cover the same width of belt. The larger size of
the system reducés the accuracy of the detection,
because the system becomes more susceptible to

interference and noise than is the case for smaller

sized systems.

(4) The location of the object on the width of the belt
may be achieved using the loop electromagnetic coil.

It is not possible using the T-shape coil.

The loop electromagnetic coil has been used in this
work as a primary :field source in both detectors.
However, a practical comparison has been made in the case of

the ferrous detéctor between the T-shape and the loop

electromagnetic coils. The result of this comparison

is given in Chapter 4.
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3.6 ELECTROMAGNETIC FIELD PHENOMENA IN CONDUCTORS

3.6.1 General

When a conductor is subjected to an alternating
magnetic field, the field penetrates into the conductor.
The magnetic field at a point in the conductor is less
than the field at the surface of the conductor. The
reason of this-is that the induced eddy-currents in the
conductor themselves generate a magnetic field which
opposes the inducing field. The main field and induced
currents are therefore concentrated in a thin layer or
skin near the éurface. When a magnetic field peﬁetrates
into the conductor,'it is not only attenuated in magnitude,
but the phase of the field also changes. The effective
depth to which the field penetrates into the conductor
is called the penetration depth, which is the depth which
would contain the whole flux at a density equal to the
surface value. The penetration depth is a function of
the material constants, conductivity and permeability,

as well as the fregeuncy of the excitation.

Tt was found in the relevant literature that many

authors(35’36’37ﬁﬂx39) have studied the skin-effect in

mangetic and non-magnetic conductors for different

parameters such as electromagnetic field distribution,
eddy-current distribution and surface impedance of the

conductor. Most of the publications in the relevant

literature solve Maxwell's equations analytically to
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determine the field distribution, eddy-current distribution

and surface impedance of a plane conductor subjected

to a one-~dimensional field.

In most two- and three-dimensional problems, Maxwell's

40, 41 |
¢ L to calculate the

equations are solved numerically
field distribution and eddy-current distribution in the

conductors.

Generally, the conductors may be classified‘as
magnetically linear or non-linear conductors, In linear
conductors the permeability is either equal to that of
free space (non-ferrous conductors) or it has some
value other than free space permeability, but is assumed
to remain constant (ferrous conductors] with the change
of the applied field strength (H). 'This assumption is
applicable if the field strength employed is below the
value at the knee-point of the B-H curve (Fig. 3.17)..
The constant permegbility allows the magnetisation curve
to be regarded as a straight line(’38'4 l»as is the case
in non-ferrous conductors. When the field strength has
a magnitude greater than the field at the knee-point of
the B-H curve, the permeability becomes the function of
the applied magnetic field strength and hence the

conductor must be regarded as a non—-linear conductor.

However, the non-linear condition has been avoided

in this work, because the field strength generated by

the transmitting coil has been chosen so that it is not
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Fig 3.177 Normal B-H curve for ferrous mefal.

/
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Fig 3.18 A plane solid conducfor

Fig 3.19 The plate of ferromagnefic material of thickness 2d.
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strong enough to saturate the ferrous metal

the non-linear theory is not applicable to this work

The non-linear theory is therefore only described very

briefly in section 3.6.3 of this thesis.

; . .
Maxwell's equations in general are given as

(35,43)

= 3B
XE = = ==

VXE ST
= _= _ 3D
X = e

VxH J + =%

V.E =0

v.D = p

where E = electric field vector

H = magnetic field strength vector
B = induction field vector
D = electric flux density vector
J = current density vector.

o= ity Chavge o s, 1 /

In addition, there is Ohm's Law, which may be taken as

defining a conductor

where o is the conductivity of the conductor,

For good conductors,

regarded as negligible,

the displacement current may be

then equation (3.36) becomes:
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. This means

(3.35)

(3.36)
(3.37)

(3.38)
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(3.40)

Taking the curl of both sides and using vector identity(43)

UxUxH = oVxE (3.41)

VxUxH 2 V(V.H) - v2E (3.42)

Substituting values of VXE and V,Hfrom Maxwell's equations

in the equation (3.42)

V°H = oU =+ (3.43)

I

where HoHpr By = the permeability of free space, and
Mo is the relative permeability of the conductor.

The above equation may also be obtained in terms of E and -

J
V°E = ou g% (3.44)
V23 = ou 2% (3. 45)
: . jw £
When all quantities are regarded as varying as el” ", the
above equations may be written:
I7 - [~y
V2R = Juwoul (3.45)
- - 7
V2E = jwouE (3.47)
23 (3.48)

V4T = jwond
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These equations give the relation between the space and
time derivatives of the magnetic field, electric field

and current density at any point in the conductor.

3.6.2 Magnetically Linear Conductors

3.6.2.1 Magnetic Fields in Linear Conductors

If a plane conductor of infinite depth shown in
Fig. 3.18 is subjected to a uniform sinusoidal magnetising
force in the y-direction with no variation in the z-direction,
the corresponding electric field and eddy-currents induced
at the surface of the conductor are in the z-direction.
The magnetic field distribution in the conductor is found
by solving eéuation (3.46)., Under the above conditions,
equation (3.46) reduces to:

dZH‘

2.

= JWUOH (3.49)
dx Y

A complete solution of this field distribution is in terms

(43)

of exponentials

-x/8 -3 x/8)

L= (3.50)
Hy HO e e

where H, is the peak field strength at the surface of

the conductor.
§ = L o= penetration depth of the conductor, and

vrfuo

x is the distance along the x-axis into the conductor.
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In this form it is apparent that the magnitude of the
magnetic field decreases exponentially with penetration
into the conductor, and § has the significance of the
depth at which the field strength has decreased to 1l/e
of its value at the surface, The exponential decay of
the field strength with the depth of penetration into
the conductor is common in both ferrous and non-ferrous
metals. In addition to this effect, the ferrous metal
intensifies'the magnitude of the induction field which
enters the conductor, because of the high permeability

of the ferrous metal.

The intensifying effect of the ferrous metal is used
as a principle of detection in the design of the ferrous
metal detector (Chapter 4].. It is also used in the
ferrous and non-ferrous detector to discriminate between

ferrous and non-ferrous metals.

3.6.2.2 Surface Impedancéiand'PhaseAShift‘Calculations

The surface impedance of a conductor, which includes
the resistance and internal reactance, may be found for
the plane solid conductor shown in Fig. 3.18. The

impedance is calculated for a unit length and unit width

of the conductor. The surface impedance of the conductor

per unit length is the gquotient of the electric field at
the surface and the total current in the conductor. The
total current in the plane conductor is found by solving

equation (3.45) to find the current density, then integrating
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it from the surface to the infinite depth. The current

distribution equation (3.45) for the plane conductor
shown.in Fig. 3.18 becomes:

d2J

Z — Lo
22 = Juwhad, (3.51)

d

The solution of this equation in terms of exponential is
-x/8 =3 (x/9)
J, =J_ e e (3.52)

where Jg is peak current density at the surface,

For a unit width, the total current is given by:

. ® = (14) (x/8) Jo 8 3
I, = é J,dx = é Jo e dx = 7 .

The electric field at the surface is given by the
current density at the surface

J

(@]
B © o

(3.54)

The surface impedance for a unit length and unit width

is then
E / ) ] j . .
g = 29 - (1+3) (3.55)
s I o¢
z
For
= (3.56)
Zs = Rg + JXg
where R_ = surface resistance.
xS = gurface reactance.
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A (3.57)

()]
i

0
QII—‘
O
%)

= R (3.58)

The resistance and reactance-of such a plane conductor
are equal at any frequency. The surface impedance Zg
thus has always a phase angle of 45°, This impedance is
calculated for a unit length and unit width of the plane
conductor. For a finite area of conductor the impedance
is obtained by multiplying ZS by the length and dividing
by the width. Equation (3.55) may also be used to
calculate the surface impedances of conductors of other
than plane shape, since it may be thought of as a constant

of the material at a given frequency.

3.6.2.3 Power Flow into the Conductor

The power loss for a unit area of the plgne conductor
may be found by multiplying the surface resistance Rg

calculated in the previous section by the square of the

current per unit width I,.

P =%R | T ]2 (3.59)

The reactive power flow in a unit area of the

conductor is determined by multiplying the surface

reactance X to the square of the magnitude of the

current per unit width I,.

, =), e
Sop :
sz



_ 1 2
PR —-§XS|IZI (3.60)
The current per unit width of the conductor is
related to the magnetic field strength,by(37,43).
I = nxH (3.61)

where n is a unit vector perpendicular to the conductor

surface and H is the magnetic field at the surface. Using
the above relation and taking the surface value of Hy
in Fig. 3.18 as HO, then IZ in the equations (3.59) and

(3.60) may be substituted by H_ and they then become:

1 2

Pp =3 RglHY (3.62)
12 |

P, =5 x| H (3.63)

3.6.3 Magnetically Non-linear Conductor

If a ferromagnetic material is subjected to a uniform
alternating magnetizing force, with the magnitude of this
field at the surface of the material H, greater than the
magnitude of the field strength at the knee-point of the

B-H curve, then the relation between B and H becomes

non-linear (i.e. the pérmeability of the material varies

with H). The analysis presented in the last section for

linear conductors is therefore no longer applicable.

Several authors(36'37’38’391have considered the

field distribution, current distribution and loss density
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in ferromagnetic materials. Agarwal(37) has employed
a rectangular B-H curve assumption in his calculations
for non-linear conductors. He derived his equations
for a block of ferromagnetic material with thickness of
2d and infinite length. The conductor is subjected to
a sinusoidal magnetic field in the y-direction with no

variation in the x-direction. The geometry of the conductor

is shown in Fig. 3.19.
Agarwal's equations are given below;

The surface impedance

.2 372 3
_ 16 . d i 3d d
Zg = 3555 L1-(- 2 e gﬁij (3.64)

where o is the conductivity of the conductor,

§ is the penetration depth into the conductor.

The phase angle 6 of the surface impedance
d d,3
S 2(6’) (3.65)
3/%]

2(1-(1- =)
n-a-

The active power loss per unit area Pp is given by

2

P = ?}" . El Cl" '(;—

3/2 (3.66)
A ] '

where Hy is the peak value of the magnetising force at

the surface

4H2
m

3
- o a_ ., d (3.67)
Py = 3mes G527
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When the half thickness of the plate is equal or

greater than the depth of penetration,then

Zy = Tros it 3l (3.68)
_ -1 1
6 = tan T?: (3.69.)
2
_ 8 Hm
Pp =37 * 55 (3.70)
2
p_ = 2 “n
R=3 G5 (3.71)

Most recent publications use Agarwal's theory as a basis

for the analysis of non-linear problems.
3.7 SUMMARY

The field distributions at different points in space
for various source gecmetries have been determined. The
results have been discussed and comparedto enable a choice
of the appropriate size and geometry of the coil to be
made for the purpose of this project. Electromagnetic
field distribution, induced current distribution, surface
impedance and active and reactive power flow equations

in the conductor have been obtained for both linear and

non-linear conductors. The difference between magnetically
linear and non-linear conductors has also been outlined

briefly in this chapter.
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'Chapter Four

Development of the ferrous metal
detector using flux-gate
magnetometer
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4,1  INTRODUCTION

It has been mentioned earlier in this thesis that
the proposal was to use the flux-gate magnetometer for
sensing the presence of metallic objects in the materials
carried on conveying systems. The flux-gate magnetometer
can only detect ferrous metal objects. A detector using
a flux-gate magnetometer was developed, however, because
of its application for the detection of tramp iron in
conveyed commodities such as the coal used for firing the

generating units of power stations(44).

The equipment was designed to be used in the power
station environment. The application of the detector in
the power station is described in more detail in

section 4.7.

In this system the flux-gate magnetometer was placed
in the field of the transmitting coil such that there was
no output from the flux-gate if there was no tramp iron
within the detection range of the system. When a ferrous
object enters the zone of the equipment, it enhances the
field intensity without affecting the field phase. This
is fully discussed later in section 4.3. The flux-gate
detects this enhancement and gives an output which is

then processed electronically to indicate the presence

of the ferrous object. The flux-gate was used as a

sensor in conjunction with. an a.c. exciting field. In

this way the effect of the earth's magnetic field could

be eliminated. This also increases the sensitivity of
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the detector because the flux-gate now operates about

the centre of its characteristic.

This chapter describes the theoretical and practical
development of the ferrous detector using the flux-gate
magnetometer, The practical application of the equipment
in the power station, together with experimental tests

on the system, are alsc included in the chapter.

4.2 BACKGROUND OF THE FLUX-GATE. MAGNETOMETER

4,2.1 A Brief Review on the Flux-gate Magnétometer

The flux~gate magnetometer is a device for measuring
magnetic fields. It derives its detection capability
from the non-linear characteristic of ferromagnetic core
material. The flux—-gate magnetometer is a directional

device and therefore only measures the component of the

(45)
field parallel to the sensing coil .

