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Abstract

Abstract

Currently there is no automated method for removing stones and
deteriorated sugar beet from a load of healthy sugar beet. Historical
attempts

at

grading

grown

produce

concentrate

on

determining

mechanical properties of specific articles. Such methods are not generally
suitable for commercial use owing to high throughput demands and a need
to leave the articles intact. However, novel apparatus has now been
designed and developed in order to classify objects by analysing the
vibrations of a sensor arm impacted by these objects. The form of the
excitation varies with the textural characteristics of the incident object.
Stones, deteriorated sugar beet and healthy sugar beet all possess
appreciably different textural properties. The design of the mechanical
sensing system is aided by computational models, and the hypotheses born
out by modelling are statistically proven to hold true during field
operation.

Analysis of the sensor excitation is performed by optimal phase binning
which is shown to be more efficient than conventional Fourier methods.
The use of optimal phase binning - using three accumulation bins - for
general frequency analysis is discussed and its phase independence
property is analysed as an extension to previous research. A further
embodiment of the general phase binning technique has also been
discovered, and it is shown that in some circumstances phase binning with
four bins can be used to improve computational efficiency.

x

Abstract

A unique two-tier approach is used to automatically classify healthy sugar
beet, deteriorated sugar beet and stones. As well as using optimal phase
binning for frequency analysis, the impact response waveform's pulse fall
time is used to improve discrimination. This gives rise to a novel twodimensional

discrimination

map

which,

when

using

calibrated

classification thresholds, allows healthy sugar beet, deteriorated sugar
beet and rocks to be identified.

The apparatus is seen to successfully classify approximately 97% of rocks
and 80% of deteriorated sugar beet from a batch being transported on a
conveyor belt at 5 articles per second. Removal of the unwanted objects is
performed by a unique rejection mechanism, which is seen to have a
working efficiency of up to 94%. This apparatus provides a total solution to
the problem of grading grown produce, a problem which has not previously
been solved. Methods for further improvement of the discrimination and
rejection techniques are also considered.

The technology developed during this research has already been
successfully adapted for other applications such as detecting rogue objects
in batches of potatoes. It is therefore concluded that the new theoretical
basis and analysis methods for grading grown produce could have great
commercial opportunities within the sugar beet and other agricultural
industries.

xi
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Introduction

1 Introduction

Currently, in the United Kingdom, there is a particular problem with the
quality of sugar beet submitted to a factory for processing. Unwanted
objects are regularly included within a load of healthy sugar beet owing to
imperfections in the harvesting process. These unwanted objects are
referred to as tare, which includes all dirt, stones, weeds, deteriorated beet
and beet tops - none of which the factory desires to be delivered. The
percentage tare of a load is calculated at the factory sampling station. The
sugar content of the load is then measured by (first) subtracting this value
from the tonnage of delivered sugar beet. It is therefore in the sugar beet
grower’s best interests to reduce the tare of a load before it is delivered.
This requires cleaning the beet and hand screening to remove all stones
and other tare objects. The present thesis discusses modern vibration
analysis methods, which have been utilised within a machine designed to
automatically remove stones and deteriorated sugar beet from a harvested
load of predominantly healthy sugar beet.

1.1 The need for automated sugar beet sorting
Farming is becoming a different business altogether from what it was, say,
fifty years ago. Gone are the days when three or four tractor drivers were
required to cultivate a field and plant the new crop. Modern tractors are
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powerful enough to do the entire job in one pass by attaching all three
units together. What’s more, the job can be done faster and better this
way. Labour in the agricultural industry is rapidly reducing and this is
not just because of the more powerful machinery. People are generally
getting a better education and with the boom in high-tech industries,
people prefer to study longer to help secure well-paid jobs with regular
working hours. Figure 1.1 shows the decline in the agricultural industry’s
workforce. It can be seen that the number of agricultural workers has
dropped by nearly 37% from 322,200 to 204,400 in just over fifteen years,
and this has been most rapid in the last half-decade. People can no longer
readily be found to do routine and repetitive jobs such as picking flowers
or potato grading. At the same time employers can do these jobs more
quickly and more efficiently by using modern, automated equipment.

One of the most labour intensive jobs has been grading produce, be it
potatoes, carrots, watermelons or sugar beet. All grown produce must be
assessed before it can be forwarded for sale. This typically requires many
people physically inspecting the produce and removing - by hand anything which is substandard. This labour is expensive for the employer
and it is also one of the least popular agricultural jobs for the employee. It
is not surprising that for many years now inventors have attempted to
produce machines which can grade grown produce automatically. It is
however only recently, owing to increases in the speed of electronics and
the affordability of digital data analysis equipment, that any such
machines have become a realistic possibility.

1.2 Deteriorated sugar beet
There are many causes of sugar beet deterioration and if the sugar refiner
detects excessive quantities of deterioration, then entire loads can be

2
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Figure 1.1. Labour force totals of agricultural workers in Britain between 1984 and
2000 (www.statistics.gov.uk, 2001).

Rejected Loads 93/94
Violet root rot, 139
Fusarium, 37
Clamp losses, 1267
Aphanomyces, 23
Physical damage, 99
Other disease, 7
Climatic effects, 35
Figure 1.2. Causes of rejected loads during the 93/94 campaign.
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rejected and returned to the grower. Figure 1.2 shows the number of loads
refused by British Sugar in the 1993/94 season. It can be seen that the
majority of these rejections are owing to inadequate storage conditions
(referred to as clamp losses). Poor storage conditions allow sugar beet piles
to become susceptible to winter frosts. If a sugar beet is allowed to freeze,
then it will rapidly deteriorate upon thawing. Sugar beet diseases such as
violet root rot and fusarium can also be responsible for factory rejections,
so too can physical damage caused during harvesting and tillage. A full
account of sugar beet diseases and storage deterioration is given in
Appendix A.

Although sugar beet deterioration of all kinds is associated with the
deterioration of the product’s cell structure to impurities, the physical
appearances of deteriorated beet differ. Very old beet deteriorate and
shrivel to become quite soft but with a hard rubbery outer edge. Often
diseased beet can be predominantly healthy with only skin discoloration.
Rotting beet - which account for the majority of diseased or storage
deteriorated beet - simply turn to mush and are very soft. In some cases
the rotting can be predominantly internal and so the outer structure can
remain quite healthy looking. Furthermore, local bruising can spread
rapidly but sometimes a bruised beet might be completely healthy on one
side, yet fully deteriorated on the other. The consequences of deterioration
are similar for all forms. In particular, any diseased, bruised or otherwise
substandard beet will rapidly deteriorate in storage. This rotting
deterioration, caused by bacteria and fungi, can easily spread through a
storage pile to rot many adjacent beet.

In general, deteriorated beet have a very different texture to healthy sugar
beet; they are much less firm and they are not so reluctant to change
shape or form under a physical force.
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1.3 Rocks and stones
Rocks and stones are always lifted accidentally when the sugar beet is
harvested. Invariably, many of these make their way to the sugar beet
factory where there can be dire consequences for both the grower and the
refiner.

Firstly, stones are classed as useless tare for which the grower is
penalised. Also, at the factory, the first process is to wash the beet. The
grower is not allowed to wash the beet before delivery as the beet loses
sugar to the water and then deteriorates soon after. At the factory,
washing the beet allows any stones to be removed by floating the beet and
catching the stones, which sink. Sometimes, however, the odd stone or
hard object passes through the cleaning process to the next stage where
the beet is sliced. The rocks can shatter the cutting knives, in which case
the whole sugar process must be halted, sometimes for several hours,
whilst the broken knives are replaced. The financial implications of
shutting a factory for just a few hours can run into hundreds of thousands
of pounds.

1.4 Consequences of poor quality sugar beet
It has already been suggested that one main cause of beet deterioration is
frost damage. This is illustrated by the case in 1978 when over 100,000
tonnes of British sugar beet were lost to frost damage alone. It is noted
however that all kinds of deteriorated beet cause very similar problems to
the refiner. Regardless of whether the deterioration is caused by disease,
frost damage, clamp overheating or water logging, when a sugar beet
deteriorates, the internal beet cell tissue ruptures, exposing the cell
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contents to naturally present micro-organisms as explained, for example,
by Dutton and Harvey (1993). The sucrose in the beet cells degrades to
become dextran and levan gums as well as invert sugars. Beet
deterioration has financial implications for the grower with the reduced
sugar content and the possibility of rejected loads. It is, however, probable
that the consequences of deteriorated beet are more considerable for the
beet purchaser. This is because of problems which arise during processing.

Dextran and levan gums are the main cause of concern in the factory
process. Dutton et al. (1983) showed that beet containing more than
700mg/litre of dextran gums are classed as unsuitable for processing. This
relates to approximately 0.5 grams per sugar beet root, a quantity which is
not detectable by eye. The reason for this inability to process is that the
second sugar extraction stage cannot cope with a fine precipitate, which is
formed in the presence of gums. Filters become clogged, and factories have
been brought to a complete standstill in the past. The presence of dextran
and levan gums also reduce the beet slice rate, which slows down the
whole factory process. This can be quite a large implication in a ‘time is
money’ environment, but also if the factory has to work more slowly, then
the beet season becomes extended, and consequently more beet become
deteriorated. This was a particular problem in the 2001/2002 campaign
when factory closures meant that growers were not able to deliver their
sugar beet. The delay allowed any undelivered beet to deteriorate and the
growers were subsequently penalised. Many growers sought compensation
claims, as reported by Farmers Weekly (2002):

“Everybody is now expected to hand-pick before delivery which is an extra
cost. Is this the way to run a modern industry?”

Thus Matt Twidale, the National Farmer’s Union Chairman.
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Further to the direct financial implications of processing poor quality
sugar beet, the presence of gums and invert sugars causes discrepancies in
the normally unflappable sugar content measurement process. The sugar
content of a beet is assumed to be the same as the percentage of
polarisation of lead acetate filtrates in a sample, and this is normally
referred to simply as the ‘pol’. The pol value is very easy and quick to
deduce and many tests have been carried out to prove its effectiveness at
estimating the sugar content. Measuring the sugar content directly takes
an inordinate amount of time. When gums and invert sugars are present,
however, the pol does not give an accurate representation of sugar content.
On the contrary, a deteriorated beet with excessive amounts of dextran
gums and invert sugars, which in reality will have a reduced sugar
content, exhibits an increased pol value and an apparently increased
sugar content. It is paradoxical therefore that a sample which would have
a lower sugar content and incur extra processing costs, should actually
receive a higher payment reward to the grower. The requirement that
processing must not be slowed down for any reason has allowed this
problem to persist, with no foreseeable solution.

Of course, the majority of sugar beet are delivered to a good standard,
which means that these problems are attenuated over the season. It can
still be shown that a small amount of deteriorated beet in a large sample
can render a load unprocessable. A beet with excessive amounts of
deterioration is not uncommon in a storage clamp and such produce can
easily have a dextran gum level higher than 5 grams and invert sugars
exceeding 15 grams. On its own, this would be totally unprocessable, but
usually as little as 3% of very bad beet in a load of good beet can average
excessive levels for processing. This again relates to the fact that the
amount of deterioration necessary to make processing inefficient is not
visible. In reality, this small amount on an individual beet is not a
problem, but small quantities of very bad beet can cause huge problems.
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In Britain, the need for immediate sampling means that deterioration is
currently only measured by eye. The factory has to make a simple accept
or reject decision with no in-between. Yet small, but serious, amounts of
deterioration have to be accepted. It is a well-known conviction that
eliminating deterioration would benefit both the factory and the grower.
There is currently, however, no major financial incentive for a British
grower to remove deteriorated beet in order to produce a perfect load from
a, would be, near perfect load.
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2 Historical Attempts at Automatically Grading
Grown Produce

2.1 Early attempts at grading grown produce
Although there are references dating back to the 1920s (Magness and
Taylor, 1925), it was not until the late 1950s and early 1960s that more
practical mechanical devices were being developed to grade grown
produce. One of the first more practicable approaches was proposed by
Mohsenin et al. (1963). As with many investigations at that time, the
texture of fruits and vegetables as a discriminating factor between good
and bad crop was discussed. Mohsenin et al. described texture in terms of
the biological and mechanical structure of cells relating to characteristics
such as firmness, crispness and fibrousness. Until that time many
classifications had been performed by deducing a formula or theory based
on the product’s individual cells. Mohsenin and his colleagues treated cells
as living, growing organisms, which are never the same between two
generally alike products. Furthermore, the cells were sensitive to climate,
food supply and, most importantly perhaps, the properties of an isolated
cell could not be used as an index of quality of the total product. It was
therefore suggested that in order to measure a product’s textural
properties, it was more productive to analyse mechanical performance due
to incident forces than to discuss biological properties. From this proposal
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Mohsenin et al. described the measurement of consistency as a product’s
resistance to compressive, tensile and shear forces. This was most simply
approached by analysing the stress-strain behaviour of fruits and
vegetables under compression.

The stress-strain curve is most commonly used for determining, amongst
others, yield strength and elasticity of different materials such as steel or
rubber. In this instance Mohsenin et al. used a ¼ inch steel plunger (often
referred to as a deformeter) pressed into a fruit at a rate of 0.15 inches per
minute to measure the stress-strain behaviour of apple specimens with
their skin intact. Figure 2.1 below shows a similar graph to the stressstrain curve of the apple specimens. It is easy to see some very
distinguishing features. Firstly the gradient of the almost straight section
of the curve at the start can be classed as the spring constant or elasticity
of the material. The first break in the curve is at the bio-yield point. This
is the point at which an initial fracture of the cell structure is encountered.
If loaded from this point onwards, the fruit will not regain its original
shape. The area under the curve up to the position of the bio-yield point is
equal to the energy required to enable cell rupture. This can be described
as toughness. Furthermore, the maximum value of the graph occurs when
the skin of the fruit becomes totally broken. From this point onwards there
is a considerable drop in the force required to deform the specimen
further.

These mechanical values can be deduced for many different fruit and
vegetables, and it is suggested that these methods could also be used to
determine the maturity of certain products. It is conceded by Mohsenin et
al. that the described compression test does without question involve
tension and shear forces also. It cannot therefore produce actual
measurements for any specific mechanical property. More usefully,
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measurements taken relative to other produce is the most suitable method
for determining product quality and maturity.

In the late sixties Essex Finney (1967, 1969) carried out much work in the
area of grading grown produce. Finney also took the approach of analysing
textural properties with regard to consistency, but in the early seventies
he turned his approach to the mechanical resonance of fruit. In 1970 he
attempted to relate the natural frequencies of apples to fruit consistency
(Finney, 1970). Although vibration analysis was not a particularly new
idea - first proposed indeed by Clark and Mickelson in 1942 - it had been
overlooked for many years. Finney now believed that vibration analysis
could be the best method for deducing fruit quality without having to
destroy the fruit first. All previous methods had involved cutting,
penetrating or otherwise damaging the produce.

To deduce the fruit’s natural frequency, the apples had a small
accelerometer taped to them and they were then placed on a vibration
exciter unit. The vibration unit produced a swept vibration through the
audible range, which is from 20 to 20,000 Hz. The accelerometer allowed
the amplitudes of response to be plotted through the frequency range.
From this testing Finney saw that there were two clear natural
frequencies below 2,000 Hz. He also noticed that the first, fundamental
natural frequency varied much more between produce than the higher,
second natural frequency. It was further reported that the second
frequency altered with the mass and texture of the fruit.

It had previously been suggested by Abbott et al. (1968) that the square of
the second natural frequency f 2 , multiplied by the mass m of the fruit
( f 22 m ), could be regarded as a robust index of firmness for fruit with
varying mass. Taking the square of the second natural frequency was
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found to give an improved correlation with firmness than simply taking
the single power of frequency. Abbott’s results were born out by Finney’s
results and so it was possible to assess the consistency of fruit effectively
by analysis of these two variables alone.

The apples were stored and tested at regular intervals. The index of
firmness was compared to that at the point of harvest, and a tasting panel
was employed to score the textural quality of the apples. It was concluded
that at harvest time, which spanned over one month, the index of firmness
did not alter very significantly. In storage thereafter the value of f 22 m
decreased with time. The index of firmness was also shown to correlate
significantly with the elasticity of the apple flesh. Furthermore, the
reduction of f 22 m over time correlated significantly with the taste panel’s
overall reaction to quality. It was therefore suggested that enough
evidence had been provided to use the index of firmness method as a nondestructive technique for evaluating apple quality.

The main problem with this sort of analysis, however, is that it is not
designed for a throughput process. First, the mass of the fruit had to be
measured, then the accelerometer had to be attached to and removed from
the fruit before it could be passed on. This may seem like two simple
processes, but the main objective for automated sorting is to remove the
human element and thus operate at inhuman speeds. Unless mechanical
systems could be developed to weigh the fruit and attach and remove the
sensor, then the firmness index algorithm would be useless, however
accurate it may be in itself. It must be remembered, however, that this
was over thirty years ago and researchers were initially trying to discover
if it was possible to classify fruit at all. Having proved that it was possible
to classify the fruit then they would most certainly progress to move the
designs into a throughput process. However, because of the fact that the
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need for a throughput process is such a great requirement, it is
impractical to produce a discrimination method which does not take this
into account. Finney’s early work showed a very high accuracy in
determining the maturity of apples. The method described, however,
would have to be totally redesigned in order to put it to a practical,
commercial use.

Finney (1971) continued his research into the nineteen seventies and
reviewed

other

vibration

techniques

for

evaluating fruit quality.

Excitation due to random vibrations was discussed and it was suggested
that performance could be improved. It had been noted by Finney that not
only do the amplitudes of resonant frequencies in peaches decrease with
fruit softening, but it was suggested indeed that the entire frequency
response spectrum shifts towards the lower end. This meant that accuracy
could be improved by assessing the whole frequency spectrum rather than
just a single resonance. For this, random vibration excitation was
employed. Finney suggested that swept sinusoidal excitation was not the
best method as it excited resonant frequencies only one at a time. It was
explained that ‘during sinusoidal vibration testing, wide excursions in the
vibration-response signal occur due primarily to resonances and antiresonances in the fruit.’ Using random vibrations allowed each resonance
to be excited simultaneously owing to the flat frequency response of such
excitation. This gave a frequency spectrum with much less fluctuation and
an overall smoother appearance. Now assessment of the entire spectrum
was simpler and a higher correlation of the f 22 m index with maturity was
obtained. Finney (1972) further emphasised the advantages of random
excitation and he went on to discuss important factors relating to the
orientation of the fruit during testing. It was argued that the orientation
of the fruit and the position of the accelerometer on tested apples were
critical when analysing natural frequencies. With the fruit and
accelerometer aligned in different ways, some natural frequencies may not
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be excited or detected at all. This is related to the modal vibration of the
fruit. Some natural frequencies are only excited by oscillation in certain
directions. Other natural frequencies are only present in certain planes
also. This was further emphasised by Perry (1977), who developed nondestructive methods for assessing peach maturity.

It was thus becoming possible to evaluate fruit and vegetable quality in a
quantitative manner. This too had been shown to be possible by a number
of different methods. One main problem still remained which had
previously been largely overlooked. A throughput process is essential for
sorting any grown produce. Previous methods had assessed static methods
for producing a result. This is not feasible - in the real commercial world to maintain sufficient processing speed. A fruit processing unit can only be
as fast as its slowest function. In practice, there is no time to place each
object in a designated area, attach a sensor to it and then assess its
quality. Most produce handling equipment is designed to provide a
throughput of many tonnes per hour. This usually means more than one
article per second. To develop into a marketable product, an automatic
grader must be able to assess quality, produce a result and move on to the
next article in a matter of milliseconds.

Two of the first to discuss the throughput requirement were Bower and
Rohrbach (1976) with their continuous flow blueberry sorter. The
equipment described by Bower and Rohrbach used inherent mechanical
characteristics of blueberries to sort good from bad. A mechanical model of
a blueberry was produced, consisting of a simple mass with spring and
damping properties. The motion of a blueberry whilst bouncing was also
considered and assumed to be somewhat similar to that of a bouncing ball.
By considering the equations of motion it was possible to assume a coefficient of restitution for the blueberry model. The coefficient of
restitution relates to the amount of internal elastic energy stored in an
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object. Having knowledge of this coefficient, Bower and Rohrbach were
able to develop a system which would cause blueberries to bounce.
Blueberries which bounced over a certain height would fall into a ‘carry’
area, while those which didn’t bounce were conveyed to a rejection area.
The assumption that good berries bounced higher than deteriorated
berries was tested and measured in a number of ways.

The mechanical arrangement of the sorter took the form of a conveyor
tilted to a 30 degree offset (see Figure 2.2). This angle allows the blueberry
to come into contact with a vibrating plate. The magnitude and frequency
of the vibrations were determined by considering the values of the
coefficient of restitution developed from the model. As can be seen from
the diagram, the vibrations in the plate were such that the good
blueberries bounced off the belt and on to another conveyor. The force
imparted to the berries as they are vibrated and dropped on to another
conveyer was also designed to be within a limit that would not cause
damage to the fruit. This particular machinery was required because the
mechanical harvesting of blueberries had become much more common.
Mechanical harvesters tend not only to pick unripe berries, they also
damage a large percentage of them. This had now become a further very
important factor. When berries were harvested by hand, the human picker
assessed their quality at the same time. The introduction of mechanical
harvesting solved one problem but created two new ones.

Bower and Rohrbach’s design is a theoretical ideal where individual
analysis is not necessary and the sorting can be done en masse. The
problems associated with weighing the produce and attaching sensors are
not encountered with this method and a rejection mechanism does not
even need to be designed. However, as with most theoretical ideals, there
is a limit to the practicability of the device. It was concluded that multiple
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Vibrating Plate

Conveyor belt
300

Figure 2.2. This shows how the blueberry is transported and selected by bouncing off
the conveyor belt.
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passes were required to sort the fruit successfully. This is most likely
because of mechanical inefficiencies which are difficult to remove. Also, by
introducing a sphere model for blueberries, the very nature of the design
had already introduced many possible areas for error. Most notably,
berries are not perfect spheres and their elasticity is not distributed
evenly as they do not have a uniform cell structure. Nevertheless, a
throughput sorter had been devised and demonstrated to show a certain
level of efficiency.

Another throughput process tester was developed by Mehlschau et al.
(1981) for maturity detection in pears. This research was started in the
mid-seventies and the first built prototype used a stop-and-go type
conveyance system. The maturity in pears has often been determined by
means of a deformeter and previous methods to those discussed by
Mehlschau et al. were all destructive tests. The most common test was to
measure the amount of force required to puncture the fruit skin with a 7.9
mm diameter plunger. Pears are put to very stringent firmness tests by
third party inspectors. If the inspectors find just three pears in a sample
having a firmness of less than 4.1kg, then the whole batch can be rejected,
even if the whole sample exceeds the minimum 6.4 kg average. In these
conditions it is obvious that it is highly desirable to test every single
harvested pear. This is similar to the need for sugar beet to be individually
assessed as shown by the implications of deteriorated beet discussed by
Dutton and Harvey (1993) and Dutton et al. (1983).

The stop-and-go system devised by Mehlschau et al. allowed each pear to
be tested before the conveyor indexed the next article to the sensor. The
pears were carried stem down in cups while the sides of the base of the
pears were squeezed between two 12.7mm diameter steel balls actuated by
solenoids. The force applied to the fruit was designed to fall short of
bruising good fruit. It was claimed that although larger forces produced
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larger deformations, they did not produce more accurate results. A linear
variable differential transformer (LVDT) was used to measure the
displacement of one of the solenoids, and this gave a value for the fruit’s
deformation. This indexing mechanism would seem to be a perfect method
for conveying sugar beet. One of the main advantages of this type or
conveyance is that it is more controlled and so should allow highly
repeatable sensing between subjects. Sugar beet, however, are much
larger then pears and this sort of equipment could be huge. Also, sugar
beet vary greatly in size, by a factor of up to ten en masse. The cups would
therefore need to be different sizes for different sized sugar beet. This
would probably require a size sorting mechanism to decide which beet
went into which cups. Mehlschau and his colleagues showed how useful
the indexing cup mechanism was. There is no discussion however of how
the pears are to be placed in the cups. There must have been some other
transitional machinery to place each pear the right way up and perfectly
in the centre of a cup. This again would cause problems in view of the size
of sugar beet. The only other way in which the pears could have been
inserted in the cups is if they had been placed there by a manual
production line. Such a process however would totally defeat the object of
the automated discrimination. Mehlschau et al.’s conveyance system could
assess one pear in four seconds. This throughput was not fast enough,
however, so a continuous flow machine was devised.

The continuous flow machine had only one major alteration - instead of
steel balls, it had two pairs of 19 mm diameter, 3 mm thick wheels. The
front two wheels were loaded with a touch force of 2.2 Newtons in order to
measure the diameter of the article. The second set of wheels applied the
deformation force. The most suitable deformation force was found to be
different for pears which were for canning (4.5 N) from those which were
to be cold stored (13.4 N). Taking the fruit diameter into account, the
deformation was measured again by an LVDT. Tests showed a curvilinear
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correlation between the firmness of an article and its measured
deformation, but less scattered results allowed more accuracy for softer
fruit. It was also found that this equipment could assess the maturity of
pears at a rate of four per second, which was quite acceptable.

