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topic with a project next month.

Figure 1.
Conceptual N
illustration of
the magnetic
lines of force
around a
permanent
bar magnet. S

magnetic fields.
Firstly the field has
direction. If you

move a compass
close to a bar mag-
net, the magnet will
deflect the compass
needle. The orienta-
tion of the needle
depends on the posi-
tion of the compass

Introduction

In this article we look at a variety of
different ways to measure magnetic
fields and investigate various applica-
tions for magnetic sensors. A wide
variety of measurement and sensing
techniques are in use providing differ-
ent levels of sensitivity and accuracy.
These considerations, together with cost
and complexity, determine which
method is employed in any given appli-
cation. The intention is not to give an
in-depth theoretical analysis but to pro-
vide the reader with an overview of the
kind of techniques in common use. The
study of magnetism is a complex sub-
ject and readers requiring further
information regarding magnetic theory
are referred to standard text books on
the subject.

Units of Measurement

There are a variety of different
parameters to consider when measuring
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relative to the mag-
net. Figure 1 provides a conceptual
illustration of the lines of magnetic
force around a bar magnet. The arrows
show the apparent direction of the mag-
netic field. The

map). The Sl unit of
magnetic flux density is
the Tesla (symbol ‘T’).
Another common unit
used when measuring
magnetic flux density in
cgs units is the Gauss
(symbol ‘G’). Some-
times magnetic field
strength is also quoted.
This is usually measured
in A/m (amps/metre). An
alternative (gaussian)
unit is the oersted (sym-

bol Oe). There are also a
variety of other units in

Basic Techniques

Probably the simplest
form of magnetometer is
a coil of wire. Exposing
the coil to an alternating
magnetic field results in an aternating
current being induced in the wire. This
effect may easily be demonstrated using
the arrangement shown in Figure 2. As
the position of the permanent magnet
changes with reference to the coil a cur-
rent is induced in the coil windings.
This current may be displayed on a cen-
tre zero moving coil meter. The polarity
of the current induced in the coil is
determined by the direction of move-
ment. The speed at which the magnet
moves affects the current level induced
in the coil. Moving the magnet more
rapidly produces a faster change in flux
density and results in greater deflection

compass needle will
tend to point away
from the north pole
of the  magnet
(marked ‘N’) and
toward the south pole

Coil

(S).
Further  parame-
ters relae to the

‘strength”  of the
magnetic field. The
magnetic flux den-
sity is effectively a
measure  of  the
“amount’ of magne-
tism per unit area or
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-
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permanent
magnet

0
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Centre zero
meter

the density of the
flux lines (analogous
to contours on a

Figure 2. Simple arrangement to illustrate how a magnetic
field induces current flow in a conductor.
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Figure 3. Simplified illustration showing the functionality of a Hall effect sensing element.

voltage from the sensor. The
output pulses can be shaped and
counted providing an accurate
method of measuring the rota-
tional speed of the gear wheel.
This general principle may be
adapted to a whole range of
proximity detection applica-
tions. The maximum frequency
that the sensors will respond to
varies considerably but is typi-
caly intherange of afew kHz.
A further application of Hall
effect devicesisin current sens-
ing. As the magnetic field
around a current carrying con-

of the meter. The tendency for a coil of
wire to react in this way when exposed
to a changing magnetic field is often put
to good use in audio frequency trans-
ducers such as microphones and pick up
coils, and in fact forms the basis of AC
transformers. The magnitude of the
induced current is partially determined
by the frequency and intensity of the
varying magnetic flux and partially by
the coil dimensions. This type of fixed-
coil detector is suitable for measuring
alternating magnetic fields such as those
produced by power lines and other rapid
changes in magnetic flux.

In order to measure a stable (non-
alternating) field, such as that produced
by a stationary permanent magnet, it is
necessary to move the coil in the field.
As the coil moves through the magnetic
field, current is induced in the windings
asillustrated above. If the coil is contin-
uously rotated at a known speed, the
current flow will be relative to the mag-
netic flux density. This type of sensor,
athough very simple in concept, is
capable of providing accurate readings
with good sensitivity when properly
arranged. However, because a rela-
tively large coil is often required to
provide good sensitivity, these units can
be quite bulky.