Flux-gates were first designed in the early 1930s
and have had particular application in defence work. The
so called MAD detector (magnetic airborne detection) was
widely used in the second world war. When carried in an

aircraft the magnetometer was capable of detecting the

small field changes resulting from submarines. They

became increasingly used in many different branches of

science. Flux-gate magnetometers are popular because of

their reliability, relative simplicity, low cost, low

power consumption, high sensitivity, stability, wide

measurement range and small size. The flux-gate
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magnetometer has found applications in magnetic field

measurements of outer space(lsl and in all forms of

. (4
geophyslcal surveys 6). A precision flux-gate

magnetometer has been included in a recently launched
scientific survey satellite in order to map the earth's
magnetic fieldcl61. This satellite gathers a complete
picture of the earth's field every 12 hours. As well as
geophysical applications it has also been used in medical

(12)

measurements . A low power flux-gate magnetometer has

been esgspecially designed for vehicle detection purposesc6).

4.2.,2 The Principles of Operation of the Flux-gate

The flux-gate action is hased upon variations of
core permeability obtained by cyclically driving the core
into its saturation zone. Whén the core is in saturation
the permeabiliﬁy decreaées. Fig., 4.1 shows a typical
magnetisation curve for a ferromagnetic material commonly

used in flux-gate magnetometer cores.

A primary coil is wound on the core of the flux-gate

magnetometer into which an a.c. signal is fed. This
primary coil sets up an oscillating magnetic field which
produces the cyc¢lic saturation of the core. The flux

density in the core is given by:

. (4.1)
B = uour H
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where B is the magnetic flux density (Tesla)
H is the magnetic field strength (A/m)
Ho is the permeability of free space (H/m)

. is the relative permeability of the core.

The relative permeability M of the core changes
cyclically with time, since the alternating magnetic
field drives the core of the flux-gate Ccyclically into
saturation, as shown in Fig. 4.1. The core flux density’

B is related to the external flux density Boy?

B =1uB (4.2)

where Hy is the apparent or effective core permeability
and is dependent'dpon the core material and its physical

configuration.

The apparent permeability Mg and relative permeability
H,. are related as below:

'r (4.3)

Ha T TP =0
a l+D(ur 1)
where D is the demagnetising factor of the core.

The secondary coil is wound around the core and
Primary windings. Because the permeability of the core
changes with time, the flux in the core changes and
a voltage is induced in the secondary coil. If two
Opposing magnetised cores are placed inside the same

secondary, the only resiltant flux change is that which
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Fig 4.1 A magnetization curve for a typical
flux-gate core material.
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is caused either from a change in the external field or
change of relative ~ 113 ‘

by a g itlve core permeability, M.. All other

components cancel out because the primaries of the ring

core flux-gate magnetometer are connected in series

opposition.

The output voltage Vo of the flux-gate magnetometer

is:
_ dB
VO = nA 3T (4.4)
where n = number of turns of the secondary
A = cross sectional area of the core (mZ).
.dua (4.5)
V. = nAB —
o) ex gt
and
du u
a _ 4 E r ] (4.6)
dt dt l+D(pr—ll
then du

.- X
nAB,, (1=D) 3¢
v o= 2 (4.7)
o

[1+D (n,-11]

The above equation gives the output voltage of the flux-gate

for an external field Bex'

The flux-gate magnetometer used in this work is a

onent
ring core parallel flux-gate. It detects only the comp

. ) is.
of the external field in the direction of the sensor axi
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The detailed principle of operation of this flux-gate

is described in Reference (45],

4.3 THEORY OF OPERATION OF THE FERROUS DETECTOR

An a.c. electromagnetic field was generated by an
appropriate field source, The flux-gate was situated
within this field such that it was baglanced against the

component of the field parallel to its axis.

The shape of the coil used as a field source in this
work was the loop electromagnetic coil .
The geometry of the loop with the flux-gate is shown in
Fig. 4.2. In this geometry the only component of the
field which_isvdetected_by the flux-gate is the x-component
of the field. From the theoreticgl calculations given
~in Chapter 3, the horizontal components of the field at
each half of the ioop with respect to the flux-gate are
equal and opposite at the corresponding point. This
means that if the flux-gate is placed as shown in Fig. 4.2,
the net field reaching it is zero and it therefore gives
no output. In the actual application of the detector to

the detection of ferrous objects in coal conveyors, the

conveyed material is passed between the loop and flux-gate

magnetometer, because this increases the sensitivity and

the range of detection. The reason for this is discussed

in section 4.4.2.

If a ferrous metal object enters theAdetection zone

of the system, it intensifies the field of the corresponding

—T7Q_
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Fig 4.2 The geometry of the loop electromagnetic coil
and flux-gate maghefometer
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Direction of the
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50 cm
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Fig 4.3 The geometry of the system using T shape
core coils.

-79-



side of the zone hecause of the high permeability of the
ferrous object. The flux-gate then detects the
intensifying effect and gives an output voltage. The
amplitude of the output is»proportional to the magnitude
of the parallel external field (equation (4.7)) which
results from the ferrous metal object, The eddy-currents
produced in the metal are negligible since the excitation
frequency is kept low (section 4.51. The intensifying
of the field is therefore the predominant effect in this
detector. The detector using this flux-gate cannot
therefore bhe used for the detection of non-ferrous objects.
The intensifying effect is proportional to the size of
the object and its position with_respect to the field

source and the flux-gate,

It is far too complex a préblem to calculate
analytically the output of the flux-gate due to the
presence of a ferrous object within the detection zone
of the system. The output can, however, be computed
using numerical analysis. Since the main objective of

the present work was the pratical davelcopment of the

equipment the numerical analysis was considered outside

the scope of this work and therefore not attempted,

However, practical measurements of the output of the

flux~gate were made for given sizes of the object at

different points within the detection zone of the system

along the direction of the belt, (i.e. parallel to the

3 t.
axis of the flux-gate] and across +he width of the bel
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The output from the flux-gate may be electronically

processed to indicate the presence of ferrous objects

The flux-gate magnetometer detécts the earth's field
and gives an output proporticnal to it. The effect of
the earth's field was eliminated by employing a feedback
control circuit in conjunction with an a.c. excitation
field. The detailed'design and construction of the

control system is given in section 4,6.

4.4 DPRACTICAL DEVELOPMENT OQF THE FIELD GENERATING SOURCES

The excitation electromagnetic field was generated
by driving an electromagnetic coil with an a.c. current.
The near-zone field produced by the coil for a given
current, number of turns and core material is a function
of the geometry and size of the coil. From the geometries
studied in Chapter 3, it was concluded that the T-shape
core coil has a stronger field distribution than the
I-shape core coils. It is impossible, however, to make
a theoretical comparison between T-shape core coils and

loop electromagnetic coils.

It was finally decided to use a loop coil as a field
generating source hecause of the smaller physical size

of the system than can be achieved using the T-shape

coil, However, both shapes have been developed

practically from the +heoretical basis given in Chapter 3.

The output of the system for bhoth field sources has been

Q71



measured and compared for a given size of ferrous object
at different points within the detection zone of the

system.

For complete detection of gll ferrous objects on a
conveyor belt it is necessary for the electromagnetic
field produced by the field source to extend over the
complete width of the belt, From the calculation given
in section 3.4, it is possible to design any size of
T-shape coil to cover the required detection range of

the equipment.

The geqmetry~of‘the system using the T-shape field
source is shown in Fig. 4,3, The T-shape coils were
formed from transformer laminations, The high
permeability core material increases the flux produced
by the coil for a given number of amp-turns, The dimensions
ef the coils constructed are as shown in Fig. 4.3, Coils
consisting of 200 turns of SWGl6 copper enamel wire were
wound on each T-shape core. An electromagnetic field is
produced when a current is passed through the coils, The
net flux on the flux-gate magnetometer is zero, since
the fields produced by the two coils are equal and
opposite, If a ferrous metal enters the field, the
balance is disturbed and the flux-gate detects the enhancement
pProduced by the object and gives an output voltage which

L : : ject.
1s then processed to indicate the presence of the objJ
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The output of the phase-sensitive detector (section
4.5) has been measured for different distances of the
ferrous object (1x3x5 cm) from the axis of the coil along
the y-axis at mid-distance between the coil and flux-gate.
The measurement was carried out for different horizontal
distances of the flux-gate from the coils. The results
of the measurements are shown in Figs. 4.4, 4.5 and 4.6.
The measurements were taken with the transmitting coils
-and flux-gate situated in two parallel planes, since
this increaées the sensitivity of the system. The
distance between the plane of the coils and flux-gate was
maintained at about 30 cm during the measurement, this

being the typical depth of the coal on the conveying

system of the power station,

From the results shown in Figs, 4.4, 4.5 and 4.6,
the output is maximum on the axié of the coil and reduces -
with the distance along the y-axis for all the horizontal
distances considered here between the flux-gate and cqils.
It can also be seen from the results that the detection
range of the equipment is a function of the horizontal
distance for a fixed vertical distance between the coils
and flux-gate. For a specified belt area, the length
of the core of the coil and horizontal distance between
the coils and flux-gate adjusted (for a fixed vertical
distance) to cover the required detection range for a
given current and number of turns of the coil can thus

be selected.
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Fig 4.4 The output of the p.s.d. against disfance along a
pcu‘cxllell3 to y-axis for object size (1x3x5 cm) Using washc;pe
excitation coil, 200 turns, TA current and 0-75m berwee
the flux-gafte and coils.
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Fig 4.5 The output of the p.s.d. against distance along a line

parallel to y-axis for object size (1%3x5cm) usmeTe;hape
excitation cail, 200 furns, 1A current and 1m berwe
the flux-gate and coils.
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4.4.2 The Square Loop Electromagnetic Coil

According to the theoretical analysis given in
section 3.4, the field distribution of the loop
electromagnetic source is basicaliy determined by the
physical size of the loop. 1In practice, the loop is
therefore constructed with a size capable of scanning
the complete belt area of a specific conveying system,
The geometry of the system using the loop electromagnetic
coil is shown in Fig. 4.2. Since by symmetry the
x-component of the field at each half of the loop is
equal and opposite; the net field on the flux-gate is
zero. The flux-gate detects any ferrous obhject in
the zone of the system and gives an output voltage which

indicates the presence of the object.

As was stated previously, (section 4.4,1), the
transmitting loop and the flux-gate were situated in two
parallel planes with a vertical distance of 30 cm. If
the loop and flux-gate are placed in the same plane, the
detection range of the equipment decreases. The reason
for this is that as the ferrous object moves away from

the plane of the loop, the x-component of the field

decreases after a certain point (Section 3.4) Jand the distance

of the object from the flux-gate increases. When the

flux-gate and loop are on parallel planes, the field has

. - 1 t
the same profile as before, but the distance of the objec

: . from
from the flux-gate reduces as the object moves away

the plane of the loop.

—_RT7



To investigate practically the performance of the
detector, several square loops have been constructed with
different sizes and number of turns. The loops were

formed using SWGl6 wire size. Using a loop side of 60 cm,
20 turns and with 1A current through the coil, the output
of the phase-sensitive detector against the distance
along the x-axis was measured. The results are given in
Fig. 4.7. 1In the above measurement an object of size
1x3x5 cm was moved along x-axis, the vertical distance
from the loop being 15 cm. The results of the measurement
are in agreement with the theory given in section 3.4.1,
The output has the same profile of the x-component

of the field as that produced by the loop. The reason
for this is that the flux-gate detects the intensifying
effect of the ferrous object which is parallel to its
axis (i.e. x—-axis in Fig. 4.2). The x.—componenf:

of the field of the square loop is maximum at the
boundary of the loop. The results also show that the
output is maximum at about 8 cm from the side of the
loop in the direction of motion of the belt. The

Ieéason for this is that the output of the flux-gate is a
function of the excitation field as well as the distance
from the flux-gate for a given size of object. The
Output of the phase-sensitive detector has also been
Measured using the same loop and current for different
distances of the object along a line parallel to the

e
Y=axis at x = 15 cm. The results of the measurements ar

given in Fig. 4.8. When the object was on the axis of
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the flux-gate the output was maximum ang reduces with
distance from the x-axis, From the above results it

ig clear that the detection range of the system is limited
by the sides of the loop, The detection range of the
equipment could therefore be extended to cover any
required belt width by using appropriate ‘loop dimensions.,
Fig. 4.8 shows that the output due to the presence of
the object reduces to very small values near the sides
of the loop which are parallel to the x-axis. To scan
the required belt width completely, in practical
applications of the equipment, the loop sides should he

designed to be .larger than the given belt width,

Comparing the results of the measurement for the
T-shape coil and the loop coil, ‘it is noted that the
size of the geometry of the system in the case of the loop
electromagnetic coil is less than the size of the
comparable T-shape. It is therefore this geometry that

was selected as a field source in the practical implementation

of the detector.