2.2 Digital analysis methods
The early eighties saw digital technology take off and become an
important addition to many data analysis systems. Yamamoto et al. (1981)
developed a digital analysis system to determine the acoustic response of
apples and watermelons. This analysis was based on Finney’s previously
discussed method relating to the natural frequencies of apples. Yamamoto
et al., however, used a wooden ball pendulum to excite the fruit. The ball
weighed 8.4 g and had a diameter of 24 mm. The pendulum was 840 mm
long and was allowed to accelerate towards the fruit from an angle of 40
degrees to the vertical. The pendulum was caught by hand after the
impact to avoid double hits. On the opposite side of the fruit, 3 mm from
the surface, there was a microphone which picked up the acoustic signal
from the impact. Impact sound was recorded in analogue form before being
replayed to a digital analyser. The digital signal analyser converted the
signal to discrete values at a rate of 5 kHz. The Fourier transform of the
signal was then obtained to give the frequency spectrum of the acoustic
signal. This had removed the need for a mechanical vibrator to excite the
fruit through the frequency range. The analysis now took place without
the need to attach any sensors at all or to place the fruit on a mechanical
vibrator.

Yamamoto et al. compared their new method with many other standard
destructive methods for measuring firmness and texture. They also
improved on Finney and Abbott et al., whose discrimination used the f 22 m
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value. Yamamoto et al. added density to the equation. They also reassessed the firmness index i to find the best correlation. It was found
that the value of i = m3 2 ρ 1 3 f 2 , where ρ is density, correlated best with
firmness, breaking stress and the Young’s modulus of the fruit. In this
case the natural frequency used was not necessarily the second one, since
it depended on the type of fruit. In practice, the frequency chosen was that
which varied least between samples. The equation i = m3 2 ρ 1 3 f 2 described
the firmness of fruit and it was suggested that the values of the indices
could probably be simplified for different kinds of fruit and varieties. It is
interesting that Yamamoto et al. chose to include the value of the fruits’
density as a factor in the firmness index discrimination algorithm. It
would seem that the advantages of high-speed digital technology had been
completely cancelled out by the fact that now the article’s volume as well
as its mass had to be measured. It is also interesting that the impact of
the wooden pendulum was not considered relevant to the response
excitation encountered. It is definitely the case that the response of any
vibrating system is highly dependent on the type or form of the excitation
encountered. It is therefore surprising that the impact force profile was
neither measured nor optimised.

Yamamoto et al.'s work was further evaluated by Armstrong et al. (1990).
Armstrong and his colleagues used an elastic sphere model representation
of apples to further improve the firmness index developed by Yamamoto et
al. By considering an apple as an elastic sphere and then considering
equations of motion and mechanical properties of the sphere, it was
possible to produce an equation for the modulus of elasticity with respect
to density, frequency and mass.

The shear modulus of the fruit G was defined as
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 ωa 
G=
 ρ
Ω
2

,

(2.1)

where a is the radius of the sphere and ω is the rotational frequency,
given by ω = 2πf . The value Ω is called the ‘normalised frequency’ relative
to the type of vibration induced. Values for Ω have been tabulated for
different modes of vibration (Auld, 1973) and it was deduced by Armstrong
et al. to be 4.9955 for their model.

The mass of a sphere is governed by
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This allowed the shear modulus G to be equated with mass, frequency
and density, as follows:
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)
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(2.3)

The modulus of elasticity E can be calculated by considering Poisson’s
ratio v , which had been calculated previously by Mohsenin (1980) to be 0.3
for fruit model predictions. This gave the final model equation for the
modulus of elasticity of an apple as follows:

( )

 ρ 1 3 6π 2 2 3 2(1 + v )  2 2 3
E=
f m
Ω2
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The frequency response, density and mass of many test samples were
measured and the elasticity of each sample was predicted from the above
equation. This was then compared to actual elasticity values, which were
measured by the destructive stress-strain method. Correlation of over 77%
was found for all tests. The complexity involved here, however, could make
the algorithm impractical for use in any type of throughput sorting
process. The ideal theory being sought is the one that suggests that a
single property alone might be representative of an article’s general
quality. But it is currently simply not possible to measure many variables
in a rapid throughput process. However, it can be conjectured - both
mechanically and biologically - that perhaps hundreds of properties or
variables are at work in determining the quality of an item of grown
produce. It may be permissible nonetheless to assert that one property
such as an object’s natural frequency, or perhaps its Young’s modulus may
tell us more about the quality than others. As many of these properties are
related in some way or other, it is simply best to select the property which
best suits the application and covers the majority of cases.

Armstrong’s team also deduced that the natural frequency of an apple has
more to do with the quality of the fruit’s core matter than flesh strength.
This seemed plausible because flesh tests gave much less correlation. It
was also found that samples with cut skin and those with skin intact still
gave similar results. This further emphasised that the natural frequencies
of grown produce are most dependent on the core strength of the sample.
It was explained that even almost symmetrical fruit, such as apples, were
of more complicated structures than had been previously thought. This
has led to another problem associated with the alignment of fruit for
sensing. The distribution of structural properties in grown produce is a
factor. The texture of the produce cannot be assumed to be evenly
distributed throughout. In the case of sugar beet there are many different
areas which may give different results. For example, testing the body of a
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sugar beet might be expected to give the most representative reading for
the overall article. However, if the sensor were to strike the hard crown or
the relatively flexible taproot, then a completely different reading might
be obtained. This is also a problem with the distribution of deterioration.
When maturity is discussed then it may be reasonable to assume that the
fruit matures uniformly throughout. With sugar beet deterioration,
however, one side of the produce might be of good quality, whilst the other
side could be completely rotten. Furthermore bruising and damage
through machine handling can sometimes only affect a local area initially.
It is the case that once a sugar beet starts to deteriorate, the whole root
deteriorates rapidly too. There is however often a period of time when only
a proportion of a sugar beet root is deteriorated. This does not apply so
much to frost or heat damaged beet where it can be expected that the
entire root is subjected to similar conditions throughout.

In 1987 Delwiche et al. (1987) followed up previous studies into peach
firmness by analysing both time and frequency domain information
(Delwiche et al., 1981, 1985). This was only possible because of new high
speed digital sampling techniques which allowed more data samples to be
acquired. It was also explained that no equipment was ‘presently available
for continuous and non-destructive sensing of firmness’ and that all
previously considered methods required either ‘complicated fruit handling
or the attachment of surface transducers.’ Delwiche et al. used a steel
plate with a piezoelectric force transducer attached to it to measure the
impact response of a peach being dropped from a height of 30mm. This
height of drop was found to impart sufficient force to achieve quality data,
while not damaging the fruit. The impact data were then stored in
microcomputer memory before being read back to perform the analysis.
Two kinds of time domain discriminators, C1 and C 2 , were tested, these
were given by
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C1 =

Fp

C2 =

Fp

(2.5)

tp

and

t 2p

,

(2.6)

where Fp is the peak impact force and time t p is the interval between first
contact and the peak force. The force-time response was somewhat
symmetrical about the peak value, and it was suggested that this was
related to the fruit’s viscoelastic behaviour.

Frequency domain information was produced by using a discrete Fourier
transform. The power-frequency graph showed a simple frequency drop-off
with no peaks. This was not surprising as the time domain signal showed
a nonoscillatory, transient decay of impact force. Harder, less mature fruit
was found to produce greater powers at higher frequencies and it was
shown that the frequency power at 295 Hz and the value of C 2 both
correlated well with fruit maturity. It was therefore suggested that either
could be used as a suitable maturity index.

A problem did arise, however, concerning the speed of computation. Rapid
signal processing was not possible because the processor could not
compute the C 2 result fast enough during sampling. The frequency
information certainly could not be calculated quickly enough, so access
memory would be required to analyse the data after sampling had been
completed. This would increase the overall time needed for computation
and so reduce the overall throughput speed of a grading machine. It was
decided that analogue filter circuits should be built to return a value
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specifically for the 295 Hz frequency power. All this proved that in 1987
digital analysis of fruit was possible, but that suitable digital electronics
were still not capable of processing the information quickly enough to
build a feasible machine. Nevertheless an analysis system had been built
to produce a solution of sorts.

A further problem was that the surface area of the peach which impacted
first on the plate was a major factor affecting accuracy. All development
tests involved dropping the side cheek of a peach on to the plate. However,
if the top, bottom or shoulder of the fruit was first in contact with the
plate, accuracy was seriously affected. This meant that all tests would
need to be conducted by dropping the cheek of the peach on to the plate,
and this would have a major impact on the feasibility and speed of a
potential throughput process.

Two years later Delwiche et al. (1989) re-evaluated the effectiveness of
time domain analysis. Microcomputers had become that little bit faster
and so 'real-time' calculation of the C 2 value was possible - i. e. the result
could be calculated whilst the data were being collected. Time domain
impact force analysis was assumed to have great advantages over other
frequency techniques. It required a minimum handling of fruit, and realtime analysis meant that the microcomputer would not hinder throughput
capacity. In particular, the force transducer could be attached to an
external plate instead of the actual fruit. Not having to attach the sensor
to the fruit meant that the fruit could be analysed in a continuous process,
at rates of more than one fruit per second. The article describing this
modification however does not discuss the previously mentioned problems
encountered with non-cheek impacts. Also, the impact analysis here is
based on peaches rolling on to a sensor, which could by no means ensure a
consistent impact.
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A fruit grader was developed to sort peaches into categories of soft, firm
and hard. This was done by transporting the fruit on a conveyor and
allowing them to impact a 51 mm square steel plate upon leaving the
conveyor. The steel plate had a force transducer attached to record the
impact response. The conveyor travelled at a constant speed of 767 mms-1.
This was to coincide with the impact speed related to a 30 mm drop in
previous tests. The steel plate with the transducer was mounted at an
angle 45 degrees to the conveyor. This allowed the peaches to roll down an
incline, perpendicular to the conveyor, after impact (see Figure 2.3, below).
Two gates were mounted on the incline to sort fruit into the required
space. Firm fruit required no actuation and so they just rolled straight
into the firm bin. Soft and hard fruit were guided into their designated
space by their respective gates. The design of the sorting system is not
discussed in detail, and it would be interesting to see actual results of the
sorting mechanism’s performance alone.

Programming in assembly language allowed the control algorithm to
operate closer to real-time. Four consecutive samples higher than a
threshold value triggered the control algorithm, which then calculated the
C 2 value as the data were produced. Real-time operation allowed the

target throughput of 5 peaches per second to be easily achieved. It was
also shown that up to 7.7 fruit per second could be achieved with only a 4%
error. The C 2 value correlated with pre-measured fruit elasticity and
firmness at approximately 90%. Similar tests were also carried out on
pears, and results were shown to suggest that the sorting of many fruits
and vegetables could be performed using this technique.

Chen et al. (1994) developed an analytical system which constructed the
frequency spectrum of an impact force. A pendulum device with a force
transducer attached was used to impart the impact. The pendulum was in
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A = hard
B = firm
C = soft
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Figure 2.3. Overhead view shows how peaches are transported, analysed and
conveyed to the correct space.
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Figure 2.4. Fruit A has a firmness of 62.5 N, while
fruit B has a firmness of 48.9 N.
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the form of a sphere hammer with a radius of 7mm and an arm length of
350 mm. The impact signals were sent to a Fourier analyser and then to a
microcomputer. An analogue-to-digital conversion was performed by the
Fourier analyser, which then constructed a fast Fourier transform of the
signal. From the frequency spectrum, the ratios of adjacent frequency
powers were deduced in an attempt to reduce the effect of impact velocity.
It was shown that at dropping angles of greater than 15 degrees, the
results were all the same. The frequency spectra of fruit with varying
degrees of firmness were gathered and the ratios of power were calculated.
Firmness was measured in the standard way with a hand penetrometer,
which measures the force required to break the skin of the fruit. Figure
2.4 shows the frequency spectra of two Sakurajima radishes with differing
degrees of firmness.

The results showed that the frequency drop-off of a soft fruit was slightly
less steep than that of a firm fruit. The ratio of the frequency powers at
250 Hz and 300 Hz were found to correlate best and so this was used as
the firmness index C300 / 250 . This firmness index had a correlation
coefficient of 0.88 with fruit firmness and a coefficient of 0.69 with density.
The C300 / 250 index was also shown to have a low correlation with fruit mass
and moisture content.

Chen’s spectra, however, are likely to have been calculated from time
domain data which themselves might have shown perhaps even more
obvious differences. The spectral results which he and his colleagues
achieved were quite convincing, but the frequency fall-off of a nonoscillatory, transient waveform is directly related to the width of the force
pulse. This is because a rapid time pulse contains components of a wider
frequency band than those of a longer time domain pulse. There must
therefore have been a considerable time domain difference between
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waveforms, which means that the discrimination could probably have been
performed without reference to the frequency domain. It was further
reported by Chen et al. that higher frequencies were detected with impacts
on harder fruit. This was interpreted to suggest that harder fruits
contained some sort of high frequency component. However, it is suggested
here, on the other hand, that the alleged high frequency was possibly
merely the natural frequency excited in the impact hammer. It is only
possible for an accelerometer to measure the natural frequencies of the
object to which it is attached. Therefore if the accelerometer were attached
to the impact hammer then the measurements that Chen et al. took must
include measurements of the hammer’s own impact response. Of course,
the impulse force profile received by the fruit would be the same as that
induced by the hammer. But any frequency information gained could only
be associated with the vibrational properties of the impact device. These
reflections led to the design of the present sugar beet grader unit where it
is acknowledged that all that is being measured is the impact response of
the sensor. The sugar beet sensor, however, has been designed such that
impacts from different objects cause it to respond differently, thus
enabling discrimination. The impacting object’s textural properties govern
the actual response of the sugar beet sensor. This means that the sensor is
not actually measuring any property of the produce, but it is using an
object’s textural characteristics to respond in a certain way. The reason for
this is that the measurement of actual fruit or vegetable properties is not
actually possible without considering a whole number of variables. Again,
the complexity involved here makes it currently impossible to discriminate
by reference to actual physical properties in a commercially viable, rapid
throughput process. The developed sugar beet sensor will be described
thoroughly in Chapter 5, below.

In 1996 Shmulevich et al. (1996) reworked previous experiments by
Finney, but this time in a digital environment. The aim was to determine
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fruit firmness by frequency analysis. However, they were now able to use
more accurate and sensitive sensors as well as faster discrimination
techniques. Thus, for example, a strip of piezoelectric film was used to
sense the fruit vibrations. Piezoelectric film is a flexible, lightweight
motion sensor which can be pressed against an object without affecting its
gross motion. This allowed greater accuracy without the need to stop and
physically attach a sensor to the fruit. Speed was also increased greatly by
the new digital technology. The use of a microcomputer allowed frequency
domain information to be calculated much faster, affording speeds which
might permit a dynamic throughput process. The frequency spectra were
constructed by a fast Fourier transform.

A piece of fruit was positioned in a bed on top of a strip of piezoelectric film
in the bottom. The fruit was then impacted by a wooden pendulum.
Vibrations were recorded and the fundamental natural frequencies were
calculated. It was shown that the natural frequencies altered with time for
apples, pears, plums, green tomatoes and red tomatoes. It was also noticed
that the resonant frequency did vary with the orientation of the fruit. This
would make it hard to automate the testing of very much non-spherical
shaped fruits such as pears or cucumbers. It was also reported that the
first natural frequency was not necessarily the primary parameter for
identification of maturity. Clearly, further research would be necessary
before a sorting line machine could be produced.

Much research has been conducted looking at methods for measuring
forces and vibrations. Many techniques have been developed for processing
these responses into suitable firmness indices. It is however most notable
that the majority have been theoretical studies and that mechanical
equipment to sort fruit and vegetables has not been quite so successful. It
has not been until the late 1990s that feasible mechanical units have been
developed. This is probably because the theoretical research had been
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done and microprocessors were by then fast enough to allow suitable crop
throughput. A major constraint today is in the handling, orientating and
physical sorting of the crop. Cawley (1998) produced a patent which
described apparatus that could dynamically assess fruit passing on a
conveyor. The invention describes a piezoelectric transducer attached to
the interior of a pneumatic bellows. Cawley's design is similar to an
automatic labelling system, which labels articles passing on a conveyor. At
the correct moment a bellows is filled with air causing the tip to prod the
top of an article. The transducer records a force response of the impact to
allow classification. No classification technique is protected by this patent,
although it is suggested that any of the aforementioned time or frequency
domain techniques could be used to discriminate between different
waveforms. Cawley’s invention does not, however, offer a solution to the
sorting problem. It is generally agreed that, having decided that an article
should be rejected, it is still not an easy task to place it in a designated
area at a rate of, say, 5 articles per second.

Herbert Engineering Ltd. have been reported to have gone a long way
towards solving this problem in the potato industry (Lynn News, 1998,
2000). Having been instructed that a potato is to be rejected, a flipper
installed in the conveyor web is triggered to throw the potato into the air.
The potato’s forward momentum allows it to land on a small conveyor
above the transport web. The rejected article is then conveyed to a
rejection bin. The flippers in the web are relatively thin so the control
system can actuate as many as four or five flippers to reject a large potato
or as few as one or two to reject small articles. It is claimed that the
Upgrader, as it is known, can process up to 20 tonnes of potatoes per hour
- this is approximately 15 potatoes per second. For potatoes, this type of
sorting mechanism is ideal as their mass and size are relatively
manageable. It is possible that this sort of equipment could be used for
apples and peaches also. It does not particularly lend itself to pears as the
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orientation for sampling and rejection would still need to be addressed.
The Herbert mechanism, unfortunately, would not be suitable for sugar
beet because the an unfeasibly large force would be required to remove the
unwanted items.

The Herbert machine uses digital image analysis to help determine which
potatoes should be rejected. This is, in effect, shape and colour analysis.
Imaging works well for clean fruit and vegetables where colour can easily
determine the quality of a product. In the potato industry, green or spotted
potatoes are unwanted for the current market. Dark split or cut areas can
also be detected. Image technology is thought still to be quite inaccurate.
However, it is likely that over the next few years image processing
accuracy will improve. Imaging is also not so suitable for assessing
textural properties such as firmness and hence maturity or deterioration.
The use of this digital image analysis does however emphasise that
modern automated technology is creeping into the agricultural industry.

One of the most modern forms of deterioration detection is smell
technology, as reported for example by Pollitt (1998) and Allen (2000).
Recent articles have explained that smell-sensing systems can develop a
database of ‘fingerprint’-like compositions of different smells. If a sensor
comes across a smell whose fingerprint is stored in memory, it can isolate
the product immediately. It is as simple as training the sensor to know
what, for example, raspberries and blackberries smell like. From then on
the sensor could be used to sort the two fruits from a mixed supply. Again,
this technology could not necessarily be used to determine the maturity of
a fruit, but certain types of produce deterioration give off very distinct
smells. The sensor has been used, for example, to detect a very rotten
potato in the middle of a storage heap.
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It seems that many different methods, techniques, algorithms and many
different types of machinery have been developed and tested over the
years in the attempt to automate maturity and disease detection. None of
the reviewed articles, however, actually proposes a solution to every aspect
of the problem. Perhaps nowadays, on the back of previous studies, there
is enough information available to bring ideas together to produce suitable
electro/mechanical systems to sample, discriminate between and sort
grown produce.
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3 Analysis of Vibrating Systems

3.1 Impulse excitation
A tuning fork, for example, is designed to vibrate at a certain frequency.
The internal vibration of the tuning fork must be excited, however. The
fork needs to be hit with a hard object in order to start the internal
oscillations. The initial boundary conditions of the vibrating system are
therefore very important for analysis. It is not enough to say that the
system oscillates after an initial displacement. The type of initial impact
causing the displacement has a strong influence on the response
waveform. Because of this, it is important to analyse the impulsive force
which induces the vibration.

An impulsive impact is commonly defined as a force applied for a finite
length of time (Meriam, 1980). This force is not necessarily constant
throughout and can really only be considered as an integral constructed
over time. Thus an impulsive impact F ' is defined as
F ' = ∫ F (t ) dt

35

,

(3.1)

Chapter 3

Analysis of Vibrating Systems

where F (t ) is the force input as a function of time. An impulsive force
applied to a body can also be defined as the change in momentum
experienced by that body. Transient response is the term applied to
vibrations arising from a brief impulsive impact. The amplitude and form
of the oscillations depend on the type of impulse excitation. However, the
transient vibrations are determined by the natural frequencies and
damping inherent in the system.

It can be seen from Equation 3.1 above that it is difficult to measure the
instantaneous forces. In an integral, which is a function of time and force,
it is difficult to distinguish the contribution of either to the construction of
the integral. The colloquial term ‘impulse’ is not precise with respect to the
magnitude of the forces or the time interval on which they are applied.
The extreme form of an impulse is that of a force applied for an infinitely
short time. In this case, the effect of the impulse force will be negligible on
the oscillations of the impact unit, which will tend to vibrate under the
conditions of the system equation of motion alone. In reality, however, all
forces are applied for a finite period of time. In the time that the force is
applied, the object causing the impact is also an active part of the
vibrating system. In this case, an object which remains in contact with the
system for a while could add damping, for example, to the system. This
may result in the system’s own natural frequencies not being excited at
all. This is often the case, for instance, when a system is impacted by an
object with high internal damping properties such as a soft rubber
material.
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3.1.1 The central difference method for numerical analysis
of vibrating systems
In order to make use of the impulse information, it is necessary to analyse
the effect of certain impulses of known properties on a given system. For
instance, if a system, which could generally be described in terms of the
2
simple equation of motion DxD + 2ζω 0 xD + ω 0 x = 0 (see Appendix B, Equation

B.7), were to be excited by an instantaneous force, it would oscillate at its
damped natural frequency of ω 0 1 − ζ 2 radians/s. This is explained in
Appendix B below with reference to Equation B.10. If however it were to
be excited by a non-uniform force over a period of, say, a single second, it
might not be immediately clear what the response would be. Re-evaluating
the system characteristics, the equation of motion would now be

DxD + 2ζω 0 xD + ω 0 2 x = F (t )

.

(3.2)

However, because the force F (t ) varies with time, a numerical approach
must be adopted to hazard a prediction of the system’s response. Hence
computational numerical methods generally need to be employed to
characterise the system. The central difference method is one such
method. This involves estimating the response signal by means of an
iterative process. The following account is based on the central difference
method described by Thomson (1993).

The central difference method is first derived from a Taylor series. This
involves the expansion of a function into a differential equation about a
central point t0 (Stroud, 1995). The Taylor series of a function f (t ) is
defined as follows:
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f (t ) = f (t 0 ) + f ′(t 0 )(t − t 0 ) +

f ′′(t 0 )
f ( n ) (t 0 )
(t − t 0 )2 + ... +
(t − t 0 )n .
2!
n!

(3.3)

If the displacement x is a simple function of time, then, approximated to
the second power only, Equation 3.3 becomes

x = x 0 + (t − t 0 )xD 0 +

(t − t 0 ) 2 DD
2!

.

x0

(3.4)

By now working around the central point t i and using h = (t i +1 − t i ) , the
time

interval

between

consecutive

samples,

the

following

two

xi +1 = xi + hxD i +

h2
DxDi
2!

xi −1 = x i − hxD i +

h2
DxDi
2!

.

(3.6)

xi +1 = 2 xi − xi −1 + h 2 DxDi

.

(3.7)

approximations arise:

(3.5)

and

Combining Equations 3.5 and 3.6 gives

The value taken by DxD will depend on the displacement x , the velocity xD
and time t by the equation of motion (Equation 3.2 above). Finally, we
have

xi +1 = 2 x i − xi −1 + h 2 f ( xi , xD i , t i )
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The response signal can be constructed if two consecutive x and xD values
and the details of the acceleration are known. In particular, the values of

x1 and x1 need to be given. The value for x 2 is then calculated in terms of
the original Taylor series (Equation 3.5 above) as follows:

2

x 2 = x1 + hxD1 +

h
f ( x1 , xD1 , t1 )
2!

.

(3.9)

In the case of the earlier example (see Equation 3.2 above), we have

x = f ( x, x , t ) = F (t ) − 2ζωx − ω 2 x

.

(3.10)

If the system is at rest at i = 1 , then it follows that the initial values of
displacement x1 and velocity x1 are both zero. Equation 3.9 above can now
be expressed as

2

h
x2 =
F (t1 )
2!

,

(3.11)

.

(3.12)

and Equation 3.8 above can be expressed as

(

xi +1 = 2 x i − xi −1 + h 2 F (t i ) − 2ζωx i − ω 2 x i

)

In order to construct the iteration from Equation 3.12, the value of the
velocity x i must also be calculated. By incrementing i , Equation 3.6
becomes

xi = xi +1 − hxi +1 +
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Combining Equation 3.13 above with Equation 3.10, we get

hx i +1 = xi +1 − xi +

h2
(
F (t i +1 ) − 2ζωx i +1 − ω 2 x i +1 )
2!