Hall Effect Sensors

Another type of detector makes use of
a phenomenon known as the Hall effect
as illustrated in Figure 3. This effect is
produced when current flowing in a
conductive material is influenced by an
external transverse magnetic field. Asa
result, a voltage proportiona to the
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magnetic flux density is set up in the
material. Hall effect devices typically
make use of semiconducting material as
the conductive medium. Integrated sen-
sors using Hall effect technology are
readily available. An example is the
UGN3503U IC (Maplin code GX09K).
This is a 3 pin device comprising an
internal Hall effect sensing element, an
amplifier and a buffer all on one chip.
The device provides an output voltage
proportional to magnetic flux density.
Hall effect switches are also available
providing a magneticaly controlled
switched output. These devices are ideal
for use at medium to high magnetic flux
densities and find many applications
particularly in industrial control. They
offer the advantage that they do not nor-
mally require alignment and are pretty
much ready to use as supplied. In the
example shown in Figure 4, the Hall
effect sensor is used to sense the move-
ment of gear teeth.

ductor is directly related to the
current level, the sensors may be used
to monitor relative current in an electri-
cal system without the need to break the
circuit. This technique has the advan-
tage of providing good electrica
isolation and therefore does not signifi-
cantly load the circuit being measured.
Applications in this respect include over
current sensing in power supply sys
tems and relative power measurement.

Magnetoresistive Sensors

Another type of magnetic sensing ele-
ment is the magnetoresistor. As the
name implies, these devices exhibit a
change in resistance dependant on the
magnetic flux density. This is a field
that is rapidly changing and it is quite
possible that the use of magnetoresis-
tive sensors will become considerably
more common place in the future. In
their basic form, the devices produce a
relatively small resistance change for a

This setup is only
suitable for use with
gears made from
ferrous materias. A
small permanent
magnet is attached
to the rear of the
Hal effect IC. The
presence of ferrous
metal in proximity
to the magnet affects
the flux density.
Therefore each time
a gear tooth passes
the Hall effect

Gear wheel

O

Hall
effect
sensor
Dd— Magnet
To DC
amplifier
and logic
circuit
To Hall effect
sensor power
supply

device there is a
variation in output

Figure 4. Using a Hall
effect sensor to detect
the movement of
ferrous gear teeth.
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usefulness of the technology,
this is not necessarily the case.

>C | In some applications, for exam-

— V ple, where it is required to

Tunable Amplifier Output | Mooure small changes in flux

filter indicator density the sensitivity of the

O system often outweighs the
limitations. There is aso the

Drive great advantage that the data

source from the device are output as a

Vessel

containing
water

Figure 5. Simplified conceptual illustration of a proton magnetometer.

frequency rather than a voltage
or current level and as a result
it is possible to achieve a high
degree of accuracy.

The Fluxgate Magnetome-
ter

Yet another method of mea-
suring magnetic fields is the
Fluxgate magnetometer. Once
again this is capable of provid-
ing very good sensitivity as

relatively large change in the magnetic
field. Therefore, as with Hall effect
devices, careful design techniques are
required in order to obtain optimum
performance. In recent years, magne-
toresistive materials that exhibit a much
larger change in resistance have been
produced but this is till a developing
field. Applications of magnetoresistors
are similar to those discussed for Hall
effect devices. In addition they find
applications in navigational equipment
such as electronic compasses.

Nuclear Magnetic Resonance

Magnetometers based on a phenome-
non known as Nuclear Magnetic
Resonance (NMR) provide a method of
measuring the absolute value of a mag-
netic field and are capable of high
accuracy and sensitivity. These devices
operate on a totally different principle
to those mentioned so far, utilising the
resonance produced in specific atomic
nuclei when acted upon by an external
magnetic field. Often radio frequencies
are used to initialy excite the atomic
nuclei.