4,4.3 The Power Amplifier

The amplifier shown in Fig. 4,9 was used to drive

the electromagnetic coil from the ogcillator. In this

circuit an RS TDA 2030 integrated circuit amplifier 1S

s £
employed. The device is capable of producing an outpu

power of 13 watts into a load impedance of 490 in the

frequency range of up to 80 kHz.
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The circuit diagram of the power amplifier was tak
- en

from the RS catalogue. The amplifier was built with

short circuit protection, thermal stabilisation and safe

operating area protection. The amolifier wasg mounted
on a heat-sink to provide a means of heat dissipation

when the amplifier is in operation.

Using the above circuit, the electromagnetic coil
was fed with 1A rms current. The coil was connected in
series with a ’capacitor, to tune the coil to the resonance
at the operating f}:equen'cy SO as to increase the system
efficiency. At the selected drive frequency of 10 Hz the
value of the capacitoi‘ needed to achieve the resonance
condition is very large. It was therefore difficult to
tune the system properly to the-resonance. A reasonable
compromise therefore was achieved which gave satisfactory

performance.

4.5 D'EVE.LO'PM’ENT OF THE RECEIVING SYSTEM

The receiving part of the detector consists of the
flux-gate magnetometer.and electronic circuits to process
the output of the flux-gate to indicate the presence of

the ferrous object.

It was mentioned earlier in this chapter that the

i f
equipment was intended to be used for the detection ©

ations.
ferrous objects in coal conveyors for power st

. A ower
The equipment was therefore designed to take the P

—-03-=



station environment into consideration Having detecteq
lon, cte

the ferrous object on the coal conveyor it has to provid

ide
the necessary signal for switching on the electromagnetic
separator to extract the tramp iron from the coal. The

complete block diagram of the receiver is given as Fig, 4.10
The following sections describe the practical development

of the equipment receiver in detail.

4.5.1 The Flux-gate Magnetometer

The flux-gate provided for this project was produced
by Thorn Electronics. It is a ring core parallel gated
magnetometer with an output voltage proportional to the
steady-state magnetic field. The schematic diagram of
the flux-gate is shown in Fig, 4.11. The design of the
'Thorn Electronics' flux-gate closely resembles that
described in Reference (6), It is highly probable that
the Thorn flux—-gate is based on this design. Referring
to Fig. 4.11 the drive oscillator is shown supplying
primary coils A and B. The degree of saturation to
which the ring core is subjected is governed by resistor Rg.
Reference ( 6) gives details of a minature, low power

| ‘magnetometer which can be used for vehicle detection,

The centre-tapped secondary coil produces two output

waveforms of identical sign. The detection circuit

i i rcui tput
consists of two diodes and a smoothing circuit. The outp

. ed
of the flux-gate is the difference 1in the voltage produC

: i ndent
by the C and D Secondary coils. This output 18 depe
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on the component of the external fielg parallel to the

axiS OF SenSing ol

The frequency response of the flux~gate was measured
by driving the flux-gate feedback coil with signals of
different frequencies and constant amplitude and
measuring the output of the pre-amplifier after the
flux—-gate. The results of the test are given in Fig, 4,12,
It can be seen from this graph that the magnetometer acts
as a low-pass filter with -3 dB at about 17 Hz, This means
that the flux-gate cannot satisfactorily detect magnetic
fields at frequencies much above 17.Hz, A frequency of
10 Hz was therefore chosen for the excitation field in

the ferrous metal detector.

4,5.2 Signal Conditioning Circuit

Since the output of the flux-gate was very small,
an amplifier was needed to amplify the output to a
reasonable level for both control system and detection

purposes.

The output impedance of the flux-gate is relatively
high =56kQ. A high input impedance amplifier is therefore
- necessary to avoid loading the output voltage from the
flUX?gate to the amplifier., The amplifier was located
ick=-up

as close as possible to the magnetometer to prevent p

of stray voltages by the connecting wires.

i high
Tn the power station environment rhere is a very hig

. :
50 Hz stray field which may pe detected by the equlipment,
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causing false switching of the Magnetic separator,
section 4.7 describes the application of the detector in
the power station. To overcome the above problem, two
stages of bandpass filter, tuned to the drive frequency
(10 Hz), were connected to the output of the pre-amplifier,
The received signal is further amplifiéd by a tuned
amplifier with centre frequency at 10 Hz. This increases
the sensitivity and accuracy of the detector. The circuit
diagram of this part of the receiver is shown in Fig. 4.13.
The frequency response of the cascaded bandpass filters
with the tuned amplifier is given in Fig. 4,14, From

this it can be seen that the 3 dB bandwidth 6f the cascaded
bandpass filter and amplifier is about 1.5 Hz. This

means that almost all unwanted signals can be eliminated

thus increasing the accuracy of detection.

4,5.3 The Phase-sensitive Detector

Tf a waveform to be measured is obscured by a high
level of noise, then a phase sensitive detector may be
used to measure the amplitude and phase of the signal
of interest. In this work, the signal produced by
the presence of the ferrous object is very small compared
to the expected noise signals produced by the rollers
The phase

of the conveyor belt and other stray fields,

i tin
sensitive detector is therefore suitable for detecting

. § . Of
the signal of interest and producing the signature

. ; es through
the movement of the ferrous object as it passes

the detection zone of the eguipment.
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Fig 4.1 Frequency response of the cascaded band pass
filters and tuned amplifier.
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A phase-sensitive detector can be simply represented
by a two-position switch which alternately selects or
rgates' either the signal or the inverted sighal into
a low-pass filter. The switching action is controlled
by a reference or gating signal which is at the. same. frequency
as the signal to be measured. The block diagram of

the phase-sensitive detector is shown in Fig, 4.15.

The identical phase-sensitive detector was employed
in the ferrous and non-férrous detector. The
analysis and circuit diagram of the phase-sensitive
detector are not therefore included here but are given
later in the chapter describing the design and
construction of the ferrous and non-ferrous detector..
The output of the tuned amplifier was fed into the
signal input of the phase-sensitive detector. Because
of the geometry of the coils and flux-gate, the field
components prodiced by each half of the loop parallel to
the axis of the flux-gate are opposite to each other,

The signal due to the presence of a ferrous object in

. o P
one side of the magnetometer is 180~ out of phase with

the signal due to the presence of the object on the

other side of the flux-gate. The reference input of

the phase-sensitive detector is connected to the drive

unit, Tn this way the received signal and reference

input are synchronised to one another. The phase-=

R > on) nd
sensitive detector demodulates the input signal 2

vement of the object on the

gives the signature of the mo

belt,
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Fig & .15 Block diagram of the phase sensitive detector
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Fig 4.16 The phase shiffer and comparator circuit diagram
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when the phase-shift between the input signal and
the reference signal is zero, the output of the phase-
sensitive detector is maximum positive and it is
maximum negative when the phase difference is 180°, The
;eference signal is therefore adjusted to be in phase
with the signal due to the presence of the object in one
side of the flux-gate and 180° out of phase with the

signal from the object on the other side of the flux-gate.

The rate of response of the equipment to the presence
of an object on the belt depends on the time constant
of the low pass filter. The bandwidth of the phase-
sensitive detector is also dependent on the time constant
(1,) of the low pass filter. An optimization can
therefore be made between the rate of response of the
system and the bandwidth of the phase-sensitive detector
for any particular speed of the belt forl a given

application of the equipment.

4.5.4 Phase Correction Network and Comparator

A phase correction network was employed in the path

of the reference signal, to adjust the phase-shift between

the signal input and reference input tO the phase-

o
sensitive detector to either zero or 180,

Normall s e e fed into the reference

g Y & quar wav is

I ’ ‘.. - Si nal ’
lnput of the phase= sensitive detector. Since -the C

. ossin
from the drive unit is ginusoidal., & zero CIr g

i twork to
detector was used after the phase correction ne



obtain the required square wave. The circuit diagram
of the phase correction network and zero crossihg

detector is given in Fig, 4.16.

4.5.5 A.C, Amplifier and TInverter

The output of the phase-sensitive detector is
connected to an a.c. amplifier. The circuit diagram of
the amplifier is shown in Pig, 4.17. By employing an
a.c. amplifier the d.c. offset and d.c. drift voltages
may be eliminated. This circuit also attenuates all
the frequencies below the cut-off frequency L—z—%ﬁl

and passes the signals above this frequency with gain of

Ry

Ry °
1
particular speed of the belt, the dimensions of the

“The values of Ry, R, and C are chosen to match any

electromagnetic coil and the sensitivity requirements for
a specific application of the equipment. The component
values in Fig. 4.17 were selected as suitable for a belt

speed of about 1.6 m/s and a square loop side of 60 cm.

As already mentioned, the output of the phase-

sensitive detector is positive when the ferrous object

is to one side of the flux-gate and negative to the

other side of the flux-gate. TO make use of the signals

from the both sides, an inverter was employed at the

output of the a.cC. amplifier. Tn feeding the outputs of

the unity-gain inverter and a.c. amplifier into two

. e s - £
individually biased comparatorsy it is possible to CONVEE

the signals from both gsides of the flux-gate into TTL
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Fig &.18 TTL pulse shaping circuit diagram
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compatible pulses. These are further processed to
indicate the presence of a ferrous metal object and
provide the appropriate pulse for switching on the

electromagnetic separator when required.

4.5.6 The Biassed Comparators and Pulse Shaping Circuit

Two integrated circuit voltage comparators type 710
giving a TTL compatible pulse output with a sensitivity
of a fraction of a millivolt are used to convert the
analogue signals to TTL compatible signals. The a.c.
amplifier and inverter each drives one comparator and
the threshold level is adjusted to identify the signal

from the background noise.

When a ferrous metal is passed through the detection
zone of the equipment, each comparator gives a TTL output
signal. An AND gate 1is used at the output of the
comparators to combine the two pulses from them. To
'optain a single output pulse for each object a positive-
edge-triggered monostable (Ml) was connected to the
output of the AND gate. The output pulse duration was
adjusted to be just greater than the period which the
object takes to travel within the detection range of the
ide of 60 cm and belt speed of

system. For a loop s

1.6 m/s, the duration has to pbe made about 0.5 sec. The

schematic diagram of the pulse shaping circuit is shown

in Fig. 4.18.
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4.5.7 Logic Circuit to Eliminate the Masking Effect

The period of the monostable (Mll in Fig. 4.18
should be made short enough to ensure that if a second
piece of ferrous metal arrives during this period, it
would be extracted. This condition 1is nearly always
satisfied, since it only needs to be long enough to
override the occurrence of two pulses when one pieée
of ferrous material passes through the detection range
of the equipment, The system is therefore blind to
further tramp iron only during the energising period of
the high power switch, The logic circuit shown in
Fig. 4.19 is used to overcome this problem. This can
be best explained by\considering the events when the
tramp iron 1is detected, If there is no tramp iron, the
system is guiescent and the output of the circuit in
Fig. 4.19 is zero as well as both inputs to NOR; » When
a metal object is detected, monostable (MlL gives an
output pulse with a fixed period. on the leading edge
of this pulse monostable (le starts its timed period,
in turn putting a high input on NOR;. This changes the

counter 7490 from reset mode to count mode, because

the input on Rg ) is low. oOn the falling edge of the

pulse from the monostabkble (Mll, the counter records one

and the output goes high. The output of monostable My

is delayed by monostable (MqqL for @ certain period

depending on the detector—separator distance and the

energising time constant of the separator. The delayed

pulse triggers monostable (M;) which causes it to begin
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its timed period, Since M, is energised, the output
from OR; is high. This energises the magnet and also
puts a high fnput to NOR;. The high output of OR;
maintains the 74390 in count mode. When the timed

- period of M, is ended, the 7490 stays in count mode
until the output of OR4 eventually goes low. If a
second pulse arrives during M, timed period, it could
not see the pulse. However, the input to AND; 1is high
for the duration of the second input pulse and from the
previous input pulse, the output A of the 7490 is also
high. Monostable (M4L therefore starts its duration
after the delayed period. The monostable (M4i ensures
that the magnet stays energised long enough to remove
the second metallic object. Meanwhile, on the falling
edge of the second pulse the 74920 counts, putting the
output B high and hence -a third input pulse sets the
monostable (MSL high and so on. Supposing that the
third pulse has not arrived, at the end of M, timed period,
the output of the OR; goeé low and the counter is reset,

hence the system returns to the primed state.

4.6 THE CONTROL SYSTEM FOR ELIMINATING THE EARTH'S FIELD

4.6.1 general

The flux-gate magnetometer Jetects the earth's field

and gives an output proportional to this field, When

the flux-gate has detected this field, it is no longer

working on the centre of its characteristic for the
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purpose of detecting the field at the drive frequency.
This will reduce the sensitivity of the system. Also,

t+he rotation of the rollers of the conveyér belt disturbs
the earth's field. The flux—gateAdetects this disturbance
and gives a continuously false detection signal, making

the equipment ineffectual.

These problems may be overcome by employing a feedback
control system for automatically eliminating the earth's

magnetic field.

4.6.2 Electronic Design of the Control System

The circuit diagram of the control system 1s given

in Fig. 4.20. The system makes use of the following items:-=

(1) Pre-pAmplifier

This amplifier is required because the output of
the flux-gate due to the earfh's magnetic field is very
small (between zero and +300 mV). 'An amplifier with a
gain of 20 was employed after the flux-gate , to make the

signal adequate for further processing.