,

(3.14)

.

(3.15)

i. e.

x i +1 =

x i +1 − x i +

h2
h2
F (t i +1 ) − ω 2 x i +1
2!
2!
2
h + h ζω

Solving for i = 1 and using the initial conditions given earlier, Equation
3.15 becomes

xC 2 =

x2 +

h2
h2
F (t 2 ) − ω 2 x 2
2!
2!
2
h + h ζω

.

(3.16)

It is now possible to calculate the value of x2 from Equation 3.11 for any
given force impulse waveform. The value of x2 can then be calculated from
Equation 3.16. Equations 3.12 and 3.15 can then be used to calculate the
entire response waveform, point by point.

This procedure is used to model systems’ responses to given impulses.
Figures 3.1 and 3.2 show the anticipated response profiles from two
slightly different impulses. The values of natural frequency and the
damping ratio used in the graphical examples are f 0 = 1250 Hz and

ζ = 0.04 . These values are specifically chosen to model the designed sugar
beet sensor. The model system values have been calculated by
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Figure 3.1. Force pulse over 1 ms and its induced displacement response.
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Figure 3.2. Force pulse over 1.6 ms and its induced displacement response.
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experimental methods which will be described in detail in Chapter 5
below.

It is clearly to be seen that the impulse acting over 1 ms excites the
system’s natural frequency. The force applied for slightly longer (1.6 ms)
does not excite this frequency. Two fairly similar input forces are shown to
excite very different vibration responses. The product of impulse (force
multiplied by time) for both inputs, however, is the same. The induced
responses shown are very similar to those of stone and sugar beet impacts.
These waveform responses will be discussed in the following chapters in
order to bear out the theory of the sugar beet quality measuring system
described in the present thesis. The Matlab code written to realise the
simulations shown in Figures 3.1 and 3.2 is reproduced in full in Appendix
C.

3.1.2 Analysing the frequency spectra of impulse
waveforms
To excite a certain natural frequency of the system, the impulse applied
must contain a component of this frequency. The frequency spectrum of
the previously discussed 1.6 ms impulse is shown in Figure 3.3, along with
the frequency spectrum of the un-damped system. The frequency
components of the system show just a single spike at the natural
frequency. It can be seen that there is no component of the 1250 Hz
frequency input to the system by the impulse, however. This resonant
frequency is, hence, not excited.

The frequency spectrum of the 1 ms impulse is shown in Figure 3.4. Here
we can see that there is a small, but appreciable, component of the
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Figure 3.3. Frequency spectrum of the 1.6 ms impulse and the example system.
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Figure 3.4. Frequency spectrum of the 1 ms impulse and the example system.
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Figure 3.5. Force pulse over 0.5 ms and the example system response.
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system’s natural frequency. This explains why the shorter pulse tends to
excite the system’s resonance somewhat. The fact that narrower pulses
excite higher frequencies can be clarified further by looking at a third
impulse imparted on the system. The impulse shown in Figure 3.5 again
has the same product of impulse as the two examples above. This impulse,
however, is imparted over only 0.5 ms, though with a greater maximum
force. The induced response shows a great amount of oscillation at the
system’s natural frequency. It can be seen from the impulse spectrum
(Figure 3.6) that this thinner pulse contains a large component of the 1250
Hz frequency. Different forms of impulse therefore cause a unique system
response owing to the bandwidth of frequencies which are contained
within the impulse. Impulse forces applied for long periods of time have a
very short bandwidth of frequency components. An impulse applied for a
relatively long period of time might not therefore excite all, or any, of the
natural frequencies of the system to which it is applied.

3.2 Forced vibration
Dynamic systems are frequently exposed to external, periodic excitation.
This is known as forced vibration, and the system vibrates at the
frequency of the excitation. In some cases, if the frequency of excitation
matches the natural frequency of the system being excited, large
amplitudes are encountered (see Figures 3.7 and 3.8). This effect is known
as resonance. The external force often comes from an unanticipated
source. Unbalanced rotors, machine engine noise vibration and car
suspension forces are examples. The response of the system consists of
frequency components of both the excitation frequency and the system’s
natural frequencies. If the two frequencies are undesirably similar in a
given system, dampers and shock absorbers are often used to alter the
system’s characteristics.
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Figure 3.7. Continuously forced sinusoidal vibration responses.
Force input frequency is denoted ω 0 .
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Figure 3.8. Continuously forced sinusoidal vibration responses.
Force input frequency is denoted 0.9ω0 .
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Operation at resonant frequencies is often the cause of failure and fatigue
in vibrating systems. But resonance can sometimes be used to advantage.
One example is vibration-assisted cutting. By introducing a vibration at a
resonant frequency, sufficiently large amplitudes can be achieved, offering
the maximum vibration assistance to a cutting blade.

The method of analysis described in Section 3.2.1 has been used also to
calculate the system responses shown in Figures 3.7 and 3.8. The same
system properties are used as in the previous section also. The force input
and response of Figure 3.7 show the system being excited at its un-damped
natural frequency of ω 0 = 1250 Hz. The response shows an increase and
then a settling at a consistent operational amplitude. The frequency of
excitation in Figure 3.8 is 0.9ω 0 , which is not too visibly different. The
response however settles to approximately half the operational amplitude.
This shows the presence of resonance. The Matlab code alterations
required to perform this analysis are included in the code reprinted in
Appendix C, below.

3.3 Experimental modal analysis
The measurement of a vibrating system’s dynamic properties is done by
the method of experimental modal analysis. There are three fundamental
requirements that need to be considered in order to carry out accurate
modal testing. These are the mechanical theory of vibration, the precise
measurement of vibrations, and the efficient and quantitative analysis of
data and results, as described by Ewins (1984). Modal analysis yields
information about a system’s damping ratios, natural frequencies and the
vibration mode shapes associated with those natural frequencies and
damping ratios.
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The response of any system can be assumed to be governed by the profile
of the input force and the dynamic properties of the system alone. This is a
simple representation, but almost all vibration testing is based on the
principle that if two terms of this relationship are known, then the third
can be worked out. Modal testing is given to the case where a measured
system’s response, from a known input, is used to calculate the system’s
characteristics or properties.

If the input force is to be specified, it must be transmitted to the system by
an exciter. This often takes the form of an electromagnetic actuator which
operates in response to an input voltage. If the input voltage varies
sinusoidally, then a known vibration can be imparted to the system. The
frequency of the sinusoidal input can be altered to give a sweep through a
frequency range. It is often necessary to monitor the input as well,
however, in order to identify any operating imperfections of the actuator.
Measurement of the input signal also allows the option of employing
vibration of arbitrary frequency characteristics to be used to excite the
system. There is, however, a further problem associated with having to
physically attach the actuator to the system. The actuator’s effect on the
system performance must be considered. In some cases the actuator could
alter the properties of the system to be measured.

Non-uniform force inputs can be imparted to the system by using an
impulse hammer. This is a convenient method which does not require a
force input device to be attached to the system. An impulsive impact
imparts a band of frequencies, which can be calibrated to some extent by
using hammer tips of different weights and material. Inside the hammer
tip is a force transducer or accelerometer. The hammer is designed so that
its own - known - resonances may affect as little as possible the force input
measurements (www.pcb.com, 2001). Invariably, the choice between using
the electromagnetic exciter or the impulse hammer depends on which best
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suits the application. Using an impulse hammer requires much more
signal analysis, however, as the input can only be appreciated from
frequency domain data. There can also be problems associated with the
consistency and clarity, or otherwise, of successive hammer strikes.

The theoretical basis of experimental modal analysis involves the
calculation of the frequency response function (FRF), as explained by Maia
and Silva (1997). The FRF is the value of frequency response per unit
input, the ratio of the response and the input force spectra. The phase of
the FRF is the phase difference between the input and output at all of the
measured frequencies. It is possible to discuss a single-degree-of-freedom
(SDOF) system and then assume that a multi-degree-of-freedom system,
i. e. a system with multiple natural frequencies, is made up of many SDOF
systems. Recalling Equation 3.2, the equation of motion for a SDOF
system with an external force input is

DxD + 2ζω 0 xD + ω 0 2 x = F (t )

,

(3.2)

where x , xD and DxD denote the displacement, velocity and acceleration of
the SDOF system respectively. The value ζ is the damping ratio and ω 0 is
the undamped natural frequency of the system. The quantity F (t ) is the
force input to the system that alters with time t .

Equation 3.2 can be re-written as

mDxD + cxD + kx = F (t )

,

(3.17)

where m is the SDOF mass and c and k are the damping and spring
constants respectively.
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The force F and displacement x are amplitudes which vary with time.
They can therefore be represented as phasors by using complex variables
having magnitude and phase. The displacement x(t ) varies with time as
follows:

x(t ) = Xe jωt

(3.18)

and

F (t ) = Fe jωt

,

(3.19)

where X is the displacement amplitude and F is the force amplitude. The
value ω represents the rate of change of phase in radians per second,
while j is given by

j = −1

.

(3.20)

.

(3.21)

Equation 3.17 can therefore be simplified to

X (− ω 2 m + jωc + k ) = F

The frequency-response-function H (ω ) is the ratio of the spectra of the
input and the output respectively, therefore

H (ω ) =

X (ω )
F (ω )

.

(3.22)

In the case of the SDOF example, Equation 3.22 can therefore be written
as
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H =

X
1
=
2
F
k − ω m + j (ωc )

(

)

.

(3.23)

This form of the FRF is obtained by measuring the displacement of the
response. The FRF in this case is known as the ‘receptance’. Analysis of
the velocity-force ratio response yields the ‘mobility’ FRF and analysing
the system acceleration owing to a force input is known as the ‘inertance’
(Ewins 1984). All three types of FRF can be used to acquire the desired
system information in a way similar to that described above.

Having acquired the frequency spectra of both the input and the response,
the FRF can be calculated and the data can be analysed. There are many
ways in which the FRF can be used to extract information regarding the
system’s damping ratios, resonances and mode shapes.

Plotting both the real and imaginary parts of the FRF against frequency
reveals information about the system’s natural frequencies and their
associated mode shapes. A mode shape is the characteristic profile of
vibrations associated with a particular natural frequency. Each such
natural frequency has a unique mode shape that shows which areas of the
system experience the greatest amplitudes of vibration. This is an
especially important issue when designing mechanical structures. Sports
equipment such as cricket bats and golf clubs are designed on the basis of
this information. On this type of plot, using the inertance FRF, a natural
frequency is seen at a point where the real value of the response function
cuts the x-axis to become negative. At this corresponding frequency there
is a peak value on the imaginary plot. This peak may be positive or
negative, giving an indication of the magnitude and direction of the mode
shape for that frequency. Exciting the system at different locations allows
the various mode values to be recorded and a unique mode shape is
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generated for each natural frequency. The mode shape gives an indication
of the type of oscillation that is being induced by that natural frequency.

The methods referred to above now allow any system to be tested to
deduce its properties. Similarly, a system can be designed to operate with
certain damping and frequency properties, as required. Furthermore, the
desired impulse response of a system can be checked by modelling.
Performing all these techniques allows a desired system to be modelled,
designed and tested to account for all of its mechanical characteristics. In
the following chapters, this design process will be pursued with respect to
the sugar beet sensor, detailing design criteria, methodology and test
results.
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4 Vibration Response Signal Analysis Methods

4.1 Frequency analysis
The signal which we require to analyse in the present research is
composed of oscillatory components of varying amplitudes. It was found
that a sampling rate of 10,000 Hz was most suitable for our final system in
many respects. In particular, the frequencies of interest are very
substantially less than this sampling rate. There would, however, be no
particular advantage in having such a high ratio if analysis of the
obtained signals concerned frequency alone. For signals of finite duration
we need to differentiate with respect to their envelopes, therefore
sufficient samples are required to accurately reconstruct the envelope. In
such cases as transient waveforms, the Nyquist sampling criterion, for
example, has only qualified applicability.

The essential vibratile component of the sugar beet sensing system is a
hanging sensor bar, as will be described below. We need to determine the
frequency and power of the vibrations in the bar. A common method for
doing this is the Fourier transform, and a full account of this Fourier
method is included in Appendix D. Although account was taken of the
finite length of the waveforms, the Fast Fourier Transform (FFT) was
used in order to analyse sample data in laboratory conditions. However,
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since the FFT is not fast enough to use in real-time analysis, the
alternative optimal phase binning approach was adopted. The term 'realtime' is used to describe a computational function that can be
systematically processed at the same rate that data are acquired. It will
also be shown that discriminating between healthy and deteriorated sugar
beet and other articles can be further improved by analysis of their impact
response waveform's damping characteristics.

4.1.1 Optimal phase binning
A modern method for frequency analysis is optimal phase binning as
devised by Sweet (1994, 1999). Optimal phase binning was originally
developed to help locate sources of acoustic radiation in three-dimensional
space in real-time. In particular, it can be used in situations where regular
sampling is not possible, whereas there is no theoretical basis for carrying
out Fourier transforms where samples have been taken at irregular
intervals. Optimal phase binning is, however, a suitably effective method
when using samples taken at regular intervals too. The simplicity of
optimal phase binning allows a frequency power spectrum to be
constructed considerably faster than is possible with the fast Fourier
transform.

In a situation where a time-based signal may be sampled at regular
intervals, it is possible to use optimal phase binning to construct a
frequency spectrum in real-time. Optimal phase binning is the optimal use
of the general phase binning method. Phase binning is a method for
producing a frequency spectrum of a time signal by accumulating data into
bins of equal interval length. Optimal phase binning presents the case
where three bins only are used to accumulate data. The use of three bins is
considered optimal as it allows frequency spectra to be calculated
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independently of the phase shift of the frequency components. The proof of
this assertion will be given in full later in this chapter.

The method of optimal phase binning first requires a test frequency f t to
be chosen. The test frequency determines the size of the three time
interval accumulator bins. The bins are of equal length, one third of the
test frequency cycle time, or period. The interval magnitudes of the three
bins b1 , b2 and b3 are therefore given by

b1 = b2 = b3 =

1
3 ft

,

(4.1)

where bn is measured in seconds. Because the values of each bin interval
width are always equal, each will now be referred to as having the
common width b .
As the time signal data are acquired, the signal data x(t ) which fall into
Bin 1 (the first third of the test cycle) are accumulated. The data which are
calculated to be in the second third of the test cycle are placed and
accumulated in Bin 2, and likewise for the final third in Bin 3. Once the
samples have exceeded Bin 3, the cycle folds and repeats, and new
samples will fall into Bin 1, then Bin 2 again, and so on.

If there are N data samples taken regularly at t s seconds, then the total
envelope of sampled data will cover Nt s seconds. The interval for folding
the optimal phase binning algorithm is one cycle of the test frequency, or
1 f t seconds. The total number of times the cycle folds F - in order to
complete the binning algorithm - will therefore be one fewer than the
number of complete frequency cycles C in the data, i. e.
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C = Nt s f t

.

(4.2)

F = Nt s f t − 1

.

(4.3)

Therefore

The accumulation of data into the three bins can now be described by the
following algebraic representations:

B1 =

N −1

∑ x(nt )
n =0

s

for

F
F
≤ nt s < + b
ft
ft

(F = 0,1,2,...Nt s f t − 1) ,
(4.4)

B2 =

N −1

∑ x(nt )
n=0

s

for

F
F
+ b ≤ nt s < + 2b
ft
ft

(F = 0,1,2,...Nt s f t − 1)
(4.5)

and

B3 =

N −1

∑ x(nt )
n=0

s

for

F
F
+ 2b ≤ nt s < + 3b
ft
ft

(F = 0,1,2,...Nt s f t − 1) ,
(4.6)

where B is the sum of all the data samples accumulated to the relevant
bin and n represents the n th data sample.

Once the data acquisition is complete, the bin totals are averaged by the
number of samples accumulated in each bin, thus giving the mean value
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B̂ . The mean values are then squared and summed to produce a frequency

power, known as the binning power integral P, as follows:

( ) + (Bˆ ) + (Bˆ )

P = Bˆ1

2

2

2

2

3

.

(4.7)

If the test frequency is present in the sampled time signal, a large power
value will be seen. Test frequencies which are not present should show
little or no power at all.

By testing at many frequencies, a whole frequency power spectrum can be
produced. The simplicity of optimal phase binning allows many test
frequencies to be analysed in near real-time. That is to say, a data value
can be binned for many different frequencies as it arrives from the
analogue-to-digital converter (ADC). This can usually be done within the
pause of the ADC sampling frequency, before the next data point is
acquired.

The number of multiplications is three per frequency so, for individual
frequencies, the binning power spectrum can be constructed rapidly. To
construct a 1,024-point spectrum using the standard optimal phase
binning technique, only 3,072 multiplications need be performed. It may
be noted in passing that the FFT, as described in Appendix D, requires
around 7,000 multiplications to perform the same operation. It is however
possible to develop a ‘fast’ version of phase binning and so it can be seen
why this technique is particularly advantageous for signal analysing
functions where the processing speed is critical. In such cases, frequency
analysis can be performed at very high speeds, in near real-time and with
phase shift independency.
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4.1.2 The phase independence property of optimal phase
binning
As explained earlier, phase binning involves accumulating the time signal
data into equally spaced interval bins and using these values to produce a
frequency power value. The general term ‘phase binning’ refers to the
technique where any number of bins may be used. Optimal phase binning
refers to the particular case where three bins are used. This is called the
optimal phase binning technique because, when three bins are used, the
frequency power value calculated is always the same, quite independently
of the phase angle at which the data calculation was initiated. Sweet
(1994, 1999) also explains that phase binning with three bins allows the
most effective treatment of noise. The mathematical analysis below proves
the unique phase independence property of optimal phase binning as an
extension of the research conducted and described by Sweet.

As stated earlier, the frequency power value calculated by optimal phase
binning is the sum of the squared average values for each interval bin, as
follows:

( ) + (Bˆ ) + (Bˆ )

P = Bˆ1

2

2

2

2

3

,

(4.7)

where P again is the frequency power value and B̂ is the average value
for each specific bin. However, the average values for each bin are
required only to allow for discrete cases where some bins may have
accumulated more data samples than others. In its pure form, the
technique of phase binning uses the square of the signal area covered by
each bin. Each bin area is described by the integral of the signal between
the boundaries of that bin. The frequency power value for an infinite
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amount of signal data is therefore given by the sum of the squared and
averaged integrals for each bin. For example, in the case of optimal phase
binning - when applied to a time dependent signal x(t ) - this is given by

 3
P = 
 2π


2π

2

  3
dt  + 
  2π
 

3

∫ x(t )
0

4π

2

3

∫ x(t )

2π

3

  3
dt  + 
  2π
 

2

2π

∫ x(t )

4π

3


dt  .



(4.8)

The simplest form of an oscillating time signal is that of amplitude a with
only one sinusoidal frequency component, where ω is the frequency of the
sinusoid in radians per second. The phase angle ϑ at any time t is then
given by ϑ = ωt . A simple single sinusoid time domain signal can therefore
be described by

x(t ) = a sin (ϑ )

.

(4.9)

To calculate the frequency power for total phase shift dependence it is
necessary to add a phase shift φ to the phase angle. Equation 4.9 for a
single sinusoidal oscillation can then be given by


3a
P = 
 2π


2π

2

3

∫ sin (ϑ + φ )
0

 
3a
dϑ  + 
  2π
 

4π

2

3

∫ sin (ϑ + φ )

2π

3

 
3a
dϑ  + 
  2π
 

2

2π

∫ sin (ϑ + φ )

4π

3


dϑ  ,


(4.10)

i. e.

( ) ( ) ( )

2
2
P = Bˆ1 + Bˆ 2 + Bˆ3

The first bin integral B̂1 is given by
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2π

3a
Bˆ1 =
2π

3

∫ sin(ϑ + φ )

dϑ

,

(4.12)

,

(4.13)

.

(4.14)

0

i. e.

3a 
2π
2π 

Bˆ1 =
 sin
sin φ + 1 − cos
 cos φ 
2π 
3
3 


which can be simplified to

3a  3
3


sin
φ
cos
φ
Bˆ1 =
+

2π  2
2


The Bin 2 integral is constructed in much the same way. The second
integral B̂2 is given as:
4π

 3
3a 
ˆ
B2 =
sin ϑ. sin φ cosϑ. cos φ 
2π 
 2π 3

(4.15)

or

3a 3
sin φ
Bˆ 2 = −
2π

.

(4.16)

The third bin integral B̂3 equates to
2π


3a 
Bˆ3 =
sin ϑ.sin φ cosϑ. cos φ 
2π 
 4π 3
or
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3a  3
3


sin
φ
−
cos
φ
Bˆ3 =

2π  2
2


.

(4.18)

Recalling equations 4.11, 4.14, 4.16 and 4.18, the optimal binning power
integral P can be given as

 3a 
P=

 2π 

2

2
 3

3


sin φ + cos φ  +
 2
2




(

)

 3

3
3 sin φ + 
sin φ − cos φ 
2
 2

2

2


 , (4.19)



which simplifies to

P=

(

81a 2
sin 2 φ + cos 2 φ
2
8π

)

.

(4.20)

.

(4.21)

Therefore

P=

81a 2
≅ 1.0259a 2
2
8π

The fact that φ has vanished shows that the analytical integral is always
the same irrespective of the phase angle at which one starts the
integration. This means that the phase binning technique using three
bins is independent of phase. It can be shown that for fewer than three
bins, the power result is not independent of the phase angle. To reduce
numerical computation, it is desirable to use as few bins as possible.
Therefore, phase binning using three bins is regarded as optimal as it
requires the least computation to provide a phase-independent result. For
example, when only two such bins are used, the power P is calculated
from
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2

aπ
  a 2π

P =  ∫ sin (ϑ + φ ) dϑ  +  ∫ sin (ϑ + φ ) dϑ 
π 0
 π π


2

(4.22)

or

( ) ( )

2
P = Bˆ1 + Bˆ 2

2

.

(4.23)

The bin values B̂1 and B̂2 can be obtained in much the same way as those
in the earlier example to give
2a
cos φ
Bˆ1 =
π

(4.24)

and
2a
Bˆ 2 = − cos φ
π

.

(4.25)

Expressions 4.24 and 4.25 can now be substituted into equation 4.23, and
we now have

P=

8a 2
cos 2 φ
2
π

.

(4.26)

Here, unlike the previous case of three bins, the binning power integral is
a function of the phase angle φ . Thus, the power of phase binning with
two bins is not independent of the phase angle φ , as was the case with
three bins.
In certain cases where more than three bins are used for phase binning,
some methods do also allow phase independence. One such case is when
four bins are used. In this case, the power P is calculated from
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π
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(4.29)
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π
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(4.30)
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i. e.

P = (B1 ) + (B2 ) + (B3 ) + (B4 )
2

2

2

2

This time, the bin values B1 , B2 , B3 , and B4 integrate to

B1 =

(4.31)

and

B4 =

2a
(sin φ − cosφ )
π

.

(4.32)

Expressions 4.29, 4.30, 4.31, and 4.32, when substituted into Equation
4.28, give

P=

16a 2
≅ 1.6211a 2
2
π
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Thus the power of phase binning P - using four bins - is independent of
the phase angle φ . It has been explained that the least number of bins is
desired to minimise the amount of computation; however, in some cases,
four bins might be employed for the reasons described below.
Most analogue-to-digital converters acquire a data value between zero and
the full-scale reading dependent on the ADC’s resolution. This means that
the data have to be normalised before frequency analysis can be
performed. The data can be easily normalised by subtracting the mean
from each sample. However, in real-time operations, division is a time
consuming process, especially when an integer power of two is not the
divisor. When an integer power of two is the divisor, however, the result
can be computed in a few microprocessor clock cycles by a binary shift
operation. It is therefore useful to perform the analysis procedure on a
total number of data which is an integer power of two. However, it is also
advantageous to acquire the same number of data into each bin during the
phase binning procedure. Having exactly the same number of data in each
bin means that further averaging is not necessary and time can be saved
by accumulating the same number of consecutive data to the relevant bin.
This means that it is advantageous to acquire a total number of data
which is a multiple of the number of bins used. If three bins were to be
used, then the total number of data acquired should be a multiple of three,
but it has been explained earlier that the total number of data should be
an integer power of two also. The problem is that there is no integer value
which is both a multiple of three and an integer power of two, meaning
that for three bins, either the normalising must be performed by another
method, or each bin cannot accumulate the same quantity of data. In cases
where it is important for normalising and binning to be carried out in this
way, it is suggested that four bins might be used. Using four bins means
that a total of, for example, 256 data points might be acquired, allowing
the data-mean to be calculated rapidly by binary shifting the sum of the
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data eight times to the right. Each bin can also contain the same number
of data values, i. e. 64 accumulated to each.
The advantage of phase independence is that window end conditions do
not have the same kind of impact on the construction of integrals as they
do with Fourier integrals. With Fourier analysis it is important that the
first and last values of the sampled data are immediately functionally
continuous. If this is not the case, then to perform Fourier analysis
artificial elements may need to be added or interpolated in order to meet
the requirements of continuity and symmetry of Fourier analysis. Addition
of these artificial elements - known as 'windows' - introduces a further
mathematical process, which can take up valuable computation time.