The proton magnetometer operates by
detecting resonance set up in the nuclei
of hydrogen atoms (protons). The sys-
tem may consist of a coil arrangement
located around a vessel containing
water. A current is passed through the
coil, creating a strong magnetic field
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that affects the orientation of the pro-
tons in the water. As aresult, there is a
tendency for the protons to become
aligned in one direction determined by
the magnetic field. When the current is
switched off the magnetic field col-
lapses. At this point, if an externa
magnetic field is present, the protons
become re-aligned under the influence
of the external field. However, because
the protons are spinning, this re-align-
ment is not instantaneous. Instead, the
protons precess to the new orientation
(governed by the laws of quantum phys-
ics). The frequency at which this
precession occurs is directly related to
the magnetic flux density alowing
accurate magnetic field measurements
to be made. A second coil may he used
to detect the field produced by the pre-
cessing protons or alternatively the
drive coil may be switched so as to
drive detector circuitry. Figure 5 shows
a simplified conceptua illustration of a
proton magnetometer. The output from
the device may be presented in a num-
ber of ways ranging from a directly
audible tone to a computer interface.
The arrangement used is very much
dependant on the intended application.
Unlike most of the other sensors dis-
cussed, magnetometers based on NMR
do not allow measurement of the direc-
tion of the magnetic field. Although
initialy, this may appear to limit the

well as directional data. The
device finds uses in a wide range of
applications in the laboratory and in
navigational aids such as compasses.

The heart of the device is a series of
coils wound onto ferromagnetic core
material. A single toroidal core may be
used. The characteristics of the core
material are fundamental to the correct
operation of the device. A simplified
example of a possible coil arrangement
is shown in Figure 6. An alternating sig-
nal is applied to the drive coil such that
an alternating magnetic field isset up in
the core. The amplitude and frequency
of the drive signa is such that the core
is in the region of saturation on signal
peaks (as the signal voltage increases
this no longer results in a correspond-
ing increase in magnetic flux), during
the part of the cycle that the core is sat-
urated, the drive current increases
considerably. A second coil wound
around the outside of the toroidal
former acts as a pick-up coil. When the
core is exposed to an external magnetic
field, an imbalance occurs. This imbal-
ance results in current pulses being
induced in the pick-up coil of an ampli-
tude relative to the magnetic flux
density. Suitable circuitry is required to
separate out and process the relevant
pulses in order to provide a meaningful
reading.

The above arrangement is a typica
example and there are a number of vari-
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Figure 6. An example of the

Oscillator

type of coil arrangement used

in a fluxgate magnetometer.

northern lights or aurora borea-
lis at high northern latitudes and
the aurora austrdis in the south-
ern hemisphere The sun isin a
constant state of flux and parti-
cle output varies depending on
solar conditions and on periodic
effects such as the 11 year sun-
spot cycle. Emissions from the
sun are not only responsible for
creating  spectacular  atmo-
spheric light shows. Study of
these phenomena are of increas-
ing importance as a solar storm
may result in a serious threat to
satellite and terrestrial commu-
nications and disruption of

ations. For example, rods may be used
in place of the toroidal core.

SQUIDs

The SQUID or Superconducting
Quantum Interference device is one of
the most sensitive magnetic sensor tech-
nologies, capable of measuring very
small changes in magnetic flux. The
device requires very low temperatures
(a few degrees above absolute zero) to
operate and can be complex and costly
to implement. Therefore the use of this
type of sensor is usualy confined to
specialised applications.

Applications

Applications for magnetic sensors
and associated technologies are becom-
ing considerably more diverse as time
moves on. In addition to some of the
more standard applications such as
proximity sensing there are aso a host
of more unusual uses. For example
Magnetic Resonance Imaging (MRI)
uses Nuclear Magnetic Resonance tech-
niques to build up an image. Equipment
operating on this principle is some-
times used in a medical environment to
provide images of internal parts of the
human body such as the brain.

Magnetometers can also be used to
detect large ferrous objects or minera
deposits deep in the ground. It is possi-
ble to do this by detecting small
localised variations in the earth’s mag-
netic field. By taking readings at
different positions, it is possible to
determine the position of buried objects
with a relatively high degree of accu-
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racy. Such variations can be small, so
use of a sensitive detector is essential.
Magnetometers used in this application
are often based on the Fluxgate or NMR
principles. As mentioned previoudly,
proton magnetometers produce an out-
put which varies in frequency with
magnetic flux density. This is conve-
nient as the outputs from two sensors
positioned a short distance apart can be
combined to produce a series of mixing
products. One of the mixing products is
equa to the difference between the two
detector frequencies. If the magnetic
flux density is equal a both sensors, the
difference between the two frequencies
is negligible; however, avariation in the
magnetic field caused by a ferrous
metal object below one of the detector
coils will result in a notable difference
between the output frequencies of the
two sensors. When the outputs are
mixed, the difference manifests itself as
alow frequency modulation of the out-
put signa that when amplified may be
audible as a warble. The frequency of
the difference signal will be determined
by the degree of variation in magnetic
flux density between the two sensors.
Another common use for magnetome-
ter technology is in research into the
earth’s magnetic field. The earth’s mag-
netic field is not stable as some may
expect but is subject to continuous vari-
ation. There are anumber of reasons for
this including the effects of the ‘solar
wind’ a stream of high energy charged
particles emitted by the sun. It is solar
emissions that are responsible for the
atmospheric phenomenon known as the