(2) Low Pass Filter

If the output of the pre-amplifier was fedback
directly, then the output of the flux-gate,due to magnetic
fields at all frequencies'would have been attenuated,

including the drive frequency. This means the control

circuit would reduce the overall sensitivity of the

equipment., An active low-pass filter was therefore used
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which passes all the fregquencies below the drive
frequency with a minimum attenuation, but heavily
attenuates the drive frequency. The frequencies below
the drive frequency, therefore, go through to the
feedback coil and generate a magnetic field opposite

to the field detected by the flux-gate.

The output of the low-pass filter is integrated by
an integrator consisting of a low-drift operational
amplifier type LM 308, together with a capacitor and a
high stability resistor, The integrator control
eliminates the earth's field by providing automatically
the signal required to drive the feedback coil in order
to eliminate the effect of the earth's field(47z Using the
integrator control, all frequencies~belOW'the drive
frequency are also atfenuated. A proportional control
facility is provided by connecting a resistor in parallel
with the feedback capacitor of the integrator to enable

a comparison of the two modes of operation to be carried

out.

(4) Summation Amplifier

The amplifier has two inputs, one from an external
source and the other, the feedback voltage from the

integrator. The amplifier inverts the signal from the

integrator, making the overall feedback negative.

The performance of the control system was tested by

injecting a signal V, at the external input of the
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summation amplifier, as shown in Fig. 4.20, and
measuring the output at points VOA and Vog for the three

modes of operation (section 4,6.3)..

(51 reedback Coil

This coil was constructed by winding 200 turns of
a fine SWG 42 wire on a wooden frame around the flux-gate
magnetometer. This coil produces a magnetic field
proportional to the feedback signal, thus eliminating
the earth's field completely and attenuating the unwanted

fields with frequencies below the drive frequency.

4.6.3 Tests on the Control System

Various tests were carried out on the control system.
Tt was found that the system worked sufficiently well to

achieve the target requirements. The tests are discussed

in the following sections.

4.6.3.1 Static Tests

Three sets of static tests were carried out for

the three modes of the control system, open loop,

proportional and integrator control. The measurements

were made out at points VOA and VOB as shown in Fig. 4.20.

The results of the tests are given in Figs. 4.21 and 4.22.

It is obvious from the open-—-loop test that VOA_and VOB

have some values other than zero, although input Vx is

zero. This means that the system was detecting the earth's

field. Also, it is clear from the results that Ve and V5
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are linear with input voltage V.

In the proportional control the value of V as

oB ¥
less than in the open-loop case for various V  values
X .

Increasing Vx' the feedback voltage VO

and this has eliminated more of the ambient fields which

A also increased

in turn makes VOB'less in the proportional control case

than in open-loop control.

In the integ?ator control mode the value of VOB was
always zero for all values of V., since the integrator
automatically provides the necessary feedback voltage
to compensate for any variation in the ambiént field.

Tt is concluded from the results that when the control
system is in the integrator control mode, which is the
normal operation of fhe system, all the external d.c.

fields can be eliminated by the control system.

4.6.3.2 Dynamic Tests

(a) TFrequency Response Test

An experiment was performed to measure the amplitude

response of the overall control system as a function of

frequency. A test signal was injected at the external

input V,_ of the summation amplifier from a signal

easured.
and VQB were mea

The results of the measurements

generatox and outputs at points VOA

at different frequencies.

are shown in Fig. 4,23, The control system was optimised

to pass the signal at dxive frequency and attenuate the

signals below this frequen&y: The signals above the driye
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frequency were also attenuated, as shown in Fig. 4.23
. . y
pecause the natural cut-off frequency of the flux-gate

is at about 17 Hz.

(b) Step Response Test on the Control System

The time response of the system was examined in the
integrator control mode. A step input V  was applied
at the external input of the summation amplifier and the
output at VOA_displayed as a function of time. With the
time constant of the integrator adjusted to pass the

drive frequency without attenuation, it was found that

the control system was stable, fast enough for this
application and reached the ‘final output value without

much over-shooting.

4.7 APPLICATION OF THE SYSTEM IN THE POWER INDUSTRY

The equipment was not in fact tested in the actual

power station environment. However, it has been

demonstrated that the system could detect ferrous objects
by moving these objects within the range of the

equipment. Also the clectronic design of the detector

has taken account of the problems which may arise in the

power station environment. The detector is therefore

designed for use in the power industry.

Most of the electrical power supplied by the Central

Electricity Generating Board 1s provided by coal fired

generating units. It is essential that coal handling
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'plant is both reliable and efficient in order to maintain
a high availability of such units. The process of
transportation of the coal from the coal mine to the power
station often leads to the inclusion of undesirable
foreign material such as scrap iron; or other metals
amongst the coal. There are two items of power station
plant particularly susceptible to damage from the foreign
material in the coal: these are the coal feeders and the

pulverising mills which they supply.

It is normal practice within the C.E.G.B. to provide
electromagnetic separators to remove ferrous metals from
the coal. The separators are interlocked to the main
conveyor system SO that the electromagnet 1s energised
whenever a conveyor system is in operation. The separatofs
remain energised even though no tramp iron is present in
the coal. This leads to a considerable waste of energy

since the incidence of tramp iron is usually fairly small.

As the coil warms up. jts resistance increases. Hence

on a fixed voltage supply. the current in the winding drops.

This effect is illustrated in Fig. 4,24 which shows how

the magnet's temperature increases from switch-on time

and causes the current in the windings to be reduced. The

efficiency of extraction therefore, decreases considerably.

Also, to avoid the risk of fire, the temperature on. the

o
separatox surface should be kept below 100 C.
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The equipment described in this chapter may be used
in the power station to detect ferrous metal objects in
the coal and provide a control signal to switch the
separator on only when required. This increases the
efficiency of the separator, because it remains cooler
than it would under continuous operation. The overall
saving in power is considerable since the separator is
only on for very short periods. As the separator
remains cool, there 1is, therefore, no need for further
cooling, as is normally necessary in the case of the

permanently energised separator.

Because the current in the separator is only
required for short periods it is possible to design
the switchable separator with a thinner gauge of wire
than is used in the present separator. This means that

the weight of the copper and size of the separator can
both be reduced. The cost would, therefore, be less than

that of the currently available electromagnetic separator.

4.8 SUMMARY
In this chapter, the design and practical development

of a ferrous metal detector using a flux-gate magnetometer

has been described in detail. The equipment was developed

to detect extraneous ferrous metals in coal conveyors in

the power industry. A brief background description of

the flux-gate magnetometer and its principle of operation

have been included in the chapter. The theoretical
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principles on which the operation of the system is
based were discussed. The advantages which may be

obtained by using the equipment in the power industry

were also discussed.
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Chapter Five

The theoretical basis of the
ferrous and non-ferrous
equipment design

-124-




5.1 INTRODUCTION

Magnetic field generating sources and electromagnetic
phenomena in the conductors have been discussed in
Chapter 3. This chapter outlines the theoretical basis on
which the prototype equipment was developed. The
theoretical principles of the detection and discrimination
of ferrous and non-ferrous materials are discussed in this
chapter. The.principles involved in object location are

also described.

Production of a large current in the electromagnetic
loop for a given applied voltage is an important factor
which can be enhanced by good coil Q. It is however,
hindered by the self-capacitance of the loop. The
dimensions of the loop will be dictated by the dimensions
of a specific conveying system. Loop self-capacitance ,
however is mainly dependent upon inter-turn spacing. The

self-capacitance of the loop is discussed in section 5.2.1.

The theoretical analysis of the phase-sensitive
detector which is used to demodulate the signal produced
by the presence of a metallic object and to detect the

different phase-shifts caused by ferrous and non-ferrous

objects is given in section 5.3.
£ the detector are

The sensitivity and accuracy ©

considered in section 5.7. The output of the receiving

coil has been calculated for a simplified model of the

system to confirm the experimental measurements of output
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of the receiving coil. The agreement between the
theory - - and experimental results demonstrates that

the equipment design was based on correct principles.

5.2 SELF-CAPACITANCE AND INDUCTION FIELD ENERGY OF THE

ELECTROMAGNETIC LOOP

5.2.1 Self—Capacitancé of the Loop

Large magnetic field strengths are necessary for good
detector performance and this implies large coil currents
for a given applied voltage. Large currents can be
obtained by careful tuning of the coils. A high Q value
for the receiving coil is also necessary since it magnifies
the signal amplitude, increasing the overall system
sensitivity and range’of detection. This is discussed in

greater detail in Chapter 6.

The coil Q is reduced by self-capacitance which
provides a shunt path for currents and decreases the
energy stored in the magnetic field. The loop coil 1is

likely to exhibit considerable capacitance between turns

and to ground .

In electrostatic Or quasi-static cases, the usual

method of calculating the capacitance of two long parallel

conductors is to assume a conductor charge, evaluate the

resulting electric flux density 5 and electric field

strength E and to perform an appropriate integration to

- solve for potential at a point. Finding the potential
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petween two points of interest and eliminating the
original charge gives the capacitance per unit length

between the ConduCtors(34r48).

The capacitance calculation for two long conductors
is presented here since it forms the basis of self-
capacitance caleulatiens for loop coils. Considering the
two long conductors shown in Fig. 5.1, the electric flux

density due to a single long conductor at a distance r is:

Q
D = Aﬁ-— (5.1)
2mr 4.
and
Q
E = A (5.2)
2me I
o)

where QA is the charge per metre on conductor A. The
potential difference petween two points A and B is given

by the line integration along any path between them:

B Q
= A (5.3)
VAB - f 2TE T dr
A
Q
_ A B (5.4)
VAB - 2TE lOge A

The total capacitance per metre is given by:
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Q ~ 2me

c==2 = 5
AB log B/A (5.5)

—

Fig 5.1 Two long conducfors in free space.

In general, where a greater number of conductors is

involved, a similar process may be adopted, using a

matrix solution, to consider all inter-turn capacitances

and capacitances to ground( 35 ). The field electromagnetic

locps used in this work can be considered as quasi-static

because of their size and operating frequency. The loop

may be regarded as N parallel conductors. By adopting

a similar process of two parallel conductors and using

a matrix solution, the total self-capacitance of the

loop can be calculated(29 ). The self-capacitance of

the practical loops used in this work werenot calculated

theoretically, but was sssessed by tuning the loop at a

. 2 . ,
range of frequencies and plotting 1/fg against the tuning
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capacitor. The experimental assessment of the self-
capacitance is described in section 6.2.1. From the
self-capacitance assessment curve of a given loop, a
chioce of operating frequency was made which avoided the

self-resonance of the coil.

5.2.2 Energy Storage in the Magnetic Field of the Loop

The purpose of the electromagnetic loop is to store
energy in the adjacent induction field. The energy stored

in a single lumped inductance is given by:

1
W= LT (5.6)

L is the inductance of the transmitting loop
I is the drive current through the loop
The value of the square loop inductance can be found

using the following equation:

2
2u bN
Lo M g [ - 0.335] (5.7)
m € a(1+/2)

8! is the free space permeabilitY

b is the square loop side
N is the number of turns of the loop

a is the radius of the conductor of the loop.

The derivation of egquation (5.7) is given in detail in

Reference (29 ).
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The total energy stored in the magnetic field is
given by equation (5.6). The presence of the coil self-
capacitance means that the value of the useful induction
current in the coil is reduced by the amount shunted in

the capacitance. The useful portion of the transmitter

drive current is therefore:

I¢ = Isupplied ~ Ishunt (5.8)
The difference made by the self—capécitance CO of the

coil is immediately seen by considering the series tuned
coil current, Ir‘ With no significant self-capacitance

losses:

I. (1+3Q) I (5.9)

where

I is the current without tuning.

If the coil exhibits significant self-capacitance

C,r then the modified resonant current Tnr is:

_ (1+39)I (5.10)

Igr = TIF50CR)

The induction field energy canibe expressed in terms of

the modified current and 1loop ijnductance as follows:

2
I5 4 bN
W= 2n12 = e log — 2> -0.33587] (5.11)
2R y e, (1+/2)

It can be seen from the foregoing analysis that the

self-capacitance of the loop reduces the energy stored
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in the induction field of the loop and hence the
sensitivity and range of the overall detector. 1In

practidal development of the detector, the operating

Fa
Pl S T 1N,

frequency was chosen so that the — 7 of the gelf-
capacitances of the loops used in this work were

insignificant.

5.3 THEORETICAL ANALYSIS ON THE PHASE-SENSITIVE DETECTOR

The phase sensitive detector was used to detect the
amplitude and phase of the signal produced by the presence
of an object. As shown in Fig. 5.2, (a),the phase-sensitive
detector compares the phase of the input signal with a
reference signal which is of the same frequency as the signal
to be measured. The effect of such a phase-sensitive
detector on both synchronous and asynchronous (noise)
input signals‘are:shown in Fig. 5.2.(b). TwO important
featufes are.readily seen from the characteristic of the

phase~-sensitive detector.