4.2 Impulse and damping analysis
A transient waveform has a finite duration. The transient may be
repeated, though the exact time of its recurrence can never be predicted.
Sometimes a transient response signal may be overdamped and so not
oscillate at all. In this instance, the frequency spectrum may contain very
little information about the system characteristics and its natural
frequencies. This is often the case when a system is overdamped or the
forced impulse doesn’t allow for excitation of the key frequencies. With
this kind of waveform, simple geometric analysis can provide for a good
classification by analysis of damping and force impulse characteristics, as
follows:
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4.2.1 The pulsatility index
A peak-to-peak pulsatility index of a transient waveform was described by
Gosling and King (1974) for certain medical uses in 1974. This pulsatility
index is a simple geometric function which was used to describe the wave
damping of a velocity waveform. The term peak-to-peak here refers to the
amplitude difference between the maxima and minima of the signal. The
peak-to-peak pulsatility index PI is given by
PI = peak-to-peak velocity / mean velocity

.

(4.34)

This equation can, of course, be used to give a relative damping value for
any waveform shape.

The pulsatility index was proposed by Johnston et al. (1978) to provide a
suitable discrimination for detecting peripheral arterial disease in people.
Prior to this study, the presence of arterial disease could only be assessed
through patient history and physical examination. Continuous wave
Doppler ultrasound techniques were used in order to obtain information
about blood flow, which highlighted arterial narrowing. Measuring this
velocity waveform allowed damped signals to be characterised. Damping of
the blood flow velocity is suggested to indicate arterial narrowing. The
pulsatility index equation allowed a quantitative value to be placed on
such arteries and discriminate between healthy and impaired patients.
The use of ultrasound to obtain a signal is non-invasive of the patient, and
it was to that extent a breakthrough in medical technology. Similarly, noninvasive data acquisition is highly desirable for the analysis of grown
produce. As described earlier in Chapter 2, it is essential that no test
subjects are impaired by the analysis technique used.
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Velocity, ms-1

Chapter 4

Time, s

Velocity, ms-1

Figure 4.1. Typical healthy response. Pulsatility index of 13.40.

Time, s

Figure 4.2. Typical diseased response. Pulsatility index of 2.91.
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One example given by Johnston and his co-authors shows the Doppler
velocity readings from healthy and blocked arteries. Figure 4.1 shows a
similar response to those recorded from the leg of a healthy subject. Figure
4.1 has a pulsatility index of 13.40. Figure 4.2 shows a similar response to
those recorded from the leg of a patient who had iliac artery stenosis. Iliac
artery stenosis involves the occlusion, or narrowing, of the iliac artery, at
the top of the leg. This waveform is much more damped, a property which
was assumed to reflect the presence of the disease. The pulsatility index of
Figure 4.2 is 2.91. There is a large difference between the pulsatility index
of the healthy and affected subjects’ waveforms. Both responses involve
damping, which is why the pulsatility index was thought to provide a
suitable discrimination. The frequency spectra of a waveform contain very
little damping information and it would therefore, perhaps, be less
effective for providing a mathematical discrimination. It is interesting to
note that the waveforms described by Johnston and his colleagues (those
shown in Figures 4.1 and 4.2) bear many similarities with response
waveforms acquired from various grades of sugar beet, shown below in
Chapter 5.

Stevens and Fulton (1982) also described how the pulsatility index, and
many other digital signal processing techniques, could be used to detect
and classify disease affecting the blood supply. The rise time of the
velocity waveform signal was suggested as another discriminator. Rise
time is simply a measurement of the time taken from the start of the
upswing to the maximum peak of the waveform. As can be seen from
Figures 4.1 and 4.2, the rise time is significantly different between healthy
and diseased responses.
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4.2.2 Principal component factor analysis
A third technique elaborated by Stevens and Fulton uses principal
component factor analysis (PCA). Principal component analysis is a
particular form of Fisher's linear discriminant analysis (see Ripley (1996),
for example). Here, a linear combination of variables is sought to
maximise the ratio of between-group and within-group data variances. In
the case of PCA, linear analysis is used to describe the principal
components of a training set of data waveforms. By deducing the
components of a mean waveform, coefficients of the principal components
can be used to describe the deviation from mean of a sampled response.

The technique described by Stevens and Fulton involved acquiring a set of
waveform readings, ensuring that there were the same number of data
samples available for each waveform as there were waveforms. Stevens
and Fulton used 50 waveform readings, each made up of 50 data samples.
The waveforms were then normalised such that the mean average value of
each waveform was the same.

The grand mean waveform was deduced by calculating the mean of each
individual data point and the deviation from mean was calculated for each
waveform by point-by-point subtraction. The results of this process were
then put together to produce a 50 x 50 variance-covariance matrix.

The eigenvectors of the variance-covariance matrix were obtained.
However, calculating the eigenvectors of a 50 x 50 matrix required lengthy
mathematical computation and, the calculation of eigenvectors of a large
matrix can often lead to poor results, due to ill-conditioning and rounding
errors. The eigenvectors are the roots of the characteristic equation of the
matrix and they represent each principal component of the waveform data.
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Using all of the component vectors accounts for all the variations from
mean of the waveform data. The first component, however, represents the
most variation between the waveforms. This component is known as the
norm of the matrix. The last component represents the least variation. It
is therefore possible to account for most variations by taking just the first
two or three components. Now any sampled signal can be represented with
reference to the previously deduced mean by the following approximation:

Fi ≈ M i + a1 Ai + a2 Bi

,

(4.35)

where M is the mean datum, A the first principal component, while B is
the second principal component, and the subscript i represents the
individual data points of the waveform. The coefficients a1 and a2 are
adjusted to make the data points of the model waveform F best represent
the sampled data. The sampled waveform would then - in theory - be
characterised solely in terms of the two coefficients.

4.2.3 Other time domain analysis techniques
It can be seen from the work described above that many different
techniques of varying complexity have been utilised for discriminating
between transient waveforms in the time domain. Simple geometry or
complex curve fitting can be used. In 1980 Skidmore and Woodcock (1980)
developed

a

Laplace

transform

method

for

characterising

the

blood/velocity waveforms described above. This was done by modelling the
frequency spectrum waveform as a third order Laplace transform of the
form

G (S ) =

k
2
( S 2 + 2δω0 S + ω0 )( S + γ )
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where S = jω and the values of ζ , ω 0 and γ relate to physical properties
in the blood. The model was used to choose a curve of best fit, then
calculate the s-plane poles of the transform equation. It was shown that γ ,
the real pole, increases by up to three times owing to impedance in the
blood flow.

The method of Laplace transform curve fitting was compared to the
pulsatility index method by Baird et al. (1980). It was shown that the
Laplace method produced a greater accuracy, though the simplicity of
calculating the pulsatility index was a major advantage.

Many very simple methods, such as the pulsatility index, can be used to
develop a quantitative discrimination between these types of damped
waveform. In Chapter 2, time domain discriminators were described and
the value of C 2 = Fp t 2p was proved to be a suitable index of firmness for
fruit. In this instance, the value Fp is the peak impact force and t p is the
time which has elapsed between the first contact and the peak force. The
value t p was described by Stevens and Fulton as the rise time. The fall
time could quite legitimately be used as a discriminator between the
described waveforms also. Furthermore, it is possible to see from Figures
4.1 and 4.2 that there is quite a considerable difference in gradients on
both the rise and fall of the waves. Analysing further still, the rate of
change of gradient could produce a suitable discriminator, so could the
distribution of area under the waveform. The area under the waveform
could be calculated by simple strip-wise integration of the transient.

If the transient recurs at intervals which cannot be predicted, the
waveform itself has characteristics which, because of its short duration,
cannot be described in the customary Fourier way. This is because the
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resolution of the Fourier transform might be too broad to accurately
describe the waveform’s characteristics. It is, however, most definitely the
case that if there is a visible difference between sample waveforms, then it
should be possible to produce a discrimination algorithm to perform
classification. The algorithm chosen should be that which is most suited to
the waveform characteristics and variations. Often processing time and
memory storage constraints are also key factors in evaluating the
performance of a signal discrimination algorithm.
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5 A Sensing Unit to Acquire Impact Readings From
Grown Produce

5.1 The theoretical basis for sorting sugar beet
Past attempts at grading produce, some of which were described in
Chapter 2, show that many different methods have been mooted. In most
cases, a quality index was derived to correlate with firmness, Young’s
modulus, the bio-yield point or some other physical factor which might
relate to quality or maturity. It has been alleged that analysis of an
article's natural frequencies could also be useful for classification. So too
could impulse force analysis. Impulse force analysis has been done in the
past by analysing both the raw impact data and the frequency spectra of
impacts. Having considered many techniques, attempts, successes and
failures of the past, here is now described a new method of grading fruits
and vegetables. The new grading method is also described by the
accompanying texts Toulson (2001) and Sweet and Toulson (2002), both of
which are reproduced in Appendix J and K respectively.

It is necessary for a grower to maintain high quality standards in
delivered sugar beet loads. Difficulties are caused by sugar beet
deterioration and the accidental delivery of stones lifted during harvest.
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Accordingly, a sensor has been developed to classify healthy sugar beet,
deteriorated sugar beet and stones. This sensor is described in what
follows.

Articles of grown produce are transported on a conveyor and caused to be
incident upon a sensor. The response of the sensor is governed by the
textural properties of the article which has caused the impact. The texture
of an item of grown produce is described by Mohsenin et al. as the
biological and mechanical make-up of cells relating to characteristics such
as firmness, crispness and fibrousness. The reluctance of an article to
change shape or form under force can also be described as a textural
property of that article. This relates to the impulse force involved in the
contact between the article and sensor. Very firm, inert articles, such as
stones, cause an immediate, high force impact. A soft, deteriorated sugar
beet has a lesser effect, partly because it remains in contact with the
sensor for a longer period of time. The force of impact in such cases is
attenuated, though sustained. The quality of the sugar beet can be
determined by assessing the article’s textural properties with respect to
the impulse force. High quality sugar beet is quite firm and so induces a
response waveform that shows a greater force magnitude than that caused
by soft beet. The duration of the applied force is less than that of a soft
sugar beet. By analysis of the impulse components, i. e. force magnitude
and contact time, the relative textural properties of healthy and
substandard produce can be determined.

The impulse response waveforms calculated by the central difference
method in Chapter 3 show that even small differences in a force-time
impulse waveform can cause very different responses in an excited body.
Different impulse forces can excite some natural frequencies of some
bodies yet dampen others. The sensor used for this invention is designed
so that hard or brittle objects, such as rocks and stones, excite the sensor’s
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fundamental natural frequencies. Soft or spongy objects, namely sugar
beet or other grown produce, dampen the fundamental natural frequency
oscillations of the sensor. The magnitude of damping here is much greater
than that caused by hard objects, which exert little or none. The amount of
excitation and the magnitude of damping are therefore inversely related to
each other, and so, by analysing either the amount of excitation or the
magnitude of damping, it is possible to distinguish between objects with
different textural characteristics.

The two methods described for determining texture-related properties are
individually capable of distinguishing between rocks, healthy sugar beet
and deteriorated sugar beet. The method to deduce the magnitude of
damping exerted by the objects particularly lends itself to distinguishing
between hard and soft objects. It has proved to be a good method for
discriminating between rocks and grown produce in the present
experiments. The impulse waveform analysis is specifically targeted at
deducing how soft the objects are. This kind of analysis is therefore very
useful for determining, more accurately, the relative textural properties of
objects that have already been classified as soft. It is thus suggested that
these two methods should be used in tandem to most accurately grade
sugar beet.

5.2 Sensor design

5.2.1 Sensor selection
The sensor must be designed to a very high tolerance in order to respond
in the ways described above. Furthermore, manufactured sensors must be
near identical in performance to maintain a consistently high accuracy.
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This is normally achievable using precision engineering, but in a harsh
agricultural environment the sensors must be robust also, and this
consideration can sometimes compromise precision. In particular, they
must perform accurately when wet, muddy or in whatever conditions
happen to apply. The complete design criteria are laid out in the form of a
requirement tree and a product design specification in Appendix E.

The sensor can take many different shapes or forms. One possibility is to
use a plate on to which the articles can be dropped one at a time. The plate
could be mounted on a sprung damper in order to isolate it from the
machine vibration. An accelerometer could then be attached to the
underside of the plate to capture the impact data. Knowing the properties
of the sprung damper and the plate would allow the natural frequencies of
the sensor to be known. These properties could be optimised to find the
values which yielded the best results. A further procedure could be to
cause the plate to vibrate at a particular, appropriate frequency. The
damping introduced by the sugar beet would thus act as a vibration
absorber on the plate. Analysis of this damping could give an improved
discrimination between healthy and deteriorated sugar beet.

The main constraint with using a plate is that the articles have to be
moved past the sensor in order to maintain a minimum throughput rate of
five per second. A plate would regularly gather dirt and debris, which
could interfere with the throughput. Debris would also interfere with the
natural frequency of the plate and affect results. Furthermore, a plate
requires articles to be dropped on to it, one by one. In a conveyance
process, however, it is advantageous to keep the produce moving upwards
so that the selection unit can be integrated into an elevator system.

Our chosen sensor is in the form of an arm or rod, which protrudes into
the path of articles on a moving conveyor. This has allowed the mechanical
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singulation of the crop to be kept simple. Furthermore, the crop is incident
on the sensor at regular intervals by implementing discrete pockets on the
conveyor.

5.2.2 Mechanical arrangement of the sensor
The rod is designed to vibrate at a known natural frequency upon impact
by a firm object. This rod can be tuned to the desired natural frequency by
attaching a vibration plate on which the accelerometer is mounted.
Attachment screws on the vibration plate are tightened to give the desired
natural frequency of oscillation. The natural frequency of a system alters
when damping is introduced (see Appendix B). If the plate is attached
tightly, the system can be so rigid that little damping of the vibration
plate is possible. Loosening the tuning screws allows a certain amount of
motion in the vibration plate, and this tends to damp the system, which
results in a new natural frequency. Alteration of the tuning screws in this
way allows the desired natural frequency to be found.

The mechanical design drawings of the sensor arm are all enclosed in
Appendix F. The sensor is incorporated within a steel square hollow
section bar of dimensions 40 mm x 40 mm x 340 mm. The steel rod has a
steel vibration plate attached to it. The vibration plate has dimensions 4
mm x 40 mm x 130 mm. Attached to the vibration plate is the sensor pot
which contains the populated accelerometer printed circuit board. The
sensor pot is sealed with epoxy resin to ensure waterproofing. The rod has
been rounded at one end to allow smooth impacts. Alteration of the
sensing unit’s natural frequency is made by tightening the screws which
attach the vibration plate to the rod. Once the desired natural frequency
has been obtained by tuning, the attachment screws are enclosed within
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Figure 5.1. Sensor bars mounted in their cradles over the conveyor web. Two sugar
beet are actually incident upon their sensors.
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epoxy resin to ensure that the natural frequency does not alter
dramatically over time.

Figure 5.1 clearly shows the sensor bar mounted in its cradle above a
conveyor web. The vibration plate is attached to the sensor rod by the two
outermost fixing screws. The sensor pot is mounted pointing into the
interior of the hollow bar and attached to the vibration plate by the four
centremost screws. The sensor cable is passed through the centre of the
bar and out of the pivot end of the cradle where it is then guided towards
the microprocessor unit.

The cradle to which the bar is attached on the machine is a hinged device,
which allows the sensor bar to swing as objects become incident upon it.
The mounting of the cradle also includes vibration dampers which reduce
the external noise vibration from the conveyor machinery. The cradle
further includes two bump stoppers which permit the motion of the sensor
to an acceptable range and control the sensor’s rest position. The rubber
stopper which impacts the bumpers is designed to dampen the bump stop
to acceleration levels which are inferior to those associated with a sugar
beet or stone impact. This ensures that accidental triggering of the
software does not occur when the bar overswings or is returning to its rest
position.

5.2.3 Experimental modal analysis of the sensor

5.2.3.1

The mechanical system of the sensor bar

The sensor bar is a complex mechanical system. It consists firstly of a
beam mounted at one end on a carriage which allows the bar to swing
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about a fulcrum. A vibration plate is attached at the protruding end of the
beam with an accelerometer mounted thereon. The vibration plate is fixed
to the beam by two screws, one at each end of the plate. The simplest
feasible model for this system is a two-degree-of-freedom system consisting
of the beam mass and the vibration plate. Each component of the system
exhibits its own internal damping and spring properties. However, the
actual system will have a ‘very large number’ of natural frequencies, and
to that extent the system is actually a complex multi-degree-of-freedom
system. Experimental modal analysis of the complete system has been
conducted in order to find the most fundamental natural frequencies and
their associated mode shapes. This is to allow a thorough understanding of
the system’s dynamic response properties. The knowledge of these
properties both helps to prove the theoretical basis for sorting sugar beet
and highlights possible areas for improvement.

5.2.3.2

Experimental procedure and results

Modal testing was performed using theories and techniques discussed by
Ewins (1984) and Maia and Silva (1997). An impulse hammer was used to
apply and measure the force input to the system. The response
acceleration was measured by the accelerometer in the sensor. Testing
was performed at regular 70 mm increments along the length of the sensor
arm. Random noise was integrated out by constructing several frequency
spectra. Each signal was normalised against its steady state voltage before
frequency analysis was conducted. The frequency response function (FRF)
results were produced by analysing the time domain data using Matlab.
The sampling frequency of the data acquisition scope was 18,519 Hz. A
4096-point FFT was used to construct the FRF results. This allowed a
Fourier temporal resolution of 4.52 Hz for all spectral data.
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Figure 5.2 Oscilloscope readings of impact at 140mm along the bar. Channel A (bottom) is
the force impulse waveform, while Channel B (top) shows the sensor bar’s response.
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Figure 5.3 Shows the impulse (top) and response (bottom) of an impact at 280mm along the
sensor bar. The corresponding magnitude frequency spectra are shown with each reading.
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Figure 5.2 shows an example of the oscilloscope data recorded during an
impact at a position 140 mm along the bar from the fulcrum. An example
of the force input and induced response at a position 280 mm along the bar
is shown in Figure 5.3. The associated frequency spectra of both the
impact and response are also shown in Figure 5.3. The force impulse
spectrum shows the magnitude of excitation exerted on the system for a
certain frequency range. It can be seen that the amount of excitation
exerted at higher frequencies is reduced. It is therefore not profitable to
investigate natural frequencies above approximately 1500 Hz. To analyse
higher frequencies, an impulse hammer with a harder tip must be used to
perform modal testing. A harder hammer tip allows higher frequencies to
be excited within the system.

Initial analysis of the FRF data revealed four main natural frequencies of
the sensor system. These are approximately 458 Hz, 980Hz, 1176 Hz and
1465 Hz. Figures 5.4 and 5.5 show real and imaginary FRF data plotted
against frequency for excitation at two different points along the sensor
bar. As explained before in Chapter 3, natural frequencies are evident at
positions where the plot of the real data crosses the y-axis. The frequency
at these zero crossings corresponds with amplitude maxima and minima
on the imaginary plot. It can be seen that impact at the different positions
does not always excite all four natural frequencies. Figure 5.5 shows this
particularly, as there is only evidence of the system's first and third
natural frequencies.

Analysing the profiles of the imaginary amplitudes allows a mode shape to
be associated with each natural frequency. This mode shape describes the
form of oscillation of the bar at each natural frequency. Figures 5.6 and 5.7
show the mode shapes for the four identified natural frequencies of the
sensor system. These modal plots detail the vibrational nodes and antinodes for each natural frequency. Nodes are points of zero amplitude and
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Figure 5.4. Real and imaginary FRF data recorded with excitation 21 cm along the bar.
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Figure 5.5. Real and imaginary FRF data recorded with excitation 28 cm along the bar.
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anti-nodes are the points of maximum amplitude. This information allows
us to clarify the best position for fixing the accelerometer. The lowest
natural frequency at 458 Hz has no nodes at all (other than at the position
where the body is held fixed) and a single anti-node at its elongate end.
This frequency is almost certainly the fundamental natural frequency of
the actual sensor beam. The second mode of the sensor bar is seen at 980
Hz. Here there is one node and two anti-nodes. The third natural
frequency of the sensor bar is at 1465 Hz with two nodes and three antinodes.

Figures 5.6 and 5.7 show that the resonance which produces the greatest
amplitude is the 1176 Hz natural frequency - this is seen when the sensor
is impacted at its elongate end. This natural frequency has no visible
nodes, similar to the 458 Hz mode, and so it is expected to be the
fundamental natural frequency of the vibration plate which is attached to
the sensor beam. There is not so much excitement of this mode when the
sensor is impacted near the fixed end, and this is not surprising as the
vibration plate is only attached at the elongate end (see Appendix F for
design documentation and dimensions of the assembled sensor arm). Also,
when the vibration plate is damped - by slackening its tuning screws there is a shift in the frequency of this mode, so it is obviously associated
predominantly with the vibration plate. It can be seen from Figure 5.7
that the 1176 Hz frequency is excited with the greatest amplitude when
the bar is impacted at its elongate end, i. e. at the furthermost point from
the fulcrum. Furthermore, the other identified natural frequencies show
relatively low amplitudes of excitation at this point, particularly around
the 30 cm mark. Therefore, by positioning the accelerometer here, and by
allowing articles to impact at the elongate end, it can be conjectured that
there will be substantial excitation of the 1176 Hz frequency, with very
little excitation of the other three identified modes of oscillation. This
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Figure 5.6. Associated mode shapes for the four detected natural frequencies of the sensor bar.
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85

Chapter 5

A Sensing Unit to Acquire Impact Readings

allows a very clear, single frequency oscillation to be seen when a firm
object impacts the sensor.

The experimental modal analysis shows that a firm impulsive impact can
be detected by analysing the power of the 1176 Hz frequency component of
all response data. It has already been noted that soft impacts rarely excite
any natural frequencies of the sensor, and the implications of this data
analysis will be discussed further later in the chapter. In particular, it will
be shown that it is possible to deduce impacts from rocks and stones
simply by analysing the 1176 Hz natural frequency power of the response
data. Experimental modal analysis also shows that the discrimination
between these objects could be improved further by analysing all four of
the detected frequencies rather than just one. The overall improvement of
this however would have to be weighed up against the increased
processing speed and program size required to perform the analysis.

The damping ratio of the sensor arm can be approximated by calculated
the exponential decrement of a response waveform. This is performed with
respect to equations described in Appendix B. The value of δ , the
exponential decrement, is given by

1 y
δ = ln 0
n yn

,

(B.8)

where n is the index of the decayed peak calculated to, the first peak
being at

n = 0 . The value

yn

is the y-axis displacement at the

corresponding n th peak, the value y 0 being the amplitude at the first peak.
The damping ratio ζ can be approximated as a function of δ for values
less than 0.3. This approximation is detailed in Appendix B as follows:
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δ ≅ 2πζ

.

(B.9)

The damping ratio has been calculated for the impulse response
waveforms used for modal analysis. The damping has been calculated
after the impulse hammer has abandoned contact with the sensor. This is
averaged over the following eight peaks. The particular waveform shown
in Figure 5.8 below shows a good representation of the sensor arm’s
damping. The exponential decay for this particular waveform is calculated
from the above Equation B.8 as follows:

1 1.30
δ = ln
= 0.348
8 0.08

.

(5.1)

The damping ratio is then calculated from Equation B.9 to give

ζ = 0.055

.

(5.2)

The fact that the value of ζ is much less than 0.3 suggests that the
approximation given by Equation B.9 is accurate enough for this
calculation. Other recorded waveforms give very similar results and we
now take the average damping ratio of the sensor to be 0.055.

5.3 Electronics hardware design
The electronics hardware is designed to classify and sort produce on three
separate lanes. The system consists of three units:
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A computer unit comprising a microprocessor computer board, an
analogue-to-digital converter board, a power switching relay board and an
interface board connected to an LCD screen and a keypad;

Three accelerometer sensors and a shaft speed encoder sensor. All four
external sensors are connected to the ADC board in the computer unit;

Three solenoids, which actuate the select/reject mechanism. The solenoids
are connected to the power switching board.

All such individual boards, components and connections are detailed in the
Electronics Hardware Parts List and the Electronics Unit Circuit
Diagrams, which are included in Appendix D.

5.3.1 The power supply
The power to the electronics unit is supplied from the fuse box of a CTM
Harpley Engineering 544 Sugar Beet Cleaner/Loader. The voltage
supplied is rated at 12 volts, but this can vary quite considerably, being
generated from the engine alternator. The power supply is fused to 5
amps.