navigational systems In addi-
tion, many conventional short
wave broadcast and communications
circuits actualy rely on ionisation of
specific layers in the upper atmosphere
(the ionosphere) to propagate the radio
signals around the world. The condition
of these ionised layersis heavily depen-
dant on solar conditions. Monitoring
various parameters of the earth’s mag-
netic field provides an important source
of data in studying the effect of solar
particle emissions on the earth's
atmosphere.

Changes in the earth’s magnetic field
can also result from changes inside the
earth which can be of interest to geolo-
gists. The magnetic poles do not
correspond with the physical north and
south poles but are continuously drift-
ing (see Figure 7). For example the
magnetic north pole is currently some-
where in northern Canada. This has
important implications for navigation. It
is aso interesting to note that the
Earth’s magnetic and geographic poles
are actually opposite, so the magnetic
south pole is closest to the geographic
north pole and so on.

Control and Proximity Sensing
Applications

As mentioned earlier, magnetic sen-
sors such as Hall effect devices may he
applied to a whole range of control
applications both in industry and the
domestic environment. We looked at
the use of a Hall effect sensor for
detecting the movement of teeth on gear
wheels. This arrangement can be easily
adapted to suit a range of practical cir-
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arrangement must be
such that when the
pedal is operated, the
position of an inter-
nal magnet is varied
relative to the Hall
effect sensor. This
type of system can
effectively be used in
place of mechanical
potentiometers

which often become
noisy after a period
of use due to dust
deposition and wear
to theresistor track.

AC Fields

Of recent years
there has been con-
siderable interest in
alternating magnetic

Figure 7. The earth’'s magnetic pol

do not corr
the geographic poles and are continuously drifting.

dwith | fidds produced by

power lines and

cumstances. For example, to measure
the movement of non-ferrous or non
metallic objects a small magnet may be
attached to the object.

Hall effect devices can be used in
electromusic applications such as key-
boards to indicate when a key is
pressed. This gives the musician more
control than a simple set of contacts. A
linear Hall effect device will produce an
output voltage proportional to

many pieces of electrical equipment.
Alternating fields can adversely affect
the operation of electrical apparatus.
There has aso been much discussion
relating to the effects of aternating
fields on the human body. Many biolog-
ical processes involve chemical

by magnetic fields and one area of pos-
sible concern is that intense aternating
magnetic fields may significantly affect
biological activity in the body.

The level of alternating fields in the
average home can be relatively high.
This is not surprising when you con-
sider that many pieces of equipment
operate from the AC mains supply
which is alternating at a Frequency of
50Hz. Also some appliances contain
internal oscillators operating at higher
frequencies.

A simple coil based detector or ‘near
field probe’ (see Figure 8) is useful is
detecting relative levels of AC fields.
This can be as smple as a few turns of
wire wound into a loop and connected
via coaxia cable to the input of an
oscilloscope. A portable unit with a
similar coil arrangement connected to
the input of a small audio amplifier can
aso be useful when detecting mains
cablerunsin walls etc.

Next Month

This time we have looked briefly at a
variety of different sensor technologies
and magnetic measurement techniques.
Next month we will look &t the practi-
cal aspects of magnetometer design and

the relative position of the key.
This information can be pro-
cessed so as to detect how
rapidly the key is depressed and
used to adjust the characteris-
tics of the envelope produced
by the instrument. A similar
application is in volume pedals,
where the output from a Hall
effect sensor can be used to
determine the gain of a voltage
controlled  amplifier.  The

reactions in which electrical charges there will be some experimenta
play an important role. Electrically circuits.
charged particles are heavily influenced
To high
A A » impedance
\J \J S :
» oscilloscope
Screened lead input

Detector coil

Figure 8. A simple ‘near field probe' for detecting alternating fields.
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