(i) wWhen the signal input and reference input have the

same frequency and are in phase, the phase-sensitive

detector output gives the average amplitude of the

. signal. A phase difference between the signal and

the reference affects the output value. 'In particular
a phase shift of 90° briﬁgs the output to zero, while

a phase difference of 180O ;esults~in a full value

but negative output.

(ii) When the signal and reference inputs are not at the
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same frequency, then the average value of the output
is zero, provided a sufficiently long time is taken

to establish the average.

The output v of the multiplier is the product of the
signal input v, and the reference input Vg i that is

V:VX

o 1*Vg- The normal reference input VR is a square-

wave of period TR . This waveform can be described as
a superposition of sinusoidal components. The dominant

component is at the fundamental angular frequency

_ 21
R TR
present in the reference signal, the amplitude of these

W All odd harmonics of this frequency are also

terms being inversely proportional to the harmonic number.
For simplicity, we 'consider here only the effect of the

fundamental to investigate the behaviour of the multiplier.

Hence, v, = v,coswpt , where wp < 2ﬁfR and fp is the

R R R
reference frequency. Lf the signal input to the multiplier

is considered to be, V; = Vlcos(wlt + ¢), then the

. . (49)
multiplier output signal v, 1S therefore given by :

= = t + (5.12)
vV, T ViVg ViVg costtcos(wl $)
If the signal and reference input are synchronous and at
the same frequency, then:
v, = V Vgcos (wgt+®) costp
(5.14)

-1 w_t+9) + cos ¢
= 2 v,V [cos (205E+) ]
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and the average output voltage Go iss

- 1
Vo T 3 VlVRcos¢ (5.15)

For given amplitudes of the two inputs in the
equation (5.14), the output varies with the phase
difference between the inputs. The output is positive
maximum for ¢=Oo and it reduces as ¢ increases as shown
in Fig. 5.2.(c). At ¢=9OO, the output is zero. Further
increase in ¢ causes the output to increase in negative
direction and becomes maximum when <3>=180O and so on. The
phase-sensitive detector also acts as a band-pass filter.
The improvement in the signal-to-noise ratio depends on
the bandwidth of the filter and the distribution of the
‘noise. The bandwidth of the phase-sensitive detector is

= 1 . .
B = TR where T, 1s the time constant of the output

T
low-pasg filter, and is centered about the reference
frequency fR as shown in Fig. 5.2.(d). The effective
Q of the filter is Q = fR/B = WchR=3TCfR. The phase-
sensitive detector extracts the signature of the metallic
object movement within the detection range of the
equipment from the amplitude modulated signal and detects
the phase difference petween the signal and reference inputs.

Since the demodulated output of the phase-sensitive detector

gives a trace of the travelling object on the conveyor belt,

this feature was used to determine the position of the

object from the edge of the conveyor belt.
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It was mentioned earlier that the bandwidth of the
phase-sensitive detector depends on the time constant of
the output low-pass filter (Tc). The speed of response
of the system to the movement of the metallic object on
the belt also depends on ﬁc‘ An optimum choice, therefore,
exists for the speed of response for a given speed of
the belt and the bandwidth of the system. The practical
optimisation process is described in more detail in

section 6.3.1.

5.4 METAL DETECTION PRINCIPLES

5.4.1 Non-Ferrous Metal Detection

A square loop electromagnetic coil was used for the
field generating source in the ferrous and non-ferrous
detector for the reasons explained in section 3.5. If
a metallic target enters the field of the coil, it
penetrates the object and causes eddy currents to be
induced in.the metal. The eddy currents in turn produce
their own electromagnetic field which radiates in all
directions. A portion of this field is detected by the
receiving coil which is balanced against the primary field.
The conveyor belt passes between the transmitting and

receiving coil since this gives maximum sensitivity.

* The loop coil generates a three-dimensional field
and it is this field which penetrates the metal. According
to the theory given in Chapter 3, the induced eddy current

density in the metal may then be found by Maxwell's
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equation as follows:

VXH = J ' (5.16)

where YxH is the curl of the magnetic field strength

acting on the metal, and

J is the induced eddy current density in the metal.

For the three-~dimensiocnal case, the eddy current density
is(43750)

3 _ (BHZ _ BHy)a N (BHX _ BHz)a
3y 0z X 0z ox 'Y
BHY BHX
t (5x - 5y )a, (5.17)

where I ay and a, aré the unit vectors along the x, y

and z directions, respectively. The analytical-solution

of the above equation is highly complicated and it is
therefore more convenient to solve the équation numerically

to obtain the eddy current distribution in the metal.

If the dimensions of the metallic object are greater
than the penetration depth of the metal, the magnetic field
reduces to a two-dimensional field on.the surface of the
metal. TFor the x and y components of the field on the
surface of the metal, respectively Hg and Hy’ the induced
eddy current density is given by:

oH oH

-_x__Y
Jy = X

2 Yy

(5.18)

-136-



Equation (5.18) needs to be sOlved numerically to determine
the induced eddy current for a given size of the metal.
However, the output of the phase-sensitive detector was
measured experimentally for different types, shapes, sizes
and positions of the metal, and some .~ of the results

are given in Chapter 6.

The net primary field acting on the metal may be
regarded as being parallel to the surface of the metal at
the point of consideration within the region of the field
in the metal. This means that the net field at each
individual point within the metal may be regarded as

a one~-dimensional field with a specified direction.

Acco;ding to the theory given in Chapter 3, the
induced eddy current in the metal for a one-dimensional
field depends on the primary magnetic field strength.

The induced currents are therefore also dependent on the
primary magnetic field strength and hence the sensitivity
and range of detection of the equipment. To obtain a
good detector performance, the excitation field was
maximised for a given size and number of turns of the

square loop eletromagnetic coil by tuning it to resonance.

Since the permeability of non-ferrous metal is
-7
approximately equal to that of free space (Mg = 4tx10 ' H/m),
only the eddy current effect is significant. The detection

of non-ferrous metal was therefore based on this principle.

-137~



5.4.2 Ferrous Metal Detection

Ferromagnetic materials have permeabilities
significantly greater than that of free space. When this
type of metal enters the detection zone of the equipment,
eddy currents are induced in the metal as explained in
section 5.4.1. However, it also intensifies the field
strength of the appropriate side of the loop due to the
high permeability of the metal. The receiving coil
therefore detects the combination of the intensifying
effect and the eddy current field. The contribution of
each of these components to the combined effect depends
on the size, shape, orientation and position of the
object within the field. The magnitude of the resultant
field from these two components cénnot be calculated
analytically even for a one-dimensional field. However,
the magnitude of both effects depends on the magnetic
field strength which acts on the metal. As in the case
of the non-ferrous metal, the output of the receiving
coil due to the presence of the ferrous objects also
depends on the transmitting field strength and hence
the sensitivity and range of the detection Qf the

instrument.

It should be noted that the ferrous metals have been
regarded magnetically linear, since the excitation field
strength has been kept below the knee-point on the normal

B-H curve of the most common ferromagnetic materials.
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5.4.3 Selection of the Operating Frequency

The dependence of the output on the excitation

frequency was investigated by considering the mutual

coupling between_the object and transmitting loop
between the object and receiving coil.

of the coupling is shown in Fig. 5.3.

From the circuits of Fig. 5.3:

]
(@)

juM I, + JWLI, + I,R

171

jw(MyI{+LI,) + I,R =0

M, I,>>LI

Theni

putting the value of I, from equation (5.20) into

V3 becomes:

. . oML

For a given size, type and position of the object

constant driving current we have:
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The representation -

(5.19)

(5.20)

(5.21)
(5.21)

(5.22)
and

(5.23)



Transmitting My M, Receiving coil

loop — T /
— 338" T T
I4 I2
() T
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Oriving source Equivalent Induced voltage
circuit of the in the receiving
object. coil .

Fig 5.3 The mutual coupling representation between the
transmitter - object and object - receiver.
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Fig' 5.4 The phase relation representation befween fthe
| drive and output voltages.
(a) for non- ferrous mefal
(b) for ferrous metal



put from the theory given in Chapter 3

1 1 :
R 3 and ¢§ « ;;2- (5.24)
where & is the depth of the penetration into the metal
and w is the angular drive frequency.
Therefore,
3/2
Vy = W (5.25)

This equation. shows that the output of the receiving
coil increases in proportion to the 3/2 power of the drive

frequency.

Equation (5.25) is not applicable in the case of
ferrous objects since there is an intensifying effect as
well as the mutual coupling. Because the depth of
penetration decreases with w%, the intensifying effect
reduces by the same factor. However, the induced output
of the receiving coil is proportional to w, hence, the
overall effect of the increase in frequency on the output

%

due to the intensifying effect is proportional to w”.

Since the output of the receiving coil is due to a
combination of both effects, it is not possible to derive
an exact equation for the effect of the change in
frequency on the output of the receiving coil. From the
above discussion it is evident that the output, in general,

increases with the increase of frequency in both ferrous

and non-ferrous metals.



5.5 DISCRIMINATION BETWEEN FERROUS AND NON-FERROUS OBJECTS

According to the analysis given in Chapter 3, the
surface impedance of any magnetically linear conductor

subjected to a time varying field is given by:

_ (1+73)
s T Ta% (5.26)
This impedance is a constant of the material at the given

excitation frequency.

From equation (5.26), the surface impedance of the
linear conductors thus has a phase angle of 45°, The
induced eddy currents which flow through the surface
impedance have a similar phase angle, when the induced
voltage is taken as the reference. These eddy currents
produce their own magnetic field which is then detected
by the receiving coil. Thus, the output of this coil has

a phase angle different than that of the drive voltage.

Since the ferrous metals are regarded as magnetically
linear, for the reasén explained in Chapter 3, eguation
(5.26) is applicable in both ferrous and non-ferrous
metal cases. However, in the case of ferrous metal, the
net magnetic field produced by the object has a phase
angle which is due to the combination of the intensifying
effect and eddy current. The value of this phase angle
depends on the magnitudes of both the induced eddy
current component and the intensifying component. This

means that the output of the receiving coil for a ferrous
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object has a phase angle different than that of the
non-ferrous obhject. The phase relation between the output
voltages due to both ferrous and non-ferrous metals and

the drive voltage are given in Fig. 5.4.

The parameters given in Fig. 5.4 are as follows:

Vin = input voltage
vm = induced voltage in the metal
Im = induced eddy current in the metal
in primary £lux
VOut = output voltage
¢it = flux due to the intensifying effect
¢m = flux produced by the induced eddy current.
¢t = +total flux in the ferrous metal.

As showﬁ in Fig. 5.4, the phase angle of the output
voltage for a ferrous object is different than that for
non-ferrous métal. This principle was successfully
employed in this work to discriminate between ferrous

and non-ferrous substances.

5.6 THEORY OF LOCATION OF THE OBJECT ON THE CONVEYOR BELT

The location of the object on the conveyor belt was
found in two steps. The theoretical basis for these

steps is given in the following two sections.
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5.6.1 Determination of the Side of the Conveyor Belt on

which the Object Exists

The field analysis of the square loop coil given
earlier in the thesis shows that the net fields generated
by the coil at each half of the loop afe in opposiﬁe
directions. The geometry of the loop and conveyor belt
used in this work was as shown in Fig. 5.5. The position-
detecting-coil was placed above the conveyor belt level
at a specified height with its axis parallel to the y-axis
of Fig. 5.5, and balanced against the fields from each
half of the loop. Since the induced eddy current in the
metal at a given point is proportional to the field at
that point, then the magnetic field of the eddy current
in one half of the loop is therefore opposite to the
eddy current field in the other half of the loop. The’
output of the position-detecting-coil when the metal
is in one half of the loop is 180° out of phase with the
output due to .the metal being in the other half of the

loop.

The output of the system was measured experimentally
for different types, shapes and positions of the object
on both sides of the conveyor belt. The results are

given in Chapter 6.

An electronic circuit was devised that indicated the
side of the conveyor belt on.which the metal target was

located.
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Fig 5.5 The arrangement of the conveyor belt used with
the square loop electromagnetic coil.
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r z
0
. ( X -axis
Ring /Y )
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Fig 5.6 The arrangement of the ring object with fhe
receiving coil for fhe calculation of the output

of the receiving cail.
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5.6.2 Location of the Position of the Object on the Defined

Side of the Belt

It can be seen from the analysis of the loop
electromagnetic coil that the field distribution of the
coil is well defined by the loop size. Also, the field
at the outside of the loop near the conductors is negative
maximum, whilst it is positive maximum at the inside of
the loop near the conductors. It was also found that the
field in one half of the loop is opposite in polarity to
the field at the other side of the loop. The eddy current
induced in a metal object which enters the field has
the same profile as the field, and hence the phase of the
signal detected by the receiving coil changes by 180°
as the metal passes from the outside to the inside of the
loop and also passes from one half to the other half of
the loop. The receiving coil of the detector was placed
on the top of the belt and just above the position-
detecting-coil. The coil was balanced against the primary
field with its axis parallel to the x-axis in Fig. 5.5.
The coil detects the field parallel to its axis and
gives an outvut which is then processed to indicate
the position of the metallic object. The time taken by
the metal object to travel from entry into the physical
loop to the centre of the loop (y-axis in Fig. 5.5) was
measured and then converted into distance to indicate
the location of the object from the corner of the loop

on the appropriate side of the belt. The technique of
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measurement and conversion of time to distance are

discussed in Chapter 6.