The computer unit only requires 5 volts and draws approximately a single
amp of current. An Artesyn DC/DC converter has been used to provide
this. This converter provides 5 volts output with a current of up to 5 amps.
The input voltage ranges from 9 volts to 18 volts. All the different sensors
are powered by this same 5-volt supply. The actuation solenoids require 12
volts. They are powered direct from the battery supply before the DC
conversion. The DC/DC converter and all the sensors, relays and ADC
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connections are mounted on a custom built power board along the lines of
the circuit diagrams given in Appendix F.

5.3.2 Components of the main microcomputer unit
An Arcom Ltd. embedded ‘personal computer’ (PC) controls the computer
unit. The PC uses a 100 Mhz 486SX AMD microprocessor and 16 Mbyte
DRAM. There is an 8 Mbyte on board flash memory hard drive as well as
keyboard, mouse and monitor interfaces. The board has three serial
communications ports and one parallel port. The processor is easily fast
enough to perform the required analysis and control, so there has been no
need to incorporate a specific digital signal processor. Using a standard PC
in this way has allowed all programming to be done in Microsoft
Assembler language, where an executable file causes the discrimination
program to run.

Data are collected by a DSP Design ADC I/O board. The ADC has a 12-bit
resolution and can capture data at rates up to 100 kHz. There are 16
analogue inputs and 20 digital I/O bits.

Selection or rejection of objects is achieved by actuating the solenoids
which control the select/reject mechanism. The power to the solenoids is
switched by the relay board. The relay board can switch up to 60 Watts of
electrical power, which is ample for the solenoids. The solenoids
themselves form part of a mechanical device which is used to open and
close a select/reject gate in order to sort the produce. The solenoid
actuators and the sorting mechanism will be described thoroughly with
the entire machine design in Chapter 7.
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The Arcom user interface board controls the input and output of an LCD
screen and a keypad. This is to allow start and stop commands to be
entered as well as recording operation history. The software allows every
load of sugar beet to be recorded, its quantities of healthy sugar beet,
deteriorated sugar beet and stones respectively to be stored in the flash
memory. The keypad then allows users to retrieve past data and view
them on the LCD screen.

All of the electronic boards are designed to the PC104 international
standard. The PC104 standard describes the dimensions and connectors of
boards such as those used in the present design. For details of the
standard see www.pc104.org (2001). The boards can be connected together
simply and effectively, thus allowing a system to be developed without the
need for extensive hardware design.

5.3.3 Sensors
There are two types of sensors connected to the electronics unit described
above. Firstly, there are three accelerometers, which measure the
acceleration arising from the impact of an object on the sensor arm. Two
different types of accelerometer have been tested in the course of the
development of the sensing unit. These are the Analogue Devices models
ADXL150 and the ADXL190 (www.analog.com, 2001). Both accelerometers
are

capacitance-type,

micro-accelerometers,

incorporated

within

integrated circuits. The accelerometers have an operational bandwidth up
to 24 kHz. The only difference between the two is that the ADXL150 has
an operating range between ±50g ms-1, while the ADXL190 operates
between ±100g ms-1. Both accelerometers are suitable for our purpose,
except that the accelerations encountered do sometimes exceed 50g
slightly. A small amount of clipping of the signal is seen if the ±50g sensor
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is used. This, however, does not significantly affect the results of
discrimination. The ADXL190 avoids clipping, although, owing to its
higher cost and uncertain availability, the ADXL150 has been used. A
printed circuit board has been produced to mount either of the
accelerometers on (see Appendix D). The three accelerometer outputs are
connected to the ADC’s analogue inputs on channels 0, 1 and 2.

There is also a sensor attached to the head shaft of the conveyor in order
to monitor the speed of the produce. The speed must be monitored in order
to actuate the sorting mechanism in synchronisation with the advancing
produce. The shaft encoder outputs electrical pulses 100 times per
revolution. The positive output of the shaft encoder is fed directly into the
0 channel digital input of the ADC board. The software recognises a pulse
every time the input goes high. The digital input lines of the ADC are
much faster than the analogue lines and so it is useful to leave the
analogue inputs for the accelerometers alone. The Baumer encoder is
perhaps disproportionately expensive in terms of the present system, but
less expensive encoders only output 30 pulses per revolution. This is not
accurate enough for our purposes.

5.4 Discussion of obtained readings
The actual output of the ADXL150 accelerometer is a voltage reading
between 0 and 5 volts. This reading is proportional to the acceleration of
the sensor. The acceleration associated with a voltage of 0 volts is –50g.
Similarly, a reading of 5 volts relates to the positive full-scale deflection.
The data are read through a 12-bit ADC, which gives a reading between 0
and 4096. An ADC reading of zero relates to –50g and a reading of 4096
therefore relates to +50g. However, the sensors do not have an exact or
consistent steady state value and so the readings have been calibrated so
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that the mean steady state value is 2400 on the ADC. Specific acceleration
should therefore be calculated as a proportional displacement from this
value. The noise levels of the sensors will be discussed fully in Chapter 8.

The initial acceleration encountered during an impact appears as a
negative value on the output. This is solely a matter of the alignment of
the accelerometer within the sensor. Had the sensor been impacted from
the other side, or had it been mounted the other way up, the initial
acceleration would be positive.

Since the modal analysis tests were conducted, three sensor arms have
been re-tuned so that their most prominent frequency of oscillation is
approximately 1250 Hz. The reason for this slight increase in frequency is
that it is essential to tune all three bars to a common frequency. This 1250
Hz is a common frequency to which all three bars can easily be tuned. The
damping ratio of the oscillation decay is still approximately the same as
the value deduced before and explained in Section 5.2.3.2. The modal
shapes calculated and discussed in the modal analysis section showed up
again, though with slight alterations of the natural frequencies.

5.5 Healthy sugar beet response
The impact of a healthy sugar beet does not greatly excite the natural
frequency of the sensor, as can be seen from the impact response (Figure
5.9). Very little excitation can be seen after the initial impact (>6 ms), in
accordance with example models which were discussed in Chapter 3.
These models are associated with the research carried out on vibration
response waveforms due to known impulsive impacts. It can therefore be
taken that after 6 ms the sugar beet is no longer in contact with the
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Figure 5.9. Typical healthy sugar beet impact response.
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Figure 5.10. Typical deteriorated sugar beet impact response.

94

Chapter 5

A Sensing Unit to Acquire Impact Readings

sensor. Again, with reference to the similarity between this waveform and
the models discussed in Chapter 3, the impact force can be taken to be an
almost triangular pulse returning to zero within 6 ms. The actual forcetime impulse waveform could also be calculated, by methods to be
discussed later. The system properties and equations of motion of the
sensor, as deduced by experimental modal analysis, are required for this.
The response waveform alone, however, has been found to contain more
than enough information to allow a suitable discrimination algorithm to
be developed.

The force induced on the sensor is proportional to the sensor’s
acceleration. The mass of the sensor is constant throughout and so
analysis can be performed without the need to calculate the discrete value
of the force. This particular healthy sugar beet impact has caused a peak
force which has a reading of approximately 611 on the 12-bit ADC scale.
The amplitude of the pulse is therefore nearly 1800 adrift of the mean.
The magnitude of the impact peak will, in general, be described by the
minimum value read by the ADC, in this case 611.

5.5.1 Deteriorated sugar beet response
The impulse response of a deteriorated sugar beet is, in many respects,
similar to that of a healthy sugar beet (see Figure 5.10), the key difference
being, however, that the deteriorated sugar beet remains in contact with
the sensor for a longer period of time. Thus the damping of the vibrations
continues for even longer. It can be seen that there is little or no excitation
of the sensor’s natural frequency, and the impulse force does not return to
zero for approximately 14 ms. The minimum ADC reading for this
deteriorated beet is 1752, a difference of 648 from the steady state mean.
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If the impact of the sugar beet with the sensor could be controlled, and so
be perfectly repeatable, then the change in momentum of the sensor
associated with the impact would be equal for all impacts. This would be
irrespective of the texture of the object causing the impact. The change of
momentum of a body during an impulsive impact is equal to the impulse of
the impact force. Therefore, for a set of controlled impacts, the integral of
the force-time waveforms would be equal throughout. A wide range of
differing waveforms could give integrals of the same value. Depending on
the textural properties of the impacting object, these waveforms could
show anything from a large force applied for a short period of time to a
small force for a long period of time. This allows for the discrimination
between healthy and deteriorated sugar beet.

In the case where articles are incident upon the sensor by transportation
on a conveyor, it is not possible to maintain such consistent and accurate
impacts. Errors are introduced, for instance, when some objects impact the
sensor with a glancing blow, while other objects may still possess some
other kinetic energy on impact. Furthermore, the sensor itself may have
some kinetic or stored potential energy. In reality, the integrals of the
force-time waveforms are quite similar, but never exactly the same. It is
impossible to eliminate errors of this kind if the machine is to maintain a
throughput of at least 5 objects per second.

5.5.2 Rock response
The response waveform of a petrified object is very different to the type of
waveform generated by more pliable objects of grown produce. As can be
seen from Figure 5.11, a rock will excite the fundamental natural
frequency of the sensor. This is seen by the periodic oscillations of the
waveform. As before, by comparing this waveform to the models shown in
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Figure 5.11. Typical rock impact response.
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Chapter 3, it can be assumed that after the first pulse the rock is no longer
in contact with the sensor. The impact of a rock lasts less than a
thousandth of a second and it can be seen that the maximum force of
impact is much greater than those from the sugar beet. The fact that the
impulse time is so short allows the sensor to vibrate at its natural
frequency. A sudden, single impact would cause the sensor to vibrate at its
natural frequency with only the damping associated within the sensor
system. It can be seen therefore that there is a substantial relationship
between the time and force of impact and the magnitude of the vibrations.
The evident differences between the response waveforms of the rock and
the sugar beet mean a discrimination can be made by simply comparing
their respective frequency power spectra.
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6 Using Digital Signal Analysis to Grade Sugar Beet

A number of signal analysis techniques were discussed in Chapter 4 for
distinguishing between various types of waveforms. In this chapter, the
discussed methods are used specifically to distinguish between the
response waveforms of healthy sugar beet, deteriorated sugar beet and
stones. As mentioned in Chapter 5, a two-tier approach has been adopted
for determining the three types of impact - firstly there is a frequency
analysis algorithm to determine if an impact waveform is that of a sugar
beet or a stone. There is then a second algorithm, which is used to
distinguish between healthy and deteriorated sugar beet.

It is necessary to identify the most suitable algorithms for use in the sugar
beet grading application. Statistical analysis of each algorithm's
classification performance has been conducted in order to identify those
which are most suitable. The statistical analysis conducted is standard
hypothesis testing as described by Clarke and Cooke (1998), for example.
In each case a test on the means of two unpaired samples is performed
using estimated variances. To apply this test we first set up a nullhypothesis which suggests that the two data types are actually the same.
If the statistical analysis indicates that we can reject the null-hypothesis,
then it can be concluded that the data types are significantly different
after all. This is a standard significance test yielding a t-value for the
separation of two data types. The t-value represents the significance of the
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result, where a large t-value indicates that the two data types are
significantly different. The greater the t-value, the greater the significance
of the difference between the two data sets. Hypothesis testing has firstly
been performed on a test set containing data for 100 impacts of each of
healthy sugar beet, deteriorated sugar beet and rocks. A second test set
containing the same number of each data type has also been tested for
significance to ensure repeatability of results. The healthy sugar beet used
for this hypothesis testing were selected at random from a local grower's
store. For each test set, 100 sugar beet were caused to deteriorate by first
subjecting them to two days of sub-zero temperature, then allowing them
to thaw for two days. The 100 rocks and stones for each test set were
supplied by British Sugar. These rocks and stones had all been removed
from sugar beet loads during factory processing.

A description of the mathematics involved in unpaired hypothesis testing
has been included in Appendix G. The raw data for both test sets and a
summary of the algorithm results are included on the accompanying CDROM.

It must be noted that the most suitable discrimination algorithms can be
performed rapidly and with minimal computational memory storage
requirements. If a discrimination algorithm can be performed rapidly,
then there is more time available for the microprocessor to collect data
from other channels. In other words, an algorithm which calculates a
result very quickly allows more than one sensor to be analysed by one
single microprocessor. Minimising the amount of data memory storage
required also adds considerable timesavings to the discrimination
computation, as well as reducing the amount of electronic hardware
required.

100

Chapter 6

Using DSA to Grade Sugar Beet

6.1 Distinguishing between rocks and sugar beet

6.1.1 Constructing frequency spectra using Fourier
methods
The example readings shown in Chapter 5 describe a clear difference
between the sensor’s response to a rock impact and to that of a healthy or
deteriorated sugar beet. The rock response waveform shows a spike
reflecting an impact, which induces oscillations in the sensor arm. An
oscillatory response to the impact of sugar beet, on the other hand, is less
obvious in these readings. The sensor’s response is non-oscillatory for both
healthy and deteriorated sugar beet. Analysis of the response waveforms’
frequency spectra highlights this difference in an easily quantifiable form.

Figure 6.1 shows a rock response and the fast Fourier transform of the
response. The Fourier transform is calculated in Matlab using the built-in
FFT function. A high speed radix-2 FFT algorithm (similar to those
described in Appendix D) is used by this function. The sampling frequency
used to gather this response data is 12.5 kHz to ensure that Nyquist
errors are avoided.

The peak power value of the FFT plot is found at approximately 1250 Hz.
This is the main frequency of the induced vibrations in the sensor arm.
The frequency of 1250 Hz is the natural frequency of the sensor bar used
in this experiment (as determined by experimental modal analysis) and it
has clearly been excited by the rock’s impact. The sensor’s response
waveforms recorded for both healthy and deteriorated sugar beet impacts
do not greatly induce high frequency oscillatory motion, as can be seen in
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Figure 6.1. Rock response and frequency spectrum.
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Figure 6.2. Healthy sugar beet response and frequency spectrum.
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Figure 6.3 Deteriorated beet response and frequency spectrum.
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Figures 6.2 and 6.3. Again, this is because the resonant frequencies of the
sensor and accelerometer are not within the range of the frequencies
excited in the system by a sugar beet impact.

All sugar beet responses have a near zero power at the sensor’s natural
frequency (about 1250 Hz in the present system). The frequency spectrum
of the sugar beet response simply shows a power drop-off which is common
to all signals showing transient behaviour. The rock’s FFT also shows a
certain amount of this drop-off as it too is a transient waveform which
eventually settles to zero.

It is straightforward now to produce a discrimination index between hard
objects, such as rocks, and grown produce. Analysis of the frequency power
value at the sensor’s natural frequency ω s alone is enough to distinguish
between the two. In what follows, this power will be denoted by Pω s . In the
present case, the frequency is 1250 cycles per second. In the three example
waveforms, the values of P1250 computed for the rock, healthy and
deteriorated sugar beet are 41042, 784 and 858 respectively. The
difference is of an order of magnitude between results for rocks and sugar
beet in this numerical discrimination.

The frequency spectra of impact readings have been constructed for all
three data types in both data test sets. The powers of the sensor arm’s
natural frequency have been plotted in Figure 6.4 for test set 1. The
statistical results for the 1250 Hz FFT power discrimination are also
summarised in Table 6.1.

Figure 6.4 shows that there is a large difference in the 1250Hz FFT power
values for rocks and sugar beet. It can be seen that a simple threshold
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1250 Hz FFT discrimination results
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Figure 6.4. Using the FFT to discriminate between rocks and sugar beet. Test
set 1 results are plotted.

Rock mean

Sugar beet mean (healthy
and deteriorated)

Estimated
variance

t-value

Test set 1

10.330

6.160

0.584

44.549

Test set 2

10.275

6.099

0.648

42.342

Table 6.1. Statistical results of the 1250 Hz FFT discrimination.
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discrimination could be introduced to classify our impact response
waveforms as either those of rocks or sugar beet - as mentioned above. A
second algorithm is then required to determine the quality of those objects
determined to be sugar beet. Statistical data tables (such as those
reprinted by Clarke and Cooke (1998)) indicate that a t-value of 2.592
represents a p-value of 1%. This value will be used as our significance
threshold. The results of a significance test yielding a p-value lower than
1% allow us to reject the null-hypothesis and hence deduce that the data
types are significantly different. A higher t-value represents a lower pvalue, so the aim of our analysis is to achieve a t-value greater than 2.592.
It can be seen from Table 6.1 that the t-values for both data sets are much
greater than 2.592, and so the results of the classification algorithm can be
regarded as highly significant. This means that our hypothesis is very
unlikely to be flawed.

Inspection of the response graphs and their associated spectra shows that
there is a difference in power at low frequencies between healthy and
deteriorated sugar beet. This suggests that frequency analysis could also
be used to assess the quality of sugar beet. One might, for instance, utilise
a similar method to that described by Chen et al. (1994). The magnitude of
the FFT power values are highly dependent on the magnitude of force in
the sampled data. Chen et al. used the ratio of two adjacent spectral
values for discrimination, and thus made the results independent of the
response

magnitude.

However,

removing

the

response

magnitude

dependency might not be desired for sugar beet discrimination. It has
already been alleged that a key property of a good sugar beet waveform is
that it suggests a peak force which is greater than that of a deteriorated
sugar beet. It is therefore wise to make the gross scale of the sugar beet
waveforms a critical factor for discrimination. In this case, a single
frequency power might be used in a similar way to the rock analysis in
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order to provide a possible discrimination between healthy and
deteriorated sugar beet. The spectral powers at low frequencies have been
assessed for healthy and deteriorated beet. The low frequency which has
been found to give the best separation of results for the 100 healthy and
100 deteriorated sugar beet is approximately 100 Hz. The 100 Hz power
values of the healthy and deteriorated sugar beet are shown in Figure 6.5
and the accompanying statistical results are detailed in Table 6.2. It can
be seen that a threshold value could be used again to classify each
waveform as either that of a healthy or deteriorated sugar beet. However,
there is a substantial overlap between the results of the two data types.
Table 6.2 shows that, statistically, there is still a very significant
difference between the two data sets - though not to the same degree as
the rock/sugar beet classification described above. One possible reason for
the overlap is that the low frequency evaluations of the FFT are affected
by the direct current value of the signal. The effects of this D. C. can never
be totally overcome. The D. C. value introduces low frequency noise when
performing a frequency transform on sampled data. It is possible to
remove most of this noise by normalising the sampled data so that they
oscillate about the zero y-axis. This can be done in a variety of ways, but it
is most commonly done by subtracting the mean value of the data over the
sampling window from each individual data value. The effects of the D. C.
component differ for all windowed data because much depends on window
end conditions and the number of settled data within the window as well
as the peak displacement of the signal. This means that some inaccuracies
are added to the spectra at lower frequencies.

Unfortunately, these inaccuracies vary from impact to impact, so it could
prove to be very difficult to predict the low frequency spectra of transient
waveforms. This frequency based method, and other techniques for
discriminating between healthy and deteriorated sugar beet, will be
discussed in full below in Section 6.2.
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100 Hz FFT discrimination results

Log 100 Hz FFT power
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Figure 6.5. Using the FFT to discriminate between healthy and deteriorated
sugar beet. Test set 1 results are plotted.

Deteriorated sugar
beet mean

Healthy sugar beet
mean

Estimated
variance

t-value

Test set 1

8.584

10.338

0.286

23.187

Test set 2

8.474

10.222

0.301

22.505

Table 6.2. Statistical results of the 100 Hz FFT discrimination.
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When power values at only a few frequencies are required, it is more
economical to use the Goertzel algorithm than an FFT function, though
the same results are achieved. The Goertzel algorithm is explained in
Appendix D below. The main drawback, however, with all Fourier analysis
is that calculations can only be performed after a window of data has been
collected. This introduces the windowing and D. C. errors described above,
and waiting for the data to be gathered in causes the process to be
relatively slow. Acquiring the window of samples requires data to be
stored in computer memory until the desired number of data has been
reached. Furthermore, the Fourier transform calculation requires
exponential values to be multiplied with sample data, as explained in the
description of Fourier analysis (see Appendix D). The exponential values of
all the possible requirements must be stored in memory to be accessed as
required. Storing and accessing data entail a time-consuming process, and
it goes without saying that substantial amounts of extra electronic
hardware are required. Multiplication of data, in particular, can be a slow
operation also. More economical methods exist, however, and a description
of the utilisation of one of these now follows.

6.1.2 Using optimal phase binning to distinguish stones
from sugar beet
Although the Fourier transform is a very accurate and effective way to
produce spectral information, it cannot be classed as a real-time technique
and is therefore not generally suitable for the most rapid analysis of
signals. For example, spectral analysers on oscilloscopes usually use an
FFT to output frequency information. If the time domain data are
changing very quickly, the spectrum cannot be updated at anything like
the same rate. The result is that changes in the frequency spectrum can
only be shown at a rate much slower than the sampling frequency. In
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some cases valuable information can be completely overlooked because the
spectrum did not update quickly enough.

Optimal phase binning, as described in Chapter 4, is a very fast method
for constructing frequency spectra. Real-time analysis is one special
advantage of optimal phase binning over other methods. Optimal phase
binning is real-time because the data are manipulated as they arrive. This
means that the spectral information is available at any time, and updating
with each data sample. In particular, when spectrum powers of known
frequencies are requiring to be confirmed, optimal phase binning is an
especially effective method.

The method of optimal phase binning has been used in the present
experiments to distinguish between impacts of sugar beet and stones. This
is performed by using a test frequency which matches the anticipated
natural frequency of the sensor arm. As explained in Chapter 5, only
impacts by rocks and stones excite the sensor arm’s resonant frequency.
Sugar beet (both deteriorated and healthy) impacts give rise to heavily
damped responses. Therefore, if there is any considerable spectral power
at the test frequency, then the impact must have been that of a stone or
rock.

The results of the phase binning algorithm for test set 1 are shown in
Figure 6.6 below. Again it can be seen that a simple threshold value could
be used to classify rock and sugar beet impacts. The optimal phase binning
algorithm, however, shows much less overlap of the rock and sugar beet
data types than with the 1250 Hz FFT algorithm. This implies that the
OPB technique allows a greater separation of the data types. Indeed the
statistical results show a t-value of 55.116 for test set 1, suggesting that
the separation of the data is more significant than that seen with the FFT
algorithm, which gave a t-value of 44.549 for test set 1.
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1250 Hz phase binning discrimination
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Figure 6.6. Rock discrimination results using optimal phase binning at 1250 Hz.
Test set 1 results are plotted.

Rock mean

Sugar beet mean (healthy
and deteriorated)

Estimated
variance

t-value

Test set 1

9.931

6.527

0.254

55.116

Test set 2

9.848

6.557

0.249

53.817

Table 6.3. Statistical results of the 1250 Hz optimal phase binning
discrimination.
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The t-values for test set 2 give similar results (53.815 and 42.342
respectively for the OPB and FFT algorithms). This indicates that the two
algorithms output repeatable trends for more than one data test set.

The key reason for the improved results using optimal phase binning is
that using a test frequency, as in phase binning, the results are specific to
that exact frequency. There are no resolution errors, such as those
described above with the Fourier discrimination for instance. Also, as
optimal phase binning is independent of phase angle, the analysis can be
commenced at any convenient point on the oscillatory response waveform.
Simple Fourier methods, however, require the analysis to start at a zero
end condition. It should be noted that the first part of the signal is
recorded whilst the article is in physical contact with the sensor arm. After
the first peak, however, the object is no longer in contact with the sensor
arm, so the oscillations recorded from then on are simply owing to the
properties of the sensor alone. With optimal phase binning, it is perfectly
in order to start the discrimination after the first peak has occurred, thus
improving the accuracy of the discrimination.

The actual embedded microcomputer used in our experiments requires
only a very small snapshot of data in order to perform the discrimination.
Figures 6.7 and 6.8, in particular, show oscilloscope impact readings of a
rock and a health sugar beet respectively. The envelope of data within the
rectangular precinct comprises the data which the microcomputer uses to
make a decision on the frequency power of the signal. This envelope of
data has been chosen to allow a discrimination to be made simply and
rapidly, as all the information required is within this window. The first
data point used for the discrimination is the value of maximum
displacement of the oscillation. This is so that the start point is always the
same for any impact. It is often hard to tell exactly at which instant the
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Figure 6.7. Typical rock response.

V
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
-1

0

1

2

3
4
5
03Dec2001 13:35

Figure 6.8. Typical beet response.
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impact took place, especially when there is a lot of noise. However, there is
usually little confusion surrounding the maximum displacement of the
signal, and the optimal phase binning algorithm is not affected by this
phase deviation, as discussed in Chapter 4. The microprocessor used in
this experiment acquires 48 data samples from this point on. The
sampling in this example is conducted at a rate of 15,000 Hz. This ensures
that there are no Nyquist errors when analysing the 1250 Hz frequency
component. The total data acquisition time is therefore 3.2 ms, and the
final results are calculated just before the following sample is acquired.
The time for rock and stone discrimination is therefore 3.267 ms.

As part of the frequency power calculations the data are normalised. This
is done by subtracting the mean value of the sampled data from each data
point. Subtracting the mean of the sampled data ensures that the
oscillations are about the zero y-axis before the frequency transform is
performed. In reality, the normalising is conducted after all the data
samples have been accumulated. This is done by subtracting the overall
data mean from each of the calculated mean bin values

The actual data samples read by the microprocessor for the two example
impacts are shown in Figures 6.9 and 6.10 and Tables 6.4 and 6.5 below. A
worked example of how the data are used to give a frequency power is
given below. This is done for the two sets of data in order to shown how
the rock or stone results differ from those of a sugar beet.

It is first necessary to specify the interval widths of all the accumulation
bins. The test frequency f t is that of the natural frequency of the sensor
which in this example is 1250 Hz. Recalling Equation 4.1, the interval
lengths for the three bins b1 , b2 and b3 are obtained as follows:
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Figure 6.9. Rock data for microcomputer analysis.

Sample
number
(n)

Time, ms
( nt s )

12-Bit ADC
Data
( x(nts ) )

Sample
number
(n)

Time, ms
( nt s )

12-Bit ADC
Data
( x(nts ) )

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

0.000
0.067
0.133
0.200
0.267
0.333
0.400
0.467
0.533
0.600
0.667
0.733
0.800
0.867
0.933
1.000
1.067
1.133
1.200
1.267
1.333
1.400
1.467
1.533

40
813
1835
2740
3705
4069
4069
4068
3212
2048
1112
877
924
1292
1660
2261
2757
3371
3756
3665
3084
2372
1652
1169

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

1.600
1.667
1.733
1.800
1.867
1.933
2.000
2.067
2.133
2.200
2.267
2.333
2.400
2.467
2.533
2.600
2.667
2.733
2.800
2.867
2.933
3.000
3.067
3.133

1145
1548
2091
2697
3104
3541
3583
3256
2544
1903
1333
1125
1312
1752
2348
2801
3181
3353
3256
2980
2463
2007
1665
1584

Table 6.4. Rock ADC data for microcomputer analysis.
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Figure 6.10. Sugar beet data for microcomputer analysis.

Sample
number
(n)

Time, ms
( nt s )

12-Bit ADC
Data
( x(nts ) )

Sample
number
(n)

Time, ms
( nt s )

12-Bit ADC
Data
( x(nts ) )

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

0.000
0.067
0.133
0.200
0.267
0.333
0.400
0.467
0.533
0.600
0.667
0.733
0.800
0.867
0.933
1.000
1.067
1.133
1.200
1.267
1.333
1.400
1.467
1.533

792
797
809
824
849
872
916
976
1029
1096
1168
1229
1305
1381
1453
1528
1601
1684
1760
1832
1900
1955
2013
2072

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

1.600
1.667
1.733
1.800
1.867
1.933
2.000
2.067
2.133
2.200
2.267
2.333
2.400
2.467
2.533
2.600
2.667
2.733
2.800
2.867
2.933
3.000
3.067
3.133

2120
2172
2216
2256
2293
2321
2345
2360
2372
2384
2393
2405
2409
2417
2425
2425
2425
2419
2417
2412
2416
2420
2425
2433

Table 6.5. Sugar beet ADC data for microcomputer analysis.
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b1 = b2 = b3 =

1
3 ft

.

(4.1)

The values of b1 , b2 and b3 are all equal, so they may be referred to simply
as b . Hence, the value of b for this example is given by

b=

1
1
=
3 f t 3750

,

(6.1)

where the units of b are seconds.

The number of complete data cycles C is calculated from Equation 4.2.
Equation 4.2 is re-printed below as follows:

C = Nt s f t

,

(4.2)

where N is the number of data samples taken at regular intervals of

t s seconds. For this example, the number of complete data cycles is
calculated by
C = 48 *

1
* 1250 = 4
15000

.

(6.2)

The number of times the data folds F is therefore 3 (see Equation 4.3).

The sum of all the data samples in the respective bins B1 , B2 and B3 are
calculated by Equations 4.4, 4.5 and 4.6, and hence

47

B1 = ∑ x(nt s )
n =0

for

1
F
F
≤ nt s <
+
1250
1250 3750
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(6.3)

47

B2 = ∑ x(nt s )

for

n =0

1
2
F
F
+
≤ nt s <
+
1250 3750
1250 3750

(F = 0,1,2,3)

and

(6.4)

47

B3 = ∑ x(nt s )

for

n =0

2
3
F
F
+
≤ nt s <
+
1250 3750
1250 3750

(F = 0,1,2,3) ,

(6.5)

where x is the displacement as a function of time and the sample number.

The three expressions for the total accumulation in each bin shown above
can be expressed more clearly by specifying the precise boundaries for
accumulation. Expressions 6.3, 6.4 and 6.5 can be simplified as follows:

0.000 ≤ nt s < 0.267
47

B1 = ∑ x(nt s )

0.800 ≤ nt s < 1.067

for

1.600 ≤ nt s < 1.867

n =0

,

(6.6)

,

(6.7)

2.400 ≤ nt s < 2.667

0.267 ≤ nt s < 0.533
47

B2 = ∑ x(nt s )

1.067 ≤ nt s < 1.333

for

1.867 ≤ nt s < 2.133

n =0

2.667 ≤ nt s < 2.933

and
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0.533 ≤ nt s < 0.800
47

B3 = ∑ x(nt s )

1.333 ≤ nt s < 1.600

for

2.133 ≤ nt s < 2.400

n =0

.

(6.8)

2.933 ≤ nt s < 3.200

The 1250 Hz power values for the above stone and beet data can now be
calculated by causing the sampled data to accumulate in the relevant
phase bins. The number of samples and the sampling frequency are
specially chosen to make the accumulation of data as straightforward as
possible. By comparing the boundary values for the bin data to the
sampled data, it can be seen that the first four samples are accumulated in
Bin 1, the second four are accumulated in Bin 2, and the third four
samples are accumulated in Bin 3. The following four samples are then
accumulated into Bin 1 again, and so on. This makes the accumulation
coding very simple and the fact that all three bins accumulate the same
number of samples means that averaging is not necessary. However, if the
number of samples in each bin is a power of two, then the averaging can
be conducted very simply by using a binary shift operation.

Calculation of the rock response power value is performed by first
accumulating the sample data to the relevant bins. This yields the totals

B1 = 27259

,

B2 = 55714

and

B3 = 30150
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The mean of the entire sampled data x̂ in this example is calculated as
2356.73. This value is subtracted from the bin average values to normalise
the data. The normalised average bin totals now read

Bˆ1 = −653

,

Bˆ 2 = 1125

and

Bˆ3 = −472

.

The frequency power P is now calculated from Expression 4.7 as follows:

P = 653 2 + 1125 2 + 472 2

,

Pstone = 1916 * 10 3

.

therefore

The data for the sugar beet response are handled in exactly the same way
to give

Bˆ1 = −136

Bˆ 2 = −2

and
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Bˆ 3 = 138

.

The frequency power is also calculated from Equation 4.7 to give

Pbeet = 37 * 10 3

.

There is an order of magnitude between the frequency power of the stone
and that of the beet response. This allows for a discrimination to be made
by assuming that all response data with a high 1250 Hz power magnitude
are those of stone impacts.

Deteriorated sugar beet cause a damped response upon impact with the
sensor. This can sometimes be very similar to the healthy sugar beet, i. e.
the impact gives a power value which is also very similar to that of a
healthy sugar beet. However, as discussed above, this kind of frequency
analysis is useful for discriminating between stones and sugar beet. This
is because the method of optimal phase binning can readily distinguish, in
real-time, between the response waveforms of hard objects such as rocks
and softer articles of grown produce. If the results imply that a sugar beet
rather than some other object has been incident, additional code is then
available to perform further analysis to determine if the sugar beet is
healthy or deteriorated.

6.2 Distinguishing between healthy and deteriorated sugar
beet
Having decided whether the response waveform conveys that of a stone or
a sugar beet, it is then desirable to set up a quality index for all sugar beet
responses. If the frequency analysis classification had indicated that the
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response waveform represented a rock, then it would not be necessary to
perform any further classification and so the object could be earmarked for
rejection straightaway.

As

conjectured

earlier,

the

discrimination

between

healthy

and

substandard produce could be attempted by inspecting the outcome of
frequency analysis. However, the type of waveform associated with grown
produce particularly lends itself to time domain analysis. This is because
no rapid oscillations are induced; however, the waveforms for healthy and
substandard produce are quite evidently different. A number of time
domain analysis techniques have already been discussed in Section 4.2.
These different techniques and methods will now be discussed with
respect to the sugar beet response waveforms in order to argue the
suitability of the chosen discrimination technique.

The

analysis

equipment

has

been

designed

specifically

in

acknowledgement of the fact that consistent impacts are impossible to
achieve. This is owing to an unpredictable object orientation and the fact
that the sensor arm might be stationary or swinging. The algorithm must
therefore be designed with this in mind. If this apparatus were to be used
to determine the amount of maturity of an apple, for example, then certain
impact consistency requirements would have to be met. For sugar beet
though, it is essential that throughput speeds are maintained and so the
consistency of impact must be sacrificed. By the fact that sugar beet only
requires, at present, a good or bad decision, it is suggested that the
apparatus and algorithms used are sufficient to achieve quality results.

In Chapter 4, the pulsatility index was suggested as a possible
discriminant between waveforms, since the waveforms in that case are
similar to those of healthy and deteriorated sugar beet. The pulsatility
index is related to the signal damping, but it is in essence a geometrical
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analysis of a waveform shape. This is done by dividing the waveform’s
minimum-to-maximum

amplitude

by

its

average

amplitude.

The

pulsatility index results for the test set are shown in Figure 6.11 below. It
can be seen that, although the spread of results differs for each data type,
only a small proportion of the deteriorated beet waveforms could be
corroborated using the pulsatility index algorithm. The separation here is
far less straightforward than the frequency analysis method discussed in
Section 6.1.1. The statistical results of all the healthy/deteriorated beet
classification algorithms will be discussed collectively at the end of this
section.

The C 2 index, as used by Delwiche et al. (1987), is also a simple
geometrical analysis of the waveform. It is calculated by dividing the peak
force by the square of the rise time to the peak. Results using this index
are shown in Figure 6.12.

There are many curve fitting and linear algebra techniques which are
designed more specifically to discriminate between sample waveforms.
Two such methods described earlier, in Chapter 4, are the principal
component factor analysis and the Laplace transform methods. These
methods can be used to fit a recorded waveform to a library of known
waveforms and then to decide to which known waveform the samples in
question are most similar. This kind of waveform analysis has no
theoretical basis associated with the actual qualities which distinguish one
consistency of object from another. Linear algebra is simply used to
compare waveforms with previously seen data. These methods, however,
can still allow for a very good discrimination in some cases. A further
problem with some linear algebra and curve fitting techniques such as
principal component factor analysis and the Laplace transform method is
that they often require many calculations to be performed to produce a
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Pulsatility Index discrimination results
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Figure 6.11. Pulsatility index test results. Test set 1 results are plotted.
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Figure 6.12. C2 discrimination test results. Test set 1 results are plotted.
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solution. In the case of principal component factor analysis, the solution

F (i ) = M (i ) + a1 A(i ) + a 2 B(i ) can be constructed from data tests. However, the
coefficients a1 and a2 must be calculated during computation of the signal.
Though this method is more rapid than the least squares curve fitting
method, it still requires a lengthy iterative process to compute a result.
Clearly, this technique would not be possible in real-time as the entire
signal must be gathered before the calculation could be performed.

Looking back at the example data in Figures 6.2 and 6.3, the clearly
visible difference is that the healthy beet response suggests a relatively
large force applied for a period of time. The deteriorated sugar beet
response shows a lesser force being applied for a lengthier period of time.
These results suggest strongly that the form of the impulse is directly
related to the texture of the produce. It is therefore suggested that, as with
the pulsatility index and C 2 equations, the discrimination should be based
on wave-profile analysis of the force-time waveform. It can be seen, in this
specific example of deteriorated sugar beet, that the return fall time of the
pulse is slightly greater than that of the rise time. It is therefore suggested
that the C 2 discriminator should be modified to use either the entire rise
and fall time or just the fall time. Using just the fall time would make the
C2 value become a function of the peak-fall gradient. The actual peak-fall
gradient can be described simply in the present case as the ratio between
the maximum force amplitude Fp and the time interval of peak fall-off t fall
as follows:

G fall =

Fp
t fall

(6.9)

Equation 6.9 lends itself to a good discrimination between healthy and
deteriorated produce. This is shown by Figure 6.13 below.
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Return gradient discrimination results
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Figure 6.13. Pulse return gradient test results. Test set 1 results are plotted.
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The analysis of the peak-fall gradient would perhaps give a better
discrimination if the same impulse force were applied to the sensor with
all impacts. That is to say, the momentum change of the system is the
same for all impacts, though formed by different impulse forces owing to
the firmness of the impacting object. The peak-fall gradient discrimination
is very dependent on the maximum displacement value. In the case of a
sugar beet travelling on a conveyor, it is impossible to achieve a consistent
impact force owing to many external forces. For instance, the sugar beet
may exhibit some kinetic or potential energy of its own at the point of
impact. This could be in the form of a bouncing, non-stationary sugar beet
or one which is incorrectly situated in the conveyor pocket and so misalign
with respect to the sensor upon impact. Furthermore, the design of the
sensors is such that they are pushed out of the way once an object has hit
them. The sensor, in its return swing, may contribute some momentum on
impact also. Furthermore, if the object is not perfectly aligned in the
pocket or if the object is small, then the incidence may only be a grazing
impact which will result in a lesser force. The algorithm, in this case, must
be independent of the peak force magnitude. In other, more closely
controlled environments, it is suggested that a consistent force impact
might be used to achieve the most effective results.

It has been noticed that, in actual fact, the return of the response pulse to
equilibrium state is quite consistent, independently of the force. A
deteriorated beet impact of low force peak does respond in a similar period
of time to that of a high force. It seems that the article remains in contact
with the sensor for a similar period of time, regardless of the maximum
force amplitude. This property lends itself quite usefully for a forceindependent discrimination which can be shown quite clearly by plotting
just the pulse fall time for healthy and deteriorated sugar beet waveforms
respectively (see Figure 6.14). The fall time algorithm produces results
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Fall time discrimination results
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Figure 6.14. Pulse fall time results. Test set 1 results are plotted.

Deteriorated sugar
beet mean

Healthy sugar
beet mean

Estimated
variance

t-value

Test set 1

8.584

10.338

0.286

23.187

Test set 2

8.474

10.222

0.301

22.505

Test set 1

0.205

0.772

0.097

12.909

Test set 2

0.184

0.702

0.094

11.952

Test set 1

2.936

5.780

0.838

21.974

Test set 2

2.953

5.593

1.114

17.682

Test set 1

3.917

6.121

0.424

23.927

Test set 2

3.918

5.985

0.434

22.189

Test set 1

8.432

2.498

2.337

27.449

Test set 2

8.500

2.478

2.249

28.393

100 Hz FFT algorithm

PI algorithm

C2 algorithm

Return gradient algorithm

Fall time algorithm

Table 6.6. Comparison of statistical results for each of the healthy/deteriorated
sugar beet classification algorithms.
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with the least overlap between the two data types. The suitability of the
fall time algorithm is highlighted by considering the statistical results for
each of the healthy/deteriorated sugar beet algorithms (see Table 6.5). It
can be seen that each algorithm achieves a significant separation of the
two data types by the fact that all t-values calculated are greater than the
1% p-value threshold (2.592, as explained above in Section 6.1.1). The fall
time algorithm is the one which gives the greatest t-value for both data
test sets 1 and 2. This indicates that the fall time algorithm yields the
most significant separation between healthy and deteriorated sugar beet
response waveforms.

One further advantage of using the fall time alone is that it yields a low
number for good beet and a high number for deteriorated beet. This has
proved useful for achieving a fail-safe discrimination, as it is imperative
that no healthy produce is accidentally rejected. In the event of a very low
power impact, there may not be enough information upon incidence to
decide whether the produce is healthy or not. In such cases, the fall time
will be quite low, giving a smaller force spike which clearly is going to
return to equilibrium more quickly. The discriminator would then assume
that the produce is healthy and hence not reject it. There is always the
possibility then that a healthy sugar beet might have a low power impact.
The fall time discrimination would automatically accept the impact as that
of a good beet. With any of the other discussed discrimination techniques
there is a residual chance that a healthy object might not produce a high
power impact and so give a low value discrimination result. In that case,
the healthy object would be wrongly classed as deteriorated and
subsequently be removed. In short, by using the fall time discriminator,
there is a chance that a deteriorated sugar beet might be wrongly classed
as healthy. But the sugar beet grader would not ever accidentally remove
essential healthy produce.
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6.3 The two-dimensional discrimination map
This method for classifying three distinct waveforms is novel because it
uses a two-tier computational approach. The first algorithm is required to
deduce if an object's impact response waveform is that of a sugar beet or
rock, then a second algorithm is used to classify which waveforms are
those from healthy sugar beet impacts and which are from deteriorated
sugar beet impacts. This gives rise to a two-dimensional discrimination
map which is used to classify impact response waveforms as they are
incident on the sugar beet sensors. A simple threshold cut-off is used to
classify sampled waveforms in each dimension of the map. The twodimensional discrimination maps for the two selected algorithms is shown
in Figure 6.15 and 6.16 for test sets 1 and 2 respectively. Along the x-axis
are the classification results for the 1250 Hz OPB algorithm and on the yaxis the fall time results are plotted. Those waveforms exceeding a
calibrated threshold on the x-axis will be classified as rocks, whilst those
which exceed a calibrated threshold on the y-axis are classified as
deteriorated sugar beet. Impact waveforms which yield results coordinates
close to the origin of the map - and hence exceed neither threshold - are
classified as healthy sugar beet. The two-tier algorithm is effective
because it allows both oscillatory and impulse waveform data to be
analysed totally independently. Specific algorithms are, hence, used for
each type of discrimination, giving the greatest achievable results.
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Figure 6.15. The two-dimensional discrimination map for data test set 1.
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Figure 6.16. The two-dimensional discrimination map for data test set 2.
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7 Machine Design and Test Results

7.1 Machine design
The sugar beet selection unit has been installed on a CTM Harpley
Engineering 544 cleaner/loader. The dimensions and key functions of the
cleaner/loader are described in the company brochure, a copy of which is
included in Appendix H. The CTM 544 unit (see Figure 7.1) differs from
the standard 500 series machine insofar as it has a parallel roller transfer
unit. This particular unit was introduced to the 500 series in 2000 to allow
improved removal of stones and dirt clods. The rollers transfer the produce
from the pre-cleaner elevator web to the loading conveyor. As the beet pass
over the roller unit, the rollers can be squeezed apart. This allows objects
to be pulled between the rollers, and on to the ground. Much more dirt can
be removed from the sugar beet in this way. Some stones can be removed
or ground up by the rotating augers also.

7.1.1 Achieving one-by-one, single-file sampling
The roller unit is useful for the grading system application as it helps to
guide the produce into single lanes as they pass on the augers (see Figure
7.2). Separating the produce into positions where they can be individually
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Figure 7.1. Standard CTM 544 cleaner/loader in operation.

Figure 7.2. The roller unit’s augers which remove clods and file the produce into three
lanes.
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sampled is a major requirement of the mechanical part of the system. It
has already been noted that if this task is insufficiently achieved then the
sensor readings could easily be affected adversely. The modified 544 unit
allows three lanes of produce to be sampled as it passes along the loading
conveyor web. These lanes are kept apart by physical boundaries on the
conveyor. The conveyor is also split into single-produce pockets which are
300 mm long. The smooth transfer of articles from the roller system to the
loading conveyor is of the utmost importance. It is essential that the
produce is filed into three lanes and that the transfer on each lane places
one article at a time per conveyor pocket. This task was to be undertaken
mechanically; however, the variable shape and mass of sugar beet, and the
desired operating speed of the unit, have made this difficult to achieve.

As the produce reaches the end of the augers, it meets four solid discs
which rotate to maintain the separate lanes. The articles of produce are
also segregated laterally by the rotating rubber transfer flaps (see Figure
7.3). These transfer flaps are aligned so that one article is transferred to
the conveyor in synchrony with an empty pocket arriving in position. From
there onwards the objects are carried along the conveyor web to the
sensors. There they are sampled in their lanes (Figure 7.4) to acquire the
impact data required to generate a select or reject decision.

7.1.2 The rejection mechanism
The rejection mechanism has been designed to remove unwanted objects
whilst working fast enough to avoid contact with any selected produce. As
with all of the individual mechanical units, the rejection mechanism has
been designed by following a standard design procedure (for example,
Wright, 1998). This procedure involves deducing a requirement tree, a
product design specification, brainstorming for conceptual solutions,
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Figure 7.3. The transfer machinery including the roller unit augers (bottom left), the
rotating disks and transfer flaps (middle), and the segregated pocket conveyor leading
to the sensors (top right).

Figure 7.4. Sensors sampling on the segregated and pocketed lanes.
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evaluation of concepts, and the final design selection. Documentation of
these processes for the rejection mechanism can be found in Appendix I
below. Once the final design had been decided, it was necessary to
calculate – starting with a theoretical model - the relevant forces and time
constraints that would have to be overcome in order to achieve the desired
rejection. A rejection actuator was then sought which could meet these
requirements.

The final design of the rejection system involves allowing selected produce
to clear a gap between two conveyors. Unwanted items are rejected by
closing a gate which forces the produce to fall between the conveyors. This
gate is situated above the produce as it clears the gap. When the gate
closes, there is a full force impact which reduces the object’s horizontal
kinetic energy to zero, thus rejecting it to the floor (see Figure 7.5).

7.1.2.1

Rejection system dynamics

Consideration of the impact and operating forces on the rejecter has been
necessary to allow selection of a suitable actuation device. Without
extensive computer modelling and extensive dynamic analysis it is
impossible to determine uniquely the forces applied to the rejection gate.
This is predominantly owing to the variability of sugar beet size, shape
and mass. The variability of the beet gives greatly varying flight paths and
force impacts. The force requirements were assessed by experimentation
using a specially installed test gate to record the force required to change
the direction of articles. The force required to deflect the articles was
found to be approximately 50 Newtons.
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3
1

2
4

Figure 7.5. The sensor (1), the sensor conveyor (2), the rejection gate (3) and the loading
conveyor (4) are depicted. Selected articles are allowed to maintain their desired flight
path on to the loading conveyor. Unwanted items are deflected more than 90 degrees
down the gap to a rejection bin.
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Rejection system actuation

Two methods of actuating the gate were considered, as shown in Figure
7.6. These were linear actuation or the use of a rotational cam and piston
arrangement. The linear actuation might be supplied by either solenoids,
hydraulic or pneumatic power. After brief analysis of these methods it was
apparent that pneumatics would not be able to deliver the required torque.
The torque applied by a linear actuator is relative to the moment arm
displacement and the force applied throughout that displacement. It was
clear from manufacturers’ specifications that no reasonably priced
pneumatics could supply the required force for a suitable stroke
displacement.

Hydraulic actuation was not suitable because the actuator is required to
reset within 200 milliseconds. Hydraulics are capable of supplying very
high force power, but not rapidly. Solenoids were not suitable because, in
order to achieve the required force and stroke, excessively large electric
power would be required. This is not possible from a simple 12 Volt supply
without using a dangerously high current.

The rotational cam and piston method was subsequently chosen and the
availability of wrap spring clutches makes this a very suitable method.
Warner wrap spring clutches are capable of supplying very high speed,
high torque power with only a minimum of electrical power. The clutch is
mounted on a constantly rotating shaft, held inactive by a small solenoid
latch. When actuation is desired, the solenoid is triggered to release the
latch. The clutch activates and allows one full cycle of motion before the
latch disengages it again. The torque is provided by the rotating shaft
which can be controlled by a chain drive or hydraulic motor. The speed of
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Figure 7.6. Two possible actuation methods; linear actuation or rotational, piston
driven actuation.

Sprocket

Shaft
Chain
drive

Clutch
Hydraulic
motor
Cam
Bearing

Figure 7.7. The arrangement of a three clutch system operating three gate cams on a
single power shaft.
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actuation is also solely dependent on the speed of the rotating shaft. The
clutch has a response time of only 10 ms and the Warner CB6 model can
operate with a shaft torque of up to 60 Nm. The actuation of the solenoids
requires 1.5 amperes current from a 12 Volt supply. Figure 7.7 shows an
overhead diagram of a three-lane clutch arrangement powered by a single
shaft. The individual clutch shafts are chain driven from the power shaft
to allow individual operation of the gate cams.

7.1.3 Machine noise and vibration
The sensors and sensor mountings have been designed to reduce the
general machine noise to a minimum. The software uses an acceleration
threshold to alert if an impact has taken place. If the measured
acceleration exceeds this threshold, then it is assumed that an impact has
taken place. It is hence necessary to ensure that the overall noise level is
kept as low as possible to allow a minimal threshold level to be used. Noise
must be suitably small to avoid interference with impact data readings.