5.7 THE DETECTION PERFORMANCE DEPENDENCY ON THE

RECEIVING COIL

5.7.1 Theoretical Calculations of the Output of the

Receiving Coil

The eddy currents induced in the metal cannot be
calculated analytically for the three-dimensional field
and must therefore be solved numerically. Hence the
output of the receiving coil cannot be calculated
analytically for the three-dimensional primary field.
However,the output of the receiving coil was calculated
analytically for a non-ferrous ring object at different
points along the x-axis as defined in Fig. 5.6 with a

ring diameter of 4 cm and the axis parallel to the x-axis.

The transmitting coil is not shown in Fig. 5.6 but
in the practical arrangement it was situated below
the object level. The photograph given in Chapter 6 shows

the detailed arrangement of the system.

The theoretical calculation of the receiving coil
was based on the mutual coupling of the field source coil
with the object and the object with the pick-up coil.
Refering to Fig. 5.3, and equation (5.22), the output

voltage of the receiving coil is:
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where

w MZMlIl
R (5.27)
%21
Il (5.28)
¢)32
12 (5.29)
= Mg Hyr 33 (5.30)
= UOUr N as QIHX (5.31)
1,35
3 (2cosfsin® + sinfcosb) (5.32)
aT1x
’ 12 "2 - (5.33
4W(X2 + 22)5/2 -33)
2;2_ uOHX. a,Nu M1 a32 3.X.2 5.30)
R Il(:x2 + 2%)°/2 |
K HX‘ 2 X 2
(5.35)
(x2+22)5/2

Angular excitation frequency

Mutual inductance between +he field source and

object

Mutual inductahce between the object and
receiving coil

Excitation current

The total resistance of the object
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¢21 = The flux linkage with the object due to the

field source

¢32 = The flux linkage with the receiving coil due

to the object.

I, = The induced current through the object

gy = The permeability of the free space

a, = The area of the ring

Hx' = The magnetic field strength of the excitation

coil as given by equation (3.32 ).

W = The permeability of the ferrite material

2 = The length of the core of the receiving coil
ay; = The cross-sectional area of the receiving coil.
H, = The magnetic field strength due to the induced

current in the ring object.

All other parameters are as indicated in Fig. 5.6.

K = constant derived from fixed system parameters.

The output was calculated for different lengths and
height of the receiving coil from the excitatidn coil for
different positions of the object along the x—axis. The
results of the calculations are given in Fig. 5.7 for
different lengths of the coil and various positions of
the ring, where the distance between the receiving co;l
and the excitation coil (%) 1is equal to 20 cm. The
calculated outputs at z = 30 cm are given in Fig. 5.8.

In all these calculations the object was kept at about
5 c¢cm from the plane of the excitation coil. The

comparison between the experimental and theoretical results
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Fig 5.7 The normalized theoretical output of the receiving coil
due to moving a ring object along the x -axis for
different lengths of the core of the receiving coil af
2 =20cm and excitation loop side of 35cm.
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Fig 5.8 The normalized theoretical output of the receiving
coil due fo moving a ring object along the x-axis

for different lengths of the core of the receiving
coil af z=30cm and excitation loop side of 35cm.
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is given in detail in Chapter 6.

It should be noted that the output of the receiving
coil for ferrous objects was not calculated analytically

for the reason given in section 5.4.2.

5.7.2 The Sensitivity and Accuracy of the Detection

As explained earlier in this chapter, the current
through the transmitting coil éan be increased, and hence
the sensitivity, by careful tuning of the coil. The
tuning of the receiving coil also increases the sensitivity,
because the induced voltage of the tuned coil is multiplied
by the Q factor of the coil. The self-capacitance reduces
the Q0 of both coils and thus the sensitivity. However,
in practice, the self-capacitance of both coils used in
this work were kept insignificant by choosing the excitation

frequency so that self-resonance was avoided.

This detector has an extremely narrow bandwidth, due
to the fact that the receiving coil is tuned for resonance.
This characteristic increases the accuracy of the equipment
because the coil detects'only the fields which are at the
excitation frequency aﬁd strongly attenuates the fields
at all other frequencies. The frequency response

characteristic of the ferrite core receiving coil was

determined experimentaliy and is included in section 6.2.2.

The theoretical results obtained in section 5.7.1 show:

that the output of the detector increases with increasing

length of the coil when the other parameters are kept constant.




Thus, the sensitivity of the system increases with the
length of the coil. It is also seen from the results that
the range of the detection extends over wider areas for
the longer receiving coils. This means the accuracy of
detection decreases with the length of the coil because

it becomes capable of detecting more interference fields

from the surrounding regions of the System(l4),

It can
also be seen from the calculations that the amplitude of
the detected signal is strongly affected by the distance

between the receiving and excitation coils.

However, in practical applications of the equipment
a compromise can be made between the sensitivity and
accuracy of the detector depending on the length of the

receiving coil for a specific conveying system.

Since the flux linkage with the receiving coil is
a function of the permeability of the core material, the
use of a ferrite core increases the flux linkage and
hence the sensitivity of the detector. The accuracy of
the system also increases, because by using a ferrite
cored coil, the physical cross-sectional area of the coil
can be reduced considerably. In turn this may decrease

the linkage of the interference field with the coil.

5.8 SUMMARY

The theoretical basis for the ferrous and non-ferrous

detector design have been discussed in this chapter. The
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principles of metal detection, discrimination and
1ocation of the metallic object on the conveyor belt

have been given in detail. The dependency of the detector
performance on the self-capacitance of both transmitting
and receiving coils was investigated. The effect of the
dimensions, core material and tuning of the receiving coil
on the sensitivity and accuracy of the equipment has also

been considered.
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Chapter Six

practical development of the
ferrous and non-ferrous detector
and experimental tests
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6.1 INTRODUCTION

This chapter describes the equipment which was
designed to detect ferrous and non-ferrous metal objects
within materials carried on conveying systems. Details

of the development of the excitation loop coils, the

receiving coils and the detection equipment are given.

|
The experimental results obtained from practical !

tests on the equipment are also given. _ |

6.2 ELECTROMAGNETIC COILS

The performance of a detector is controlled by many
different factors. The transmitting and receiving coils
are among the important parts of the system. Electromagnetic
coils are required to convert electricai currents or
voltages into magnetic fields, or vice-versa. Good
performance for a transmitting coil is regarded as the
production of large magnetic field strengths from a given
driving current, while sensitivity to low level magnetic

fields is the criterion for a successful receiver.

The performance of any such coil, large or small, is
considerably enhanced by a high value of magnification
factor Q. If the coil is a large air-cored loop transmitter,
tuning will cause the coil current to be multiplied by the
coil Q factor. In the case of the receiver, the high value
of Q has the effect of magnifying the coil induced voltage

from a particular magnetic field strength.
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Voltages induced in the receiving coils may be
regarded as a voltage generator in series with the coil
inductance. The coils-which,afe used to detect the
fields associated with the metal targets can therefore
be considered in the same way as the series driven
transmitter. The sketch below applies to both types of

coils.

Coil | i

_

Es

Drive or induced
volfage.

Fig 6.1 The fransmitting and receiving coil
equivalent circuit diagram.

An elementary analysis shows that the Q of the tuned

transmitter directly increases the loop current5l) and

hence the magnetic field intensity produced. The Q of

the receiving coil directly increases the amplitude of

the voltage appearing across the coil due to a particular

magnetic field strength, and hence increases the sensitivity

and range of the detection of the equipment.
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Theory shows that an increase in the loop coil area
improves the transmission performance. In the case of
large air-cored loops, the effective area is equivalent
to the geometric area. The effective area and hence the
detection sensitivity of smaller coils is related to the
rélative permeability of ferrite core. This fact makes
the use of high relative permeability ferrite cores a

necessity for physically small coils.

To design an induction coil for a specific task,
consideration has to be given to conductor type, size,

cross—-section and to the coil structure.

6.2.1 Loop Electromagnetic Coils

Using large loop areas increases the sensitivity and
range of the detector. On the other hand, the accuracy
of the detector decreases because the syStem encompasses
greater physical dimensions. Also, the large loops have
high self-capacitance between the windings of the coil
which provides a shunt path for a portion of the inductor
current. However, in practical implementations of the
detector, the loop size is determined by the dimensions
of a Spécific conveying system and is thus out of the

designer's control.

If the inductor self—capacitance becomes comp

with the tuning capacitor at the chosen frequency, then

the shunt path for the inductor current will be

significant, and the energy stored in the induction field
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will be greatly reduced. The overall resistance of the
1oop inc;eases with increasing dimensions of the loop,
causing the current to be reduced for a given drive
&oltage. The skin effect on the current flow in the
conductors of the loop increases coil resistance causing
the current to be reduced as the operating frequency is
increased. This effect can be minimised by using stranded

wires to form the windings.

In this work several loops have been wound using
different types of wires and number of turns, with
various dimensions of the loop. The self-capacitance
assessment of the loops was achieved by driving the loops
with different frequencies and tuning them to resonance.
The self-capacitance of each loopvﬁas asseséed from the

plot of —%— against the tuning capacitance(zg)- The
f

assessment®curves for the various practically wound loops
are given in Fig. 6.2. From the-results shown in the
previous graph, it can be seen that the self-capacitance,
O-A intercept increases with the increasing dimensions

and number of turns of the loop. Also, it can be seen

that the self-capacitance of a loop with the same dimensions
and number of turns formed from stranded wire’'is less than
that of the copper enamelled solid wire of the same
Ccross-section. This means the use of stranded wire for

the loop windings maximises the Q factor of the cpil. This
type of loop is therefore recommended for use in actual
applications of the detector because, according to the

theory given in Chapter 5, increasing the Q factor of the



% 1 1 | | | |

At 0 200 400 600 800 1000 1200

Tuning - capacitor Ct (nF)

Fig 6.2 The self- capacitance assessment curves of the
practically wound square loops.
(1) Loop side 30cm SWG 16 n=10 furns.
(2) Loop side 30cm SWG 16 n=20turns.
(3) Loop side 60cm SWG 16 n =10 furns.
(4) Loop side 35cm SWG 16 n=20turns.
(5) Loop side 35am stranded wire with
diameter of 2mm n = 20 turns.
(6) Loop side 60cm SWG16 n=20tyrns.
At coil resonance 2mfol=__ 1 1/£8=L*L (Co+Ct)
2mfo(Ct+Co)
Gradient = 472 0-A Intersect=Cq = Self - capacitance.
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coil maximises the sensitivity and range of detection

of the equipment.

However, to cover the complete conveyor belt width
of about 42 cm used in this work, a square loop of 35 cm
side length was wound using 20 turns of stranded wire of
2 mm diameter. From Fig. 6,2 the self-capacitance of this
loop is about 25 nF and the self-resonance frequency is
about 55 kHz. Normally, the operating fréquency of such
a system is chosen to be about one fifth of the self-tuning

(22)

frequency . The excitation frequency in this work was
therefore selected to be about 12 kHz. At this operating

frequency the Q value of the loop used was about 30.

For simplicity, all the loop coils mentioned so far
were wound with_negligible inter~turn Spacing. The loops
could be formed with some inter-turn spacing and this
could reduce the self-capacitance allowing higher excitation
~frequencies to be used. If large inter-turn spacings are
used to reduce the self-capacitance, the inductance of the
coil is also reduced. To maximise the Q factor of the
coil, an experimental compromise. has to be made between

bunched conductors and the loss in inductance.

The power amplifier shown in Fig. 4.9 was emp loyed

in hoth detectors to drive the excitation loop with the

required current.
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6.2.2 The Receiving Coils

The use of high permeability core material increases
the effective area of the coil and hence the flux linkage
with the receiver. The effect of the permeable material
on the performance of the receiving coil was dealt with
in Chapter 5. In this work, the receiving coils were
wound with high permeability ferrite cores. The cores
consisted of 20 cm long, 3 cm diameter ferrite bars. Each
coil consisted of 600 turns of SWG30 copper enamelled wire.
At an operating frequency of about 12 kHz, the Q factor
of the receiving coils was about 120. With this Q value,
the coil, can be tuned to have a very narrow receiving
bandwidth with large magnification of the pick-up voltage.
The frequency résponse characteristic of the receiving
coils is shown in Fig. 6.3. The receiving bandwidth of
the coils is about 100 Hz. This feature increases the
accuracy of the system, by attenuating unwanted outband

signals.

The output of the pre-amplifier for copper and iron

objects size (1x2x3 cm) was measured at different

frequencies with the receiving coil balanced against the

fields of the excitation loop. During the measurements

the objects were positioned at 10 cm from the corner of

the loop in the geometry of Fig. 5,5,and 15 cm from the

receiving coil (i.e, mid distance between the transmitting

and recieving coils), The excitation loop and recelving
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Fig 6.3 Frequency response of the funed receiving coil.
The bandwidth of the coil is about 100Hz and Q of 120.
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cail were tuned for resonance and the current through the
fransmitter coil was maintained at 1A r.m.s.The results
of the measurements are shown in Fig. 6.4, and are seen

to agree well with the theoretical analysis given in

Chapter 5.

These results indicated that the output increases
with the increasing frequency., However, as mentioned in
section 6.2.1, the operating frequency must be selected
at apout one-fifth of the self-tuning frequency of the
coils. The operating freguency of about 12 kHz was

therefore selected.

The output of the receiving coil pre-amplifier was
measured . as a brass ring object of 4 cm diameter was
moved along the x-axis in the arrangement of Fig. 5.5.
The distance between the excitation and receiving coils
was 30 cm, with a current of 1A r.m.s, throuch the loop
during the measurement. The measurements were carried
out for different lengths of the receiving coil. The
results are given in Fig. 6.5. Comparing these results
with those of Fig. 5.8, the profile of the response
curves are in agreement for both lengths of the coil
whilst the metal object is inside the loop. However,
they do not completely agree when the metal is outside
the loop. The reason for this is that in the theoretical
calculations of the output only the x-component of the

field was considered in order to simplify the calculation-

Since the net field at the outside of the 1ooP is in the
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Fig 6.4 The output of the pre-amp due to the metfal objects af
different excitation frequencies with all other parameters

kept constant
(1) Using iron object (1x2 =3 cm) size.
(2) Using copper object (1x2x3 cm) size.
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Fig 6.5 The output of the tuned amplifier af difﬁerenf distances
of the brass ring object along the x-ax1.s_wx’rh 30cm
distance between fransmitting and receiving coils.
(1) For receiving coil length of 10.cm.

(2) For receiving coil length of 20 cm.
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reverse direction to the net field inside the loop, the
recieved voltages for the metal ring inside and qutside
the loop are l8OO out of phase with each other. 1In

Fig. 6.5 the output of the pre~amplifier was plotted only
for the metal ring being in the first half of the loop.
when the metal passes to the second half of the loop, the
output has the same profile, but is 180° out of phase
with respect to the output due to the metal being in the
first.half of the loop. Again, the reason of this is
that the net fields of the two halfs of the loop are

opposed to each other.

It should be noted that all the descriptions and
measurements given in this section are valid for both

metal detection and side determination receiving coils.

6.3 ELECTRONIC DESIGN OF THE EQUIPMENT

This section describes the detailed electronic
design of the ferrous and non-ferrous detector. The
block diagram of the complete receiving part of the

equipment is given in Fig. 6.6

6.3.1 Design of the Analogue Part of the Detector

As explained in section 2.4,two receiving coils

were used in the development of the detector; one coil

for the detection and discrimination of the metallic
object and other for side determination.. The output of

orm
€ach receiving coil was processed separately to perf
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their separate tasks.

6.3.1.1 Analogue Signal Processing for the Detection and

Discrimination -

The detailed circuit diagram of this part of the
equipment is shown in Fig. 6.7 and it consists of the

following items:-
(1) The Pre—-Amplifier.

A high input impedance amplifier wiht a gain of 10
is used to amplify the output from the receiving coil to
a level suitable for the efficient operation of the

following electronic circuits.
(2) Tuned Amplifier.

The detected signal was then further amplified and
unwanted signals attenuated by means of a tuned amplifier,
centred at the excitation frequency. The frequency
response of the tuned amplifier is shownAin Fig. 6.8. It
is evident from this response and that of the tuned
receiving coil that the overall system has a very sharp

frequency response centred at the drive frequency. The

drive unit should therefore have a frequency stabilised

Signal generator.

(3)  The Phase-Shifter and Comparator.

. of
A phase correction network was put 1in the path

t . e
the reference signal from the signal generator to th



: JAAI3NRY 3 O
jood  voHDUIWIIISIP PUD Lo} RYAP 3y) Jo burssadoud
joubis abojpud 8y Joy wosboip JiN3ac dyDWBUdS 9 biy

I o/
oLL AGL* SN
€)= Jojosnduo) A o
<o S
> Jne vAe . _
. o PR — 9 ° T
. e N
‘Buissanoud  Jaypny W W W%
Joy spnaaa bo) of % 5
N . L AR
D= pou AL+ T oLe —+———
: JjoJodun) 8
5
LU0
. T )
3 2l
+ Hn:nH
L \\\g m
N Hov UL A o402uzb
I v 1oubig
“| - H:Wnﬂmmlm”:_.mﬁm ;|mmoﬂ_ - ||__ -
=
N L P a0 [ ] W m:
13A97 S6ML (1) 1103
_~ il . “ H buiaiazay
1 - — — —

U oL

~170-



dB
10

1 llllLlll | | (S WY S A B |

10 10 100
f( kHz)

Fig 6.8 Frequency response of the tuned amplifier.
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phase—sensitive detector. This circuit provides the
necessary adjustment to the phase of the reference signal
with respect to the phase of the received signal. This
ig required in order to discriminate between ferrous and

non-ferrous metals.

The output of the phase-shifter was connected to
a zero-crossing comparator. The comparator converts
the sinusoidal signal to a square wave for use as a

reference signal for the phase-sensitive detector.
(4) The Phase~Sensitive Detector,

As was mentioned earlier in the thesis, the phase-
sensitive detector i§ used to extract the signature of
the movement of the metallic object on the conveyor belt
and detect the phase difference between the reference signal
and the received signal. The detailed circuit diagram
of the phase-sensitive detector is given in Fig. 6.9.
The theoretical analysis given in section 5.3 showed that
the output of the phase-sensitive detector is positive if
the phase-shift between the input and refersnce signal is
less than 9OO, the output becoming negative when the phase
shift is greater than 90° and less than 270° and so on.
In Chapters 3 and 5 it Qas shown that the detected signal
due to ferrous metal has a phase that is different from
that due to non-ferrous metal, By including the phase

adjustment facility described in poimt={3), it becomes

. - ous
POssible to discriminate between ferrous gnd non-ferr

c s ’ S
Metals, The output of the phase—senSlthe detector wa
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measured for various shapes, sizes and positions of
poth ferrous and non-ferrous metals. The results for
ferrous and non-ferrous %Eﬂ B.S.W. nuts at different
positiOnS along the direction of the belt are shown in
Figs 6.10 and 6.11. It can be seen from these graphs
that the output of the phase-sensitive detector due

to ferrous metal objects is of opposite polarity to the
output for non-ferrous metal objects; This is so,
whether they are outside or inside the excitation loop.
It can also be 'seen that the outputs for both ferrous
and non-ferrous objects outside the loop are opposite to
the output for objects inside the loop. However, the
polarity of the output also changes when the object passes
from one half of the loop to the other half in both the
ferrous and non-ferrous cases. These features can be
used to discriminate betWeen ferrous and non-ferrous
objects and to locate the position of the object on the

defined side of the belt.

It was mentioned in section 5.3 that the speed of
the response of the detector to the movement of the
object on the belt depends on the time constant T, of
the low-pass filter of the phase-sensitive detector.
The bandwidth of.the system also depends on T.. A
Practical compromise has therefore to be made between
the speed of the response and bandwidth of the system.
This was achieved by measuring the step input response Of

the low-pass filter for different time constant values

ch the
and comparing the time taken by the output to red
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the steady-state value with the speed of the pelt, A time
constant of about (2 msec) was found to be sufficient to
track the movement of the object on the conveyor belt,
with the belt travelling at a speed of about 1 m/sec.
gith this filter's time constant, the bandwidth of the
phase-sensitive detector was about 33 Hz. This was
sufficient to suppress any unwanted signals present in

the e,nvironment in which the equipment was tested.
(5) The Band-pass Filter.

The band-pass filter was built using a cascaded low
pass and high pass filter at the output of the phase-
sensitive detector. This filter eliminates the d.c. off-séts
and d.¢. drifts, hence increasing the reliability and
sensitivity of the detector. ' The filter also attenuates
any unwanted signals which are at frequencies greater than
the centre frequency of the filter. The filter was
designed so that its centre frequency was equal to the
reciprocal of the time required by the object to travel
within the physical size of the loop in the direction of
the belt at the mid-distance from the corner to the
centre liné of the loop on either side of the belt. The

frequency response of the band-pass filter is shown in

Fig. 6.12.

(6) The Amplifier and Inverter.

The output of the band-pass filter was further

; . i fication
amplified using an operational amplifier. The amplifi
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4as neceasary to make the signal of éuitable amplitude
for further processing for completion of the detector

requirements.

An inverter was also required at the output of the
amplifier because both polarities of the amplifier output
are necessary for the purposes of discrimination and

location of detected metal objects

(7) The Comparators.

Two integrated circuit voltage comparators type 710
giving a TTL compatible pulse output with a sensitivity
of a fraction of millivolt were used to convert the
analogue signals to TTL compatible signals. The amplifier
and inverter described above each drive one comparator
the threshold levels being adjusted to distinguish the
signal from the background noise. In the experimental
tests carried out on the performance of the detector,

a biassing level of 0.2V to each comparator was sufficient
to distinguish the signal from the interference noise.
The output of the comparators were fed to the next stage

of logic circuits for further processing.

6.3.1.2 Analogue Signal Processing for Side Determination

The output of the second tuned receiving coil was fe

to an electronic circuit which is similar to that of
i h . ents
Fig. 6,7, Since the detailed description of the elem

. . . iven in
lvolved in the development of the circuit were giv
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section 6.3.1.1, there is no necessity to repeat it again

here.

In the case of the signal processing for side
determination, the phase-shifter in the path of the
reference signal to the phase-sensitive detector was
adjusted so that the output of the phase-sensitive detector
ig positive when the metal is in one side and negative
if it is in the other side of the belt. Fig. 6.13 shows
that the output is positive for any metal, either ferrous
or non-ferrous, when it is within the loop on one side of
the belt. It also shows that the output is negative for
the metal object being within the loop on the other side
of the belt. These measurements were carried out using
ferrous and non-ferrous (—Z—é-"B,S.W':)%nutsmoved manually
along the stationary belt.in Fig. 5.5 with a distance of
15 cm from the corner of the loop near the edge of the
belt. During the measurements, the distance between the
excitation loop and receiving coil was fixed at 30 cm
and the current through the loop was 1A m.I.s.’ The ‘output
of the analogue signal processing circuit was connected
to a logic circuit for further processing to determine

the side of the belt on which the metal 1is located.

6.3.2 TTL Circuits to Discriminate Between Ferrous and -

- Non-ferrous Objects

e
The logic circuit to process the output of th

. and
Omparators for discrimination between ferrous
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non—-ferrous metal objects is shown in Fig. 6.14.
waveforms at different points of the circuit are given
in Fig. 6.15. The inverted waveform of the comparators
Cl and C, are respectively T and I,. In both outputs
the narrow pulses occur when the metal object is outside of
the loop and the wide pulses.occur when the metal object
is inside the loop. The rising edge of the first pulse
in each output I and I, is used to trigger a monostable.
Il triggers Ml and I, triggers M2. The output M, opens
the gate A, which allows I, to pass through and M, opens
the gate A; and allows I, to pass. The periods of M, and
M, were adjusted so that they were just greater than the
time taken by the object to travel within the aetection

zone of the system. The output Ay was fed to a D flip-flop

" which gives an output Dy. A, also triggers a monostable,

causing it to give the output M,. Connecting M, to the
'clear' input of the other‘D-type flip-flop clears it to
give the output D, . The Aq output triggers monostable My
which was used to clear the Dz.flip—flop at the end of
the A, pulse. A, was also connected to the D, flip-flop
to indicate the other type of metal. The D, signal was
used to trigger the monostable M. at the falling edge of
the pulse. This means monostable M6‘starts its time
period when the object reaches the centre line of the loop
which is perpendicular to the ‘direction of the belt
whatever is the position of the object on the width of
the belt. In the actual installation of the equipment,

the period of M, can be made so that it ends when the
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Fig 6.15 The waveforms of the TTL circuits for discriminating beftween
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object moves out of the detection zone of the equipment.
At the end of the Mg period the belt can be marked along
a line perpendicular to the direction of the belt to
indicate the position of the object on the belt which can
be stopped and the object removed. fhe Mg monostable was
connected to a bistable switch By. The output of the
switch was used to indicate a particular type of metal.

It can also be used to stop the belt at the required time.
The Dy flip-flop was connected to the monostable Mg. AS
in the case of monostable M6’ the monostable M5 was also
used to excite a bistable switch B;. The discussion given

for Dy, Mg and B, is equally applicable to Dy, Mg and B.