Figure 7.8 shows the electronic noise recorded while the machine is not in
operation. This noise comes from the accelerometers alone and can be seen
to have a peak-to-peak variance of approximately 75 data values. This is
approximately 0.02% of the full-scale reading, which is 4096 on a 12-bit
system. The frequency spectrum of this noise shows a peak at
approximately 250 Hz. Above 1000 Hz, the spectral power values are hard
to interpret. No reading above 1500 Hz has been recorded.

Figure 7.9 below shows a noise reading while the machine is fully
operational. Additional noise levels are owing to the mechanical vibration
of the machine. The noise levels are slightly greater than in Figure 7.8,
but on the whole there is no substantial increase. There is a certain
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Figure 7.8. Electronic noise and spectrum.
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increase at lower frequencies, though this is only to be expected from the
low frequency vibration of the engine and moving machinery. This noise
testing shows that the sensors are suitably mounted to keep machine
noise acceptably low. It must however be remembered that the ideal noise
level is, of course, zero. The noise levels of the accelerometers are
relatively large for electronic components and it would clearly be advisable
to reduce this further. This could be done, let’s say, by using a high pass
filter to attenuate frequencies below, say, 300 Hz.

7.2 Considerations for computer code development
Development of computer code for the unit has been conducted in
Microsoft MASM assembly code, using the kind of techniques found in, for
example, Bray (1994). There are two separate areas considered within the
code development. These are the acquisition of accelerometer data and
discrimination, and delay timing and output control. The code is also
required to allow consistent analysis of three parallel sensing lanes. The
overall process for acquisition, discrimination and rejection is shown in
Figure 7.10.

7.2.1 Acquisition of accelerometer data and discrimination
The accelerometer data are read into the computer by simple I/O port
addressing of the analogue input card. Data are read continually and
discarded until a threshold value is encountered. The threshold value is
relative to the acceleration experienced when an object is incident upon
the sensor. The threshold value must, however, be greater than any
machine noise levels and also greater than the acceleration experienced
when the rubber bumpers dampen the sensor’s return motion. Once the
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Figure 7.10. Flow chart diagram to explain the
process involved in acquiring data, selecting
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threshold value is exceeded, data are analysed continuously, checking for
a maximum acceleration value. Each time a new maximum value is
encountered, the discrimination code resets. This ensures that the actual
maximum value of the accelerometer data is used as the starting point for
discrimination. Having found the maximum value, the code investigates a
set amount of sample data to perform the signal analysis.

When the maximum value is found, the subsequent data are accumulated
into the relevant binning areas in accordance with our particular chosen
frequency analysis method. At the same time, for every data value which
exceeds the fall-time return value, a count register is incremented. Once
the data have fallen below the fall-time return value, the incrementation
is halted. This remains halted even if the data return above the fall-time
return value. The final value of this count buffer represents the waveform
fall time as a multiple of run-loop cycles.

Once the desired amount of data values have been collected and
accumulated, the final algorithm calculations are performed. This involves
manipulating the data as described in Chapter 6 in order to give the
natural frequency power of the signal. The fall time value is the number
stored in the increment register. These values are then compared with
pre-chosen boundary values to decide whether the signal represents that
of a healthy sugar beet, a deteriorated sugar beet or a stone or other such
unwanted object. Those signals deduced to be from deteriorated sugar beet
and stones are earmarked for rejection.

7.2.2 Delay timing and output control
At the point of decision, a settle count for the sensor is loaded and
decremented every run cycle thereafter. So long as the settle count exceeds
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zero, no accelerometer data are read. The value of the settle count register
is relative to the time taken for the acceleration signal to settle back to its
steady-state norm. This ensures that a single object does not trigger the
threshold value more than once, thus causing multiple analysis of itself.

Those signals noted for rejection cause an actuation delay time to be
loaded into a reset rejection register. In the present code ten rejection
registers are allocated. This means that ten reject signals can be queued at
any one time. In fact, it is not physically possible to have more than ten
objects on the conveyor web between the sensors and the rejection gates at
any one time, so this number of registers is sufficient. Along with the
delay time, the rejection register is loaded with the lane number and the
information that the gate clutch solenoid is to be powered on.

There are two different delay times which could be moved to the rejection
register. One is for the case where the sensor is stationary, the other for
when the sensor is swinging. The reason for this is that the two conditions
can cause a considerable difference between the impact positions on the
conveyor. This is shown in Figures 7.11 and 7.12.

The two examples show that the sampling position can differ by over 200
mm. The distance between the sensor and the rejection system is
approximately 600 mm, so this can cause considerable differences in the
required delay time applied. The problem is solved by deducing whether
there was an impact on the sensor from the previous conveyor pocket. This
is done by setting a delay-choice value which decrements after impact. The
delay-choice value is relative to the time passed between successive
conveyor pockets. If the delay-choice value has decremented to zero, then
there was no previous impact. In this case, the longer, stationary delay
time is loaded to the rejection register. If the delay-choice value
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Figure 7.11. Impact of a small rock while the sensor is stationary. The sensor is stationary
because the previous conveyor pocket was empty, and the sensor had time to find its rest
position since the last impact. In this example, the distance x is calculated as 128 mm.

Figure 7.12. Impact by a large sugar beet while the sensor is swinging. The sensor arm impacts
with the top of the second large sugar beet. In this example, the value of x is calculated as 338
mm.
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is not zero, then the sensor must be still swinging, and so the shorter
swinging delay value is loaded. In theory, it would be possible to use a
rotation sensor on the impact sensor’s hinge to decide the delay time. This
would then allow the exact position of the object to be known, and the
required delay time could be calculated accordingly. There is however
room for a small amount of error with the delay timing and so the existing
system is sufficient, at least for the time being.

All the delay times, with the exception of the delay-choice, are
decremented with each pulse of the shaft speed encoder. This allows the
delay time to be corrected for all operating speeds of the conveyor. The
shaft encoder is read on each run cycle by direct port access of the digital
I/O on the ADC card. The encoder returns values of zero or five volts and a
pulse is detected for every positive change.

During every run cycle, all ten rejection registers are assessed by the code.
If a rejection register has decremented to zero then the software prepares
to actuate the solenoid relays. The code first assesses which lane is to be
actuated and then clarifies that the solenoid is to be powered. If the
solenoid is indeed to be powered, then the relay is switched by direct port
addressing of the relay board. The same rejection register is then loaded
with a new delay time and noted for power off. This new delay time is the
on time required for the rejection solenoid to actuate. This is
approximately 50 ms. The rejection register then continues to decrement
on every encoder pulse. If, when the register is found to have decremented
to zero, the code is for power off, then the appropriate coding is loaded to
the relay port to switch off the solenoid.
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Figure 7.13. Flow diagram for the computer code run cycle.
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7.2.3 The run cycle for a three channel system
The run cycle is designed to include analysis of all three channels, analysis
of the shaft encoder and analysis of the rejection registers. See Figure
7.13. A pause delay time is then implemented before looping back to the
start. This pause time is used to ensure that the run cycle time is the
desired sampling period. Where branches in the code are encountered,
alternative routes include no-operation pauses to ensure that each path
operates in the same amount of time.

During the pause delay, at the end of the cycle, the code outputs a digital
pulse to the ADC I/O board. Incidentally, this allows the run cycle period
to be confirmed by using an oscilloscope. During the pause time the
software scans to see if the stop key has been pressed on the control pad. If
the stop button is depressed, then the program halts and the quantities of
healthy beet, deteriorated beet and stones are output to the screen.

7.3 Machine efficiency and operational statistics
In the previous chapter it was asserted that optimal phase binning was
the most efficient form of frequency analysis for this application. In the
final

design of the sugar beet grading machine, an embedded

microprocessor application of optimal phase binning has been used to
classify between sugar beet and rocks. In order to make the embedded
application as efficient as possible, the maximum values of all
accumulation registers have been limited to a 16-bit value. This has been
done by factorising all impact values so that a value in excess of 16-bits
cannot be achieved in any of the accumulation registers. Also, where
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possible, the algorithm uses binary shift division to speed up computation.
This means that specific average bin values are not actually calculated.
However, as there is the same amount of data accumulated to each phase
bin, dividing each bin total by an arbitrary power of two does not degrade
the results of the classification. Because of these embedded code
optimisations, the optimal phase binning power values calculated are
regarded as 'relative' power values in the final design.

The fall time algorithm for determining the quality of those articles
classified as sugar beet is implemented by counting the number of samples
gathered before the response signal returns to its steady value. There are
only 48 samples recorded for each impact, and so the maximum value of
the fall time counter is 48. This number of samples has been found to be
sufficient as it represents a fall time well in excess of the values acquired
for healthy sugar beet. The sampling frequency used in the final design is
10 kHz. This speed is sufficiently fast to acquire quality impact
waveforms, whilst allowing enough time for the microprocessor to perform
the classification algorithms on three channels of data (three sensors) in
real-time simultaneously.

A major point to note for the overall effectiveness of the working machine
is the effectiveness of the mechanical rejection system. That is to say, of
the articles which were chosen to be rejected, we need to know how many
were successfully removed to the rejection area. This has a key bearing on
the overall performance of the unit. For example, if, say, 90% of rocks were
successfully detected, and 90% of those rocks were successfully rejected,
then the overall efficiency of the machine would be 81% for rocks. It can
therefore be seen that the rejection mechanism must work as effectively as
possible to make good use of the detection algorithm.
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7.3.1 Full operation hypothesis test procedure
To analyse the operational results for each object, the machine was run in
field-working conditions with individual batches of healthy sugar beet,
deteriorated sugar beet and stones. As with the algorithm selection tests,
the deteriorated beet were those that had been previously exposed to frost
damage. The stones used were those typically found in British sugar beet
fields. Data were collected over a number of months between May 2001
and January 2002 to ensure the significance of the results. The data
collected for hypothesis testing is included on the accompanying CD-ROM
disk.

The aim of this operational testing is to justify the hypotheses suggested
in the previous chapters. The models developed in Chapter 3 describe the
expected response waveform data for impacts of healthy sugar beet,
deteriorated sugar beet and stones. It is further suggested in the following
chapters that efficient signal processing techniques can be used to classify
the three types of response waveform. Hypothesis testing is required here
to clarify that the developed models do indeed translate into the field and
that the practical application of a sugar beet grading unit is possible.
Standard significance testing on the means of sets of unpaired data is used
to test the hypothesis for sugar beet grading. A description of the
statistical equations required to conduct this significance testing is given
in Appendix G.

7.3.2 Full operation hypothesis test results
The optimal phase binning and fall time algorithm results for the
hypothesis test data are shown in Figures 7.14 and 7.15 respectively. The
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Figure 7.14. Optimal phase binning algorithm results for the hypothesis test data.
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Figure 7.15. Fall time algorithm results for the hypothesis test data.
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two-dimensional

discrimination

map

for

this

test

data

and

the

accompanying field data hypothesis test results are shown in Figure 7.16
and Table 7.1 respectively.

The hypothesis test results show that both classification algorithms, when
performed on actual field data, give very significant results. The t-values
representing a 1% significance level are 2.577 and 2.578 for the phase
binning and fall time hypothesis tests respectively (as acquired from
statistical tables). Table 7.1 shows that these values are greatly exceeded,
and so the hypothesis described above is indeed valid. The developed
sensing

and

analysis

system

does

therefore

allow

a

significant

classification between healthy sugar beet, deteriorated sugar beet and
rocks. The system is designed around the response models described in
Chapter 3 and the signal analysis techniques discussed in Chapter 6, and
so the field data hypothesis test results indicate that these laboratory
models and discrimination techniques do translate into the field.

The classification method finally requires calibrated thresholds to be
applied to each axis of the two-dimensional discrimination map. With
these thresholds in place, approximately 80% of deteriorated beet impacts
can be successfully classified. Approximately 97% of stones and rocks are
correctly classified and fewer than 1% of healthy sugar beet are
accidentally classified incorrectly.

The effectiveness of the rejection mechanism has been observed
continuously during field testing, though no major statistical analysis has
been conducted on it at this time. It has been observed that approximately
94% of articles classified as deteriorated sugar beet are successfully
removed by the mechanical rejection system. Approximately 88% of
articles classified as rocks are successfully removed. One conjecture for
this difference is that the rocks, being on the whole harder and heavier,
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Field data 2D discrimination plot
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Phase bin algorithm

Fall time algorithm

Rock
impacts

Beet
impacts

Rock
mean

Beet
mean

Estimated
variance

t-value

572

2782

8.058

6.201

0.087

137.185

Bad
impacts

Beet
impacts

Bad
mean

Beet
mean

Estimated
variance

t-value

679

2103

44.505

20.904

47.002

77.992

Table 7.1. Statistical results for the hypothesis test field data.
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have a greater momentum to be opposed by the rejection gate. The
rejection gate is a sprung system which absorbs some of the impact shock
from the rejection actuators. However, this spring does allow some very
hard or odd shaped rocks to push on through the gate and continue on to
the loading conveyor.

It has also been noticed that during field testing, the actual discrimination
efficiencies are slightly less than those encountered in the laboratory. It
has been noted that during continuous operation, a regular throughput of
sugar beet is not always achieved. As the hopper fills and empties, the rate
of beet being conveyed alters accordingly. This means that the ideal
hopper conveyor speed is probably not the same for all conditions. With
the hopper speed set slow, the conveyor pockets can be efficiently filled;
however, when the hopper is reloaded with beet, the articles do not run so
freely and so many pockets are left empty. Running the hopper fast means
that when the hopper is full, the pockets can be quite efficiently filled, but
as the hopper empties, many beet are conveyed simultaneously, and this
can result in some pockets carrying two or three articles. These
occurrences hamper the overall efficiency, and it has therefore been
necessary to set the speed somewhere in-between to give the best
performance. Invariably, when there are too many articles at once, they
possess

inordinate

kinetic

energy,

which

can

impinge

on

the

discrimination effectiveness. Likewise, if the articles are not stationary on
the conveyor, then they are likely to pass through the rejection mechanism
with a trajectory which is hard to predict. This can lead to articles being
dropped down the rejection cavity, for instance, without the rejection
mechanism actually being actuated.

Unfortunately, a small percentage of healthy sugar beet (less than 1%) are
accidentally rejected during field operation. The fact that some healthy
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beet are rejected to the floor can only be owing to two causes. Firstly, the
articles may be incorrectly classified, or secondly the articles may
accidentally fall through the rejection gap. It has been noted that without
the discrimination software running, a few articles do fail to clear the
rejection gap. This is quite odd as the majority of articles do clear the gap
by a safe margin. It seems that when the delivery conveyor is overloaded
with objects, some do not get thrown from the top of the conveyor
effectively. These objects simply topple over the edge and into the rejection
area. In workshop operating conditions, this was not found to be the case
and it is therefore assumed that the inconsistent throughput from the
conveyor is to blame for reduced efficiencies encountered in working
conditions. This too can impair the performance of the discrimination
insofar as an effective impact is not always achieved. It must be
remembered that the unit does correctly classify most objects and almost
all of those required to be rejected are indeed rejected. Unfortunately, in
the case of healthy beet, there is little room for error. It has already been
explained that there might be 30,000 sugar beet in one lorry load. If, say,
1% are accidentally rejected, then this is 300 healthy beet per load. This
might not be acceptable in some cases - the good beet must be successfully
transported every time. This was a main requirement for the rejection
mechanism, though it is evident that it does allow errors to occur, even
though they might not be actually owing to some inefficiency in the
mechanism. Digital video analysis may be required to find the true root of
the problem, in which case results and waveforms could perhaps be
compared with the orientation of articles on the conveyor. The trajectory of
the beet clearing the rejection cavity could be analysed also. It is felt,
however, that if the throughput were controlled such that every pocket
effectively carried one article each time then very few healthy beet would
be dropped accidentally. It is essential that this mechanical problem is
overcome before the unit can be completely commercially viable. It is
therefore suggested that further research should be conducted in the area
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of aligning the articles for sampling. For the present apparatus it is
perhaps necessary to install a further mechanical unit to the hopper end of
the machinery to ensure a better controlled conveyance of the articles.

7.4 Quality assessment
A quality assessment exercise has been conducted to attempt to correlate
the fall time values with the quantity of deterioration. A batch of sugar
beet were tested in the laboratory with out the conveyor system. The sugar
beet were individually restrained on a mat below the sensor arm. The
sensor was then held horizontal and allowed to fall 90 degrees into contact
with the beet. The sugar beet were of various grades of deterioration, some
being severely deteriorated, others being perfectly healthy, and with
others again being partly deteriorated. The extent of deterioration was
calculated on a percentage mass basis by destructive measurement
following the impact testing. Each article was impacted three times. Each
time the article was positioned with a different orientation to record
strikes on various positions of the root.

The mean results gathered are shown in Figure 7.17. These results
highlight many trends. Most notably, it can be seen that there is no
unique correlation, though the results are scarcely random either. The
results seem to occupy a region within two gradients, as shown by the
black dashed lines in Figure 7.17. This suggests that there is another
discriminating factor which may account for the gradient of the results. It
may be the case that articles with a greater mass follow a higher gradient
than lower mass objects. It is, however, unlikely that the objects’ mass is
the simple explanation. There is a great likelihood that the orientation of
the article is a relevant factor. For example, objects struck on the crown
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Figure 7.17. Mean response fall time versus percentage deterioration.
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Figure 7.18. Variance of response fall time versus percentage deterioration.
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of the root might follow a high gradient, whilst objects impacted on the
body of the beet might follow a low gradient. If the sensing method were to
be used to grade the maturity of apples, for example, it would be required
that the results of the discrimination algorithm correlated with the degree
of maturity. The results shown in Figure 7.17 show that, at present, there
is no great correlation; however, there is a definite trend. The fall time
results for 100% deteriorated beet are much greater than those for
perfectly healthy beet. There is, however, quite a large spread of results
over all of the articles. Perhaps this is because different types of
deterioration alter the articles’ textural properties in different ways. It is
certainly the case that old beet which are not diseased do become rubbery,
yet they retain a hard surface. Bruised and diseased beet don't deteriorate
in this way. Usually damaged and diseased beet become rotten and jellylike. This makes it hard to classify the amount of deterioration in sugar
beet, though it is true that the specific amount of deterioration is not such
an issue in the sugar beet industry. Once a sugar beet is slightly damaged
or diseased, it will rapidly deteriorate to become wholly bad. This is not
the case when discussing, say, apple maturity, which alters uniformly over
a longer period of time.

A dependence on orientation is highlighted by Figure 7.18. This shows the
range of results used to obtain the mean. Some results have a relatively
large variance. That is to say, the mean is calculated from three very
different impact results. In this case it can be expected that the
deterioration of the root is not uniform, and impact in one orientation may
be on healthy tissue, whereas a different orientation may mean that the
sensor is incident on damaged tissue. This does however suggest that the
results of the sensor are quite local and thus do not give a unique
indication of the overall quality of the root. However, the variances do still
show the general trend that a greater percentage of deterioration does
result in a greater fall time. Indeed, no healthy articles caused a fall time
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reading of greater than 35, whereas seriously deteriorated articles could
exceed 140. The fact that there is some such pattern to the results shows
that a correlation with the quantity of deterioration might, ultimately, be
possible. This would be of great benefit, especially if, for example, the
apparatus were to be used to grade the maturity of other kinds of grown
produce such as apples or pears.

It seems that the varying shape and mass of sugar beet make correlation
with deterioration hard to achieve. The results shown however suggest
that this equipment could be well suited to grading a uniform quantity of a
different produce. It is believed that an accurate correlation could be
achieved for apple maturity and the uniform size and shape would make
mechanical handling much more efficient. For sugar beet, the quantity of
deterioration is not such a huge issue, and so the methods and apparatus
are also particularly suitable for this application.
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8 Conclusions

This research has brought together many different disciplines in order to
define a total solution to a previously unsolved problem. Of all the seminal
texts discussed in Chapter 2, none provides a complete appreciation of all
the aspects required for successfully grading grown produce. In order to
develop a complete solution, it has been necessary to discuss diverse
aspects of electronic, mechanical and agricultural engineering as well as
having an understanding of the sugar beet crop and the commercial
requirements of the automated grading machinery.

In developing the sugar beet grading system, a mechanical vibration
sensor has been modelled and designed to give unique impact responses
for healthy sugar beet, deteriorated sugar beet and rocks and stones. The
acquired impact data are analysed and classified using modern
mathematical methods, such as optimal phase binning, to obtain the best
possible results. The analysis system has then been installed on a
mechanical sugar beet grading machine to provide a complete solution the grading machinery successfully aligns the produce for analysis and
removes unwanted articles as they are detected.

The proceeding sections in this chapter summarise and conclude the
achievements and observations arising from the present research.
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8.1 Acquiring unique response data for healthy sugar
beet, deteriorated sugar beet and rocks

8.1.1 A new theoretical basis for grading grown produce
In order to distinguish and hence classify healthy sugar beet, deteriorated
sugar beet and rocks, an impact sensor has been designed which gives
unique response waveforms for each type of impact. The theoretical basis
used for acquiring unique signals for each type of impact is quite different
from any of the previous methods discussed in Chapter 2. Historically,
innovators have attempted to measure some particular property of grown
produce in order to achieve a correlation with the produce's quality,
maturity or some other textural property. For example, Finney (1970,
1971, 1972) and, more recently, Schmulevich et al. (1996) used the
measured natural frequency and mass of apples to grade quality.
However, it has been explained in this research that it is impossible to
measure natural frequencies or the impact response data of a particular
article without first physically attaching a sensing device to that article.
Attaching a sensor to each item of grown produce is not feasible for rapid
throughput analysis, so an alternative approach has been sought.

The present sensing method acknowledges that no single physical
property of sugar beet is being measured. Each item is caused to impact a
specially designed sensor, which measures the response waveform with an
in-built accelerometer. Therefore, the only properties measured by the
accelerometer relate solely to the vibrational characteristics of the sensor
itself. The sensor is designed so that impacts from healthy sugar beet,
deteriorated sugar beet and rocks give uniquely different response
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waveforms. The waveforms then can be analysed to give an indication of
the textural properties of the impacting article.

8.1.2 Modelling of the impact sensing system
The sensor is designed so that an impact from a particularly firm object
excites the sensor's natural frequencies. Impacts from relatively soft
objects do not excite the sensors natural frequencies so much. The design
of the sensor has been aided by modelling the expected response
waveforms for different types of impact; this is shown in Chapter 3. The
modelling was conducted using the central difference method to plot the
expected response waveforms given a specified impulsive force input to a
mechanical system with known vibrational properties. The response
models indicate that if the impulsive impact contains components of the
sensor's natural frequencies, then those frequencies will be excited during
the impact. The impulse of a hard object's impact is over a shorter time
period than with softer objects. A more rapid impulse contains a wider
band of frequency components, as shown in Section 3.1.2. The sensor has
therefore been designed so that its most prominent natural frequency falls
within the band of frequencies excited by a rock impact, yet outside the
band of those frequencies excited by a less rapid impulsive impact, such as
that of a sugar beet. A frequency of 1250 Hz is found to fall into this
category, and so the impact sensor is tuned so that this is the most
prominent frequency excited upon a rapid impulsive impact. Experimental
modal analysis has been performed in order to understand the sensor's
exact response to measured impulsive impacts. This analysis showed that
when the sensor is impacted at its elongate end, the tuned natural
frequency (in this case 1250 Hz) is excited much more than any of the
sensor's other natural frequencies.
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Verification of the system models is shown in Section 7.3.2. Here it is seen
that applying the selected classification techniques to field test data gives
a significant separation of results for healthy sugar beet, deteriorated
sugar beet and rocks. This is the hypothesis suggested by the developed
system models. It is therefore confirmed statistically that the theoretical
basis gained from the laboratory test modelling does indeed still hold true
when applied to in-field conditions.

8.2 Classification of the impact response data using a
novel two-dimensional discrimination map
The method for classifying the acquired impacts is split into two separate
algorithms. The first is a frequency analysis algorithm for classifying
rocks and sugar beet. The second algorithm determines the quality of
those impacts classified as sugar beet. Many different algorithms have
been discussed and analysed in Chapter 6 to determine the most effective
algorithms for use in the final design of the grading system. Statistical
tests have been conducted to validate and verify the chosen system
identification methods. In Chapter 6, selected algorithms are used to
classify two independent data test sets. The statistical results for each
algorithm show that similar significance levels are achieved for both test
sets, and this in turn shows that the methodology for classification is
repeatable for independent sets of data. The statistical analysis gives a
significance level for the separation of the data types for each of the
algorithms considered. It is seen that each algorithm achieves a significant
separation of the data types. Optimal phase binning gave the most
significant separation for rock classification. The impulse response fall
time gave the greatest significance of separation for identifying
deteriorated sugar beet from healthy sugar beet.
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The two tier approach for analysing three different data types give rise to
a novel two-dimensional discrimination map for classifying each impact
response. This is a new method for classification, which allows three
different data types to be easily identified from a single map. When
calibrated thresholds are applied to the two-dimensional discrimination
map it is possible to classify each response from its two unique analysis
results - these being the optimal phase binning power value and the
response fall time value.

8.3 Using optimal phase binning for frequency analysis
Optimal phase binning is a relatively modern method for frequency
analysis, having been first devised by Sweet in 1992. The use of optimal
phase binning for analysing response waveforms in the sugar beet grading
system is thought to be the first independent application of this new
technique. A full example of optimal phase binning for analysing response
data has been included in Chapter 6. This example highlights the
simplicity and efficiency of optimal phase binning and hence helps to
validate the use of optimal phase binning for frequency analysis.

8.3.1 The advantages of optimal phase binning for grading
sugar beet
Optimal phase binning was found to be the most efficient frequency
analysis algorithm for identifying rocks and stones from sugar beet.
Fourier methods are commonly used for frequency analysis. However, for
sugar beet grading, optimal phase binning has some unique advantages.
Optimal phase binning requires fewer multiplications in order to compute
frequency power values, and individual frequencies can be analysed
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without the need to compute a complete frequency spectrum. This allows
specific frequency powers to be computed rapidly, which this is a major
requirement of the sugar beet grading system. The faster the analysis can
be performed, the more channels of data (i. e. more sensors) can be
analysed by a single microprocessor. Optimal phase binning also allows
frequency power values to be computed in real-time, and this means that
the binning result is available as soon as the final sample has been
acquired. Most frequency analysis methods require a window of data to be
stored in computer memory, then the spectral power values are calculated
by looking at the signal as a whole once all the data have been acquired.
This is not necessary with optimal phase binning, and so access memory is
not required. Thus results are available much sooner than with
conventional methods.

The optimal phase binning algorithm was found to give a more significant
separation of data types than the conventional fast Fourier transform
algorithm. In general, Fourier methods give very good results for
frequency analysis, although it is sometimes necessary to first manipulate
the data window to reduce D. C. components, for example. It would most
likely be possible to produce a Fourier-type algorithm to achieve similar
separation significance as that of optimal phase binning, however, this
would be at the expense of computation speed. It has already been
discussed that optimal phase binning is a more rapid method than the
FFT, so any further computation would be undesired for this specific
application. Optimal phase binning therefore gives the best compromise
between computation speed and the accuracy of results.
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8.3.2 The phase independence property of optimal phase
binning
Another important property of optimal phase binning is the fact that it is
phase independent. This means that the phase angle whence analysis is
started does not become a factor in the computed results. This is an
advantage for the sugar beet grading system because the envelope of data
used commences at the transient waveform's point of maximum
amplitude. The phase angle is therefore not zero and so a phase
independent algorithm is required.

Section 4.1.2 gives a mathematical proof of the phase independence
property of optimal phase binning. This proof is included as an extension
to Sweet's proposal that optimal phase binning does indeed allow phase
independence (Sweet, 1994, 1999). It is shown that the minimum number
of bins for phase independence is three. This number of bins is classed as
'optimal' because fewer bins require less computation and, as explained by
Sweet, it allows noise to be treated as effectively as possible. Noise is
treated best when the ratio of the optimal phase binning power integral
and the square of the waveform amplitude is kept as small as possible, i. e.
with as few bins as possible.

8.3.3 Phase binning with four bins
It has been noticed during this research that phase binning with four bins
also allows frequency power values to be calculated with phase
independence. Although phase binning with four bins is not classed as
'optimal', there are certain cases where phase binning with four bins
might actually give an advantage. In order to normalise data before
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frequency analysis is performed, first the mean value of the sampled data
must be subtracted. Division can be a time-consuming process unless
binary shift operations are used. It is therefore an advantage to use an
integer power of two number of data samples, thus allowing the mean of
the data to be calculated rapidly. However, it is also advantageous to avoid
further averaging by accumulating exactly the same number of data
samples to each phase bin. If three bins were to be used then we would
desire the total number of samples used to be both an integer power of two
and a multiple of three. Unfortunately this is not possible as there is no
such number. If four bins are used, however, it is possible to use a total
number of samples which is a power of two and a multiple of four. This
allows the mean of the data to be calculated by routine binary shifting and
further averaging is unnecessary because each bin accumulates the same
number of sample data. For these reasons, although effective noise
treatment is slightly reduced, it might sometimes be advantageous to
perform phase binning with four bins, rather than the optimal three.

8.4 The sugar beet grading system - a total solution
As explained above, this research considers every necessary aspect in
order to produce a complete sugar beet grading system. The data
acquisition and discrimination techniques used have been discussed and
validated in the sections above. It has also been necessary to develop
agricultural machinery in order to provide a total solution for
automatically grading sugar beet.
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8.4.1 Aligning produce for repeatable sensing
Most techniques for discriminating produce use an analytical method
which requires sampling of each individual item of produce. The first
problem with this is ensuring that articles are presented to the sensor one
by one. Secondly, most types of grown produce have a non-uniform shape
and so the actual point of sensing too should, ideally, be controlled.

The sugar beet grading unit utilises the CTM 544 roller unit to lane the
articles into single file. The conveyor transition equipment then helps the
crop to be positioned one by one into conveyor pockets. This is a
mechanical system which can never be 100% perfect. There will always be
the possibility that two articles may occupy one pocket, and this can
seriously affect the discrimination. In this case, the machinery has been
designed to be as efficient as possible in all other respects. Methods for
further improving this and all other mechanical efficiencies will be
discussed below in Chapter 9. The main problem with the present system
for sensing is that the sugar beet may occupy the conveyor pocket such
that any part of the produce could impact the sensor.

As part of the quality assessment, three impacts were measured and
averaged for each article. The three impacts were taken from three
different positions on the root and it can be seen - in some cases - that the
three results vary quite considerably. It is therefore perhaps not sufficient
to take one single impact from an item which is being sampled, though
this does ask questions about how multiple results should be averaged. It
seems reasonable to suggest, however, that the area of the produce which
represents the most average reading for the article should be used as a
compromise. It is not practicable to take multiple samples from each object
in a throughput process. In the case of sugar beet, the body of the root
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contains the largest distribution of mass and so this can be assumed to be
the best place to take readings. Of course this allows errors to creep in, but
the compromise saves time to allow use within a commercial product. On
the machine there is still no guarantee that the body will actually impact
the sensor. However, as it is the largest area of the root, errors should be
kept to a minimum.

8.4.2 The rejection mechanism
The machine rejection system is perhaps the decisive function of any
sorting machine; indeed, it is the function which ultimately governs the
overall effectiveness of the machine. The rejection system is a mechanical
device which will always involve errors owing to mechanical inefficiencies.
Such inefficiencies arise principally from the possibility that an article
may be, for example, disfigured or of a slightly different mass distribution.
Furthermore, no mechanical configuration can be uniquely repeatable for
all articles. Disfiguration would probably not cause concern for the
discrimination process, but problems could arise during rejection. In the
case of the sugar beet sorter, a deformed object would probably maintain a
different flight trajectory as it crossed the gap for rejection. If a particular
object were earmarked for rejection then it might accidentally skip
underneath the rejection gate because of its different trajectory. Similarly,
different objects do tend to settle on the conveyor in different positions and
orientations. This means that each object leaving the conveyor does so
with forces applied at different angles and at different times. Again, this
can sometimes allow an unwanted object to escape rejection altogether.
The main limiting factor with the rejection mechanism is speed. If, say,
five articles are to be processed per second then the rejection mechanism
must operate and reset within 200 ms.
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Sugar beet is a somewhat inconsistent product insofar as it is of nonuniform shape. The mass and size of sugar beet mean that relatively large
forces and actuation distances are necessary. This imposes major
constraints on the types of actuation method which might be feasible.

The designed sugar beet rejection mechanism does produce good results,
as explained in Chapter 7. It is felt that at this moment in time the design
is perhaps as good as it could be. Running at slower speeds would
undoubtedly improve the rejection efficiency, and introducing more lanes
and sensors to the system could compensate this for. To improve the
efficiency of rejecting sugar beet - one of the most variable, heavy and odd
shaped of all grown items - would probably require an indexing system
similar to that described by Mehlschau et al. (1981). Such a system would
improve the rejection efficiency, but the cost, size and speed of the unit
might make it totally impractical.

When calibrated classification thresholds are applied to the twodimensional discrimination map it is seen that approximately 97% of rocks
and stones are successfully discriminated. Around 80% of deteriorated
sugar beet can be detected and more than 99% of healthy sugar beet are
correctly classified. The rejection system has been observed to successfully
remove 94% of articles classified as deteriorated sugar beet and 88% of
rocks and stones. Some healthy sugar beet (less than 1%) do accidentally
end up in the rejection area, even though the rejection mechanism has not
been requested to remove these objects. The fact that some healthy sugar
beet are removed by the system (by false classification or by accidental
removal) does cause some concern. It is believed that improvements to the
mechanical transportation and rejection systems could reduce this
inefficiency to a negligible level.
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8.5 Using the developed technology for grading other
produce
The quality assessment exercise has been carried out in Chapter 7 to
consider the potential for using this apparatus for classifying produce
other than sugar beet. There are many different areas of grading produce;
the sugar beet grading system is aimed particularly at detecting
deterioration and rogue objects, such as rocks and stones. Many previous
studies discussed in Chapter 2 consider maturity or ageing in apples and
other produce. The quality assessment shows that it could be possible to
develop a correlation with the quantity of deterioration. However, this
assessment also highlights that localised deterioration could be missed by
the present system. This is due to a dependency on the orientation of that
impact the sensing device. As explained previously, localised deterioration
is not such an issue for sugar beet as usually a root will be either
completely healthy or completely deteriorated. Frost damage, which is the
most common cause of sugar beet deterioration, causes a root to
deteriorate quite uniformally throughout. Similarly, an apple can be
expected to have a uniform maturity throughout its core, also storage
ageing affects the entire produce equally rather than any particular
localised area. For this reason it is concluded that the sugar beet grading
apparatus could easily be recalibrated to grade, for example, apple
maturity or storage ageing.

The sugar beet grading system is particularly efficient at detecting rogue
rocks and stones. Rocks and stones cause many problems to the sugar beet
refiner such as shattering cutting knives - this might halt the entire
factory process while they are replaced. Detecting rogue objects has been
identified as a commercial opportunity within the potato industry. Rogue
objects have even greater implications for potato crisp factories because a
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rogue object could potentially end up in actual packet of crisps. The crisp
makers put heavy pressure on potato growers to ensure that rogue objects
do not enter the factory. The type of unwanted objects could be stones,
nuts and bolts, plastic bottle tops, wood, animal bones and, perhaps the
most concerning is glass. All these items are found in UK potato fields and
unfortunately many are not removed by manual grading lines. Nuts and
bolts can be detected by magnets and stones can be removed during
washing, but wood, plastic, bone and glass are much more difficult to
identify. The principles of the sugar beet grading system have been
adapted by Harpley Engineering Ltd to develop a rogue object detector for
potatoes and first-generation units are starting to be used by UK potato
growers. The rogue detector system works on entirely the same principle
as the rock detection aspect of the sugar beet grading machine. The key
differences with the potato unit is that analysis is done en masse, as the
potatoes do not need to be segregated into lanes. Furthermore, the sensors
are held stationary in a 'xylophone' style arrangement. Figure 8.1 shows a
rogue object detection demonstration rig. The potatoes are allowed to fall
on to the sensing rack as they are conveyed. Each sensor is designed so
that potato impacts do not excite certain known natural frequencies of the
sensor bars. Any objects that do excite these known natural frequencies
are rogue objects. When a rogue object is detected, a conveyor belt is
reversed so that a batch of potatoes (including the rogue object) is rejected.
The commercial implications of submitting rogue objects to the factory are
so great for the grower that it is more than worth losing a few potatoes to
be certain that all unwanted items are removed. This allows the simple
reverse-conveyor rejection mechanism to be used.

Customers of the rogue object detection unit are currently very satisfied
with its performance as it adds an extra level of confidence to the manual
potato grading line. The rogue object detector has a very high level of
effectiveness when identifying all rogue objects, and especially bone,
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Lane 3 rogue indicator LED activated

Rogue object incident on sensor No. 3
Figure 8.1. A potato sensing system demonstration rig. Articles are allowed to fall off the
delivery conveyor on to a bank of 10 sensor bars. Hard ‘rogue’ objects excite the sensors’
common natural frequency. Detection of this excitation by the microcomputer unit (not
shown) causes the appropriate lane’s rogue indicator LED to activate and a buzzer
sounds. Above is shown a rogue plastic bottle top being detected on lane 3.
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plastic and glass, which have previously been very difficult to detect. The
simplicity of this application reduces the impact of mechanical issues such
as alignment for sensing and the rejection mechanism. The sugar beet
grading system requires these mechanical systems to be highly efficient,
and this is the only area where improvement is required to develop a
commercially viable sugar beet grading system. The theoretical basis and
analysis methods developed for sugar beet grading, however, do hold
commercial potential already, as proved by the rogue object detector for
potatoes. It has always been known that sugar beet is a difficult type of
produce to grade automatically, mainly due to its size, mass and uneven
shape. The commercial needs of a sugar beet grading system are also
difficult to meet because of its relatively low market value and the fact
that growers are not willing to sacrifice any healthy crop. The sugar beet
grading system is very effective at grading sugar beet and with
mechanical transportation improvements it is felt that a commercial unit
will be well received by sugar beet growers. Potatoes have been identified
as a crop with perhaps more commercial necessity for an automatic
grading system. The rogue detection system for potatoes therefore proves
that the theoretical basis developed for sugar beet grading does provide
commercial solutions to previously unsolved problems, and this technology
might possibly be transferred further to provide total solutions to many
other agricultural produce grading applications.
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9 Recommendations for Future Work

This research is seen as a first attempt at grading grown produce and it
has been approached from the vantage point of signal analysis and
processing. As has been discussed before, there are three key factors to
produce an efficient sorting system. These are sampling the produce,
discriminating and rejecting. Although work has been carried out in all
three areas to produce a working concept machine, the initial aim was to
produce signal analysis software which could discriminate between good
and bad sugar beet as well as rocks and stones. The mechanics involved in
sorting and selecting beet are very interesting areas of research and it is
thought that further improvement of these areas could improve the
working efficiency of the machine considerably.

Here are now recommended areas of design and research which may be
conducted to further improve the efficiency of the unit in future
embodiments. It must be remembered that there must be a commercial
gain from any future developments. It is not desired to improve the
efficiency of the unit by, say, one percent if this causes the machine to
become priced outside commercial viability. However, as research and
development usually go, it is often possible to analyse methods of
improvement and then reduce the costs until improvements do become
commercially viable. The recommendations for further improvement
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discussed here therefore overlook the commercial viability in the hope that
the improved efficiencies will, one day, outweigh additional costs.

9.1 Precision engineering
Precision engineering of the mechanical systems is expected to improve
dramatically the overall efficiency of the sugar beet grader unit. These
mechanical systems are those which align the produce for consistent
sensing and the rejection mechanism.

9.1.1 Improved alignment for consistent sensing
It has been discussed in the previous chapter how important the
alignment of produce is during sensing. A more controlled and accurate
alignment process allows a greater achievable sorting efficiency. As
discussed in the previous chapter, the index method used to transport
pears (Mehlschau et al., 1981) is a very desirable method for transporting
sugar beet. High precision mechanical machinery could be developed to
place each individual item of produce in a cup with a consistent
orientation. This would require quite complex machinery to place the
produce in the cups, but the rejection mechanism could be simplified
greatly as each cup could have a release mechanism which would drop
unwanted items. Another method for this could be to use v-shaped
conveyors which only allow the produce to be aligned in one certain way. A
further method could be to use a dispensing system to send one item at a
time. These items could then be placed in a conveyor with trap doors in
each pocket to remove unwanted objects.
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The problem of alignment has two issues which are inter-related. As well
as controlling the alignment of the produce for sensing, the impact on the
sensor is desired to be consistent also. The most effective alignment
methods would be expected to allow a consistent sensor impact each time.
However, it could be possible to introduce an actuation method to the
sensor so that the force was always consistent. This could be done by
attaching an actuator to the hinge of the sensor arm to introduce a
mechanised strike. The actuator might be triggered by mechanical means
or by an optical sensor. This type of sensing method is similar to that
described by Cawley (1998) whose apparatus used an impactor to prod
each item as it passed on a conveyor. To ensure performance further it
would probably be advisable to have the conveyor index such that each
item was stationary at the point of sensing.

It has been discussed that the flow of articles from the hopper varies
greatly as the hopper empties. This affects the kinetic energy of the
articles and sometimes allows conveyor pockets to contain more than one
article. The most suitable conveyor speeds could be analysed and sensors
could be installed in the hopper to alter the conveyor speed automatically
as the hopper level reduces. Another possibility might be to use another
reservoir after the hopper to ensure that throughput is more consistent.
Sugar beet might be conveyed vertically from the second reservoir hopper
by cups which could only hold one article at a time. In the event of two
beet attempting to occupy one cup, one would fall off - back into the
hopper.

Some of these methods for alignment and sampling involve operation at
much slower speeds and the financial implications may also be high. This
should not be ignored, but it is suggested that to improve the efficiency of
the unit, possibly by up to 10% overall, the alignment mechanism could be
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greatly improved. This, however, would require very high calibre
mechanical engineering to implement such precision machinery.

9.1.2 Improvement of the rejection mechanism
The rejection mechanism is perhaps the unit which requires the most
design and control. The results of the current rejection system are quite
pleasing as it can currently reject at least 88% of all items which it
desires. It is felt, though, that this could be improved to 98% - and
ultimately 100% - if the indexing transportation system discussed above
were to be implemented. There are many areas which could be developed
however to improve the current mechanism.

One of the most critical aspects of the current rejection mechanism is the
delay timing between detecting an unwanted item and powering the
rejection actuation solenoid. More accurate knowledge of the sensing
position would improve the delay timing efficiency. The current delay
timing software uses two different delays depending on whether the bar is
swinging or stationary (see Section 7.2.2 ). In reality however, each impact
requires a unique delay time depending on the exact conveyor position at
the point of sensing impact. Using just two possible delay times courts
undoubted quantisation errors. A displacement sensor could be attached to
the sensor arm to measure the exact position (angle) of the arm at the
point of impact. This would allow the exact conveyor position of the
produce to be known and the required delay time could be calculated as a
simple function of the sensor displacement. This would ensure that the
rejection system operated at the correct time for all unwanted articles
independently of orientation or size of the object. A further possibility to
improve the rejection delay timing is to use optical sensors immediately
before the rejection point. An item earmarked for rejection could have an
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estimate delay time range loaded in software. When the optical sensor
detects the object, the exact delay time can then be loaded. This would
help efficiency further by the optical sensor being arbitrarily close to the
rejection mechanism to reject on sight. The closer the delay sensor is to the
rejection mechanism the greater the accuracy. This is because, whilst on
the conveyor, the item can jolt or re-orientate itself, thus altering the
required delay time.

Precision methods could also be applied to the rejection gate motion.
Firstly, there is potential gain in the use of slow motion analysis of the
rejection gate. The actuation takes fewer than 200 milliseconds to close
the gate and return to its open position. This is too quick for the human
eye to feasibly assess and the setting of delay times can only be done by
assessing results rather than by actually looking at the motion and the
impact with the article. Video analysis could be used to help assess the
differences between objects which are successfully rejected and those
which are failed attempts. The flight path of beet and stones could also be
analysed to see if there was any visible difference. It is likely that a rock
and a sugar beet exhibit completely different projectile motion and
therefore the delay time might be also dependent on whether the object
was detected to be a deteriorated sugar beet or a stone. Furthermore it
could be deduced if the gate operated most efficiently by physically halting
the objects or by clipping them to alter their trajectory.

High speed analysis of the gate motion could also prove that re-design of
the gate lever cam might improve the performance of the rejection
mechanism. The current rejection system uses a fixed radius cam action to
close the rejection gate. The fixed cam causes the gate to open and close
with cyclical motion, see Figure 9.1. As can be seen, the displacement
graph describes a perfect sinusoidal profile as the gate closes and opens.
The gate is mounted such that in its open, rest position, the cam is at its

181

Chapter 9

Recommendations for Future Work

2
1.5
1
0.5
Dimensions, cm

m
c
s
n
oi
s
n
e
m
i
D

0
-0.5
-1
-1.5
-2
-2

-1.5

-1

-0.5
0
0.5
Dimensions cm

1

1.5

2

0.5
0.4
0.3
0.2

Dimensions, cm

m
c
t
n
e
m
e
c
al
p
si
D

0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5

0

0.1

0.2

0.3

0.4
0.5
0.6
Cam revolutions
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highest displacement. This example shows a fixed radius cam which
operates a maximum displacement of 1 cm from top to bottom. It is
possible to design a cam and follower unit which operates with a variable
radius actuation cam. This arrangement is shown in Figure 9.2. The
example shown is of a circular shaped cam pivoted off centre. The follower
is displaced as the cam rotates, but it is not physically attached to the
cam. The displacement profile of this arrangement shows that the
displacement of 1 cm is still possible, but the percentage of down time is
increased. Use of this type of cam and follower would allow the rejection
gate to remain closed for longer but still manage to engage and reset
within the same 0.2 second time period. This is accounted for by the fact
that the motion on the up and down stages is quicker (steeper) and the
follower is in the up position for a much shorter period of time. The down
time of the gate would be increased by up to 50% by using this actuation
system. This can only improve the effectiveness of the rejection
mechanism and it is possible to optimise the shape of the cam further for
this specific application. Of course this system would again be much more
costly and more difficult to implement. It can be seen that the cam and
follower take up more space than the fixed radius arrangement.
Furthermore, to install this would require advanced engineering to ensure
that the follower was always in contact with the cam and operating
efficiently. This type of actuation however appears to be a possible solution
to improve the working efficiency of the rejection mechanism. It is
therefore suggested that continued development of the rejection unit is
essential. A feasibility study could be conducted to assess the full potential
and implications of installing the cam and follower system.

184

Chapter 9

Recommendations for Future Work

9.2 Irregular sampling for optimal phase binning
The use of optimal phase binning allows irregular sampling to be
considered. Irregular (or nonuniform) sampling has been pioneered by
Farokh Marvasti who describes many interpolation and spectral analysis
methods for processing data sampled at irregular intervals (Marvasti,
2001). Standard Fourier methods with irregularly sampled data become
quite complex and it is explained by Marvasti that greater D.C.
components and extra harmonics are added to the Fourier spectrum.
Optimal phase binning, however, is proven to be equally accurate with
irregular-time samples as with constantly sampled data (Sweet, 1994,
1999). The use of irregular sampling might require a specially designed
analogue converter to acquire data. Irregular sampling, in its simplest
form, might involve analysing a signal and making note of all the times at
which a certain amplitude was reached and exceeded. More effectively this
method may be used to record positive and negative boundary crossings of
many different amplitudes to construct an envelope of sample data. The
difference between this type of data acquisition and that of a conventional
analogue-to-digital

converter

is

that

the

time

intervals

between

consecutive samples may be irregular. In fact, the roles of the time and
amplitude axis are reversed so that data are acquired at regular
amplitude values rather than at regular time intervals. Hence with
irregular sampling, there is still one regularly sampled variable, only not
the time variable. For example, consider a voltage output from an
accelerometer sensor. The waveform in Figure 9.3 shows a rock response
as experienced by the sugar beet sensor bar. The four horizontal lines
represent the four amplitudes that are to be sampled for. Each time the
accelerometer voltage crosses one of the four amplitudes, a time of
incidence and the amplitude value are recorded. The actual sample coordinates which would be recorded in this example are shown by the red
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Figure 9.3. Y-axis boundaries for irregular sampling.
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circles in Figure 9.4. The irregularity of the sampling frequency is shown
by the red stars on the zero y-axis. The stars on the x-axis show more
clearly when each sample is taken, irrespective of amplitude.

The method of irregular sampling is not yet widely employed in the field of
data acquisition, though in some applications it may not be possible to
regulate the sampling. There can also be advantages of irregular
sampling, as explained by Marvasti and Sandler (2001). One advantage is
that the data values are taken at actual co-ordinates of a certain
amplitude at a certain time. This means that the quantisation errors of
conventional ADCs might be eliminated. Quantisation errors occur in all
samples from a conventional ADC. The digital converter has a full-scale
resolution, which means that the ADC can only give the amplitude of a
signal to the nearest binary value, thus causing rounding errors. These
are called quantisation errors which though very small can sometimes be
significant. Recording actual co-ordinates does however require two sets of
data to be recorded, both the time and the amplitude. Conventional ADCs
only record the amplitude of a signal and it is assumed that each
amplitude is sampled with a uniform time period. Sampling actual values
can only improve accuracy and it would be possible to use many hundreds
or even thousands of measurement amplitudes. It would then be
interesting to see how a custom designed, irregular sampling integrated
circuit might allow for further possibilities in signal processing. The fact
that optimal phase binning can be used on irregularly sampled data
ensures that frequency spectra of