Assuming the above description was for the presence
of a ferrous object, then for non-ferrous metal all the
outputs are reversed and D, gives an output pulse while
D2 is reset. The high output of D, causes M5 to be
triggered which sets B to be high. Two different lights
were employed at the outputs of B, and Bé for indication
of the metal type. In this way it was possible to

discriminate between ferrous and non-ferrous metals.

The symbols used in Fig. 6.15 refer to the output of

the appropriate integrated circuits employed in Fig. 6.14.

6.3.3 Logic Circuit to Find the Side of the Belt on which

the Metal Exists

The TTL circuits for side determination of the belt

on which the metal exists are shown in Fig. 6.16. Waveforms

1l R
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at different points are given in Fig. 6.17. ‘The inverted
forms of the output of the side-finding comparators are
13 and Iy- The signal D, or D, from the discrimination
logic circuit opens the gates Aj and A, for a period
defined by the monostable Mg. Hence, the outputs of the
gates are A and A, as shown in Fig. 6.17. A, and Ay
were fed to monostables Mg and Mio respectively. They
were also connected to Dj and D, flip-flops. The
outputs Mg and M,y were connected to Dy, and D,y
respectively. The D, flip-flop gives a pulse which is
similar to the A, and at the same time the monostable
Mlo clears D3 flip—-flop and resets it to zero as shown
in the waveforms given in Fig. 6.17. At the end of the
A4'puisé, the A, pulse triggers monostable Mg which
clears the D4 flip-flop to zero. The periods of Mg

and M were made long enough to be greater than the

10
maximum time required by the object to travel within
the zone of the system. The D, output sets bistable
B, to high level and stays at this level until it 1is
reset manually while 83 remains unset because of the
low output of the D3 flip-flop. The bistable switches
B and B, were conngcted to two different lights which

indicate the side of the belt on which the metal exists.

Assuming the ahove discussion was for the metal

being in the left side of the belt, the output waveforms
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Fig 6.17 The waveforms af different points of the TTL circuit for
determination of the side of the belt on which the mefal exists.
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are reversed for metal being in the right side of the
belt. 1In this case the Dj flip~-flop gives a pulse which

sets bistable B, high to indicate the right side of the

3

belt. Again, it remains high until it is reset manually.

when the metal is in the centre of the belt, neither
of the side indicating lights operate because the
component of the field produced by the metal parallel to
the axis of the side detection coil is zero and hence

there is no output from the side determination coil.

6.3.4 Locating the Object on the Defined Side of the

Belt by Using TTL Circuits

Either the output of the D, flip-flop or the D,
flip—flbp opens the gate A, when the metal object, ferrous
or non-ferrous, enters the physical geometry of the loop.
A voltage controlled oscillator integrated circuit type
74124 running at 750 Hz produces continuous pulses which
pass through the gate during the opening period. Both
the D, and D, pulses start at the entrance of the object
to the loop and end as the object reaches the centre lines
of the loop perpendicular to the direction of the belt
movement., The time taken by any dbject of a defined size
at any point on the width of the belt on the given side is

therefore equal to the number of pulses passing through

the gate, mulfiplied by the period of each pulse.

The distance along the belt from the start of the

square loop coil at any point of the belt on the defined
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side to the centre line is equal to the perpendicular
distance from the corner of the loop to the location of
the object. Counting the number of pulses passed during
the periods D; or D, and calibrating it to distance
therefore gives the location of the object from the
corner of the loop. At a VCO frequency of 750 Hz and with
the speed of the belt of about 1 m/sec, the counting can
be achieved using a 4-bit binary counter N, to divide the
output of A, by 8 and then counting the result of the
division by employing two 4-bit BCD counters N, and Nj.
The position of the object on the defined side can then
be displayed numerically using éeven segment displays.
The position-measuring system was designed to be reset
manually after removing the metal from the processing

material.

The position-measurement logic circuit diagram is
shown in Fig. 6.18 and waveforms at different points of

the circuit are shown in Fig. 6.19.

6.4 EXPERIMENTAL TESTS ON THE PERFORMANCE OF THE EQUIPMENT

6.4.1 The Experimental Rig

In order to test the performance of the equipment for
detection, discrimination and location of a metal object
in the material carried on a conveying system, a conveyor
belt system was constructed with‘the aid of the workshaop

staff from facilities availakle in the department. The
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Fig 6.18 Logic circuit for location of the object in the defined
side of the belt.
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Fig 6.19 The waveforms af different poinfs on the logic circuit
used to measure the position of the object on the
defined side of the belt.
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width of the belt used was 42 cm. The speed of the belt
was made about 1 m/sec which is similar to the speed of
a typical conveyor belt used in the food processing
industry. The excitation electromagnetic loop was
situated under the belt with one diégonal parallel to
the direction of the helt and the other perpendicular.
It was rigidly fixed to prevent mechanical vibration
being caused by the running of the belt motor. The
receiving coils were also fixed rigidly at the centre
above the belt. The distance between the excitation loop
and the receiving coils was about 30 cm. The axis of
one of the receiving coils was made parallel to the
direction of the belt and the axis of the side-detection
coil was arranged to he perpendicular to the directiorn
of the belt. The complete arrangement of the detector

with the conveyor belt is shown in Fig. 6.20.

6.4.2 Experimental Tests on the Equipment

The performance oflthe system was examined by.putting
different types of metal samples on the conveyor belt
and observing the response of the detector. It was
found that the equipment worked successfully in achieving
the project aims. The equipment correctly detected and
discriminated between ferrous and non-ferrous metals of
different sizes at different position on the belt when
included within non-conductive conveyed materlial, The
system was also able to successfully determine the side

of the belt on which the metal existed and to locate the
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position of the object on the defined side from the corner
of the loop near to the edge of the belt. The minimum

size of the metal objects detected, discriminated and
located on the belt was -%;"B-S-W-)HUt- The position
measurements on the defined side of the belt for some of

the samples used to test the performance of the detector

are presented in Tables 6.1 and 6.2, The first table is

for metals on the left side and the second table for objects

on the right side of the belt.

It can be seen from the above tables that the maximum
error in the measurement of the position of the objects
was about 1 cm which is about 2% error on the total width
of the belt. This error was due to the fluctuation of
" the belt on the rotating rollers and variations of the

speed of the motor driving the conveying system.
6.5 SUMMARY

In this chapter, the actual development of the
ferrous and non-ferrous metal detection and location
equipment has been described. The self-capacitance
problem associated with both the excitation loop and the
receiving coils and the importance of the tuning of the
coils were discussed in detail. The effect of the length
of the core of the receiving coils on the sensitivity
and accuracy of the detector was also included. The design
of the electronic equipment for the detection, discrimination

and location of the object on the belt was given in full
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detail. The experimental tests on the performance of

the equipment were also included in this chapter.

TABLE 6.1

The Measured and Actual Positions of Different

Metal Samples on the Left Side of the Belt

Type of the ! The measured | The actual
metal sample I position (cm) | position (cm)
6 4 - 5.5
5 10 10 - 1I1.5
(’E" B.S.W.)brass nut 15 15 - 16.5
22 20 - 21.5
25 23.5 = 25
5 4 - 5.5
11 10 - 11.5
(%g"s.s.w.) iron nut 16 15 - 16.5
20 20 - 21.5
24 23.5 = 25
6 4 - 5
9 10 - 11
1 pence coin 15 15 - 16
21 20 - 21
24 24 - 25
6 4 - 6
13 10 - 12
Iron Block 16 15 - 17
(1x2x3 cm) 22 20 - 22
25 23 - 25
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TABLE 5.2

The Measured and Actual Positions of Different

Metal Samples on the Right Side of the Belt

Type of the
metal sample

The measured
_ positiqn:(cm)

The actual
position (cm)

6 4 - 5.5
] 11 1o - 11.5
(%g" B.5.W.)brass nut 15 15 - 16.5
| 20 20 - 21.5
24 23.5 - 25
5 4 -~ 5.5
11 10 - 11.5
(%3" B.S.W.)iron nut 16 15 - 16.5
21 20 - 21.5
) 24 - 23.5 - 25
6 4 - 5
10 10 - 11
1 pence coin 15 15 - 16
22 20 - 21
25 24 - 25
7 4 - 6
12 1o - 12
Iron Block 16 15 - 17
(1x2x3 cm) 21 20 - 22
25 23 - 25
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Chapter Seven

Conclusions and suggestions for
further work
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7.1 CONCLUSIONS

At the early stages of this project a study of the
available metal detectors was made and deficiencies of
these detectors for the present application were pointed
out. From the results of this work, the following

conclusions and observations are made.

(1) A ferrous metal detector was designed and built based
on the flux-gate magnetometer, The equipment was designed
to deteéct the tramp iron which may exist in the coal used
for firing the generating units of a power station.

Using this detector in the power industry provides a means
of putting the magnetic separator on only when required.
This increases the efficiency of extraction, reduces the
waste of energy in the separator and also reduces the cost
of separator construction. The performance of the system
was tested in the laboratory by moving iron pieces within
the zone of the system and noticing the response of the
detector. It was found that the equipment successfully
detects tramp iron and gives a signal which may be used

to control the operation of the magnetic separator.

(2) A ferrous and non-ferrous metal detector was designed
and built for detection of both types of metals on the
conveying systems. The eqﬁipment was designed to detect,’
discriminate and locate the metal on the belt. 1In testing
the performance of the system, it was found that the

equipment detects, discriminates and locates the object
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along the belt and on the width of the belt within a
non-conductive material carried on a conveying system.
The instrument can therefore be used for the continuous

inspection of different types of materials.

Spurious metal objects can be hazardous to processing
machinery, injurious to the operator or damaging to the
end product. The detection of spurious metal is therefore
essential to many manufacturing processes. Typical
materials which can be examined using this detector are:
plastic, rubber, tobacco, food (packed or loose) and
confectionery products, grain, chemicals, liquids and

powders.

Since the equipment has the ability to discriminate
between ferrous and non-ferrous materials, it can be used
for the detection of ferrous metal within non-ferfous
materials or vice-versa. This process can be acheived
either by manual bias adjustment or by automatically
biassing the system, possibly using microprocessor
technology. The principle of discrimination can also be
used for identifying between ferrous and non-ferrous
metals. This process has application in many industrial
fields. The instrument also has the facility of finding
the position of the object on the belt. This characteristic
makes the removing of the tramp metal from the processing
material very easy and reduces the period required for
removing the metal from the conveyed material. The

instrument is thus an aid in producing a high quality end
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product.and increasing the production plant efficiency,
which are the objectives of most material processing

operations.

(3) It was found from the investigations of the field
distribution of different field source geometries that

the loop coil geometry has stronger fields than the

other geometries considered in this work and that its
field distribution is well defined by the physical size

of the loop. Since the receiver detects the electromagnetic
field associated withithe eddy currents induced in a given
metal target by the primary feild, the sensitivity and
range of detection of both equipments therefore depend on
the geometry and size of the loop for a given power and
numbef of turns of the lobp. From the study of the field
distributions of different source geometries, it was
concluded that the square loop coil is the appropriate

geometry for the purpose of this work.

(4) The distance between the excitation loop and the
receiving coil in both instruments strongly affects the
sensitivity and range of detection. The length of the
receiving coil in the ferrous and non-ferrous detector
also affects the sensitivity, accuracy and range of the

system.

(5) Since the accuracies of both of the designed detectors
is power supply dependent, the employed power supplies

should be voltage regulated. The drive frequency in the

=200-



case of the ferrous and non-ferrous detector should also

be stabilised.

(6) Finally, both the excitation loops and the receiving
transducers should be rigidly fixed in order to avoid
mechanical vibrations which produce a reduction in the
reliability of the detector. Also, the conveyor belt,
which passes through the detection zone of the system,

must be free from metal fasteners for proper operation.

7.2 SUGGESTIONS FOR FURTHER WORK

The following suggestions for further study are made
to improve on the present work and to carry this project

forward.

(1) The ferrous metal detector based on the flux-gate
magnetometer Qhould be tested in an actual power

station for the detection of the tramp iron in the coal
material and for the control of the magnetic separator
operation. The known defficiencies associated with the
operation of the_detecﬁor in the power station environment,
such as to be caused by stray fields produced in the
switching on and off of the separator should be

investigated.

(2) Using the flux-gate magnetometer, an instrument could
be designed for the measurement of high a.c.. or d.c. currents

based on similar principles as those described in this work
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for the detection of metal objects.

(3) Because of the high sensitivity and low power
consumption of the flux-gate magnetometer, a communication
system could be designed based on the flux-gate for use

in mining and similar operations to communicate between

the control base and running personnel.

(4) The ferrous and non-ferrous metal detector described
in this work could be designed and built using a
microprocessor implementation. TIn this way the biassing
of the system for discrimination between ferrous and
non-ferrous metals could be controlled more easily by
employing software to control the discrimination process.
This could lead to more reliable detection of ferrous
metal within non-ferrous metals or vice-versa. The
position of the object on the conveyor belt could also be
measured more easily and acéurately by the use of a

microprocessor based system.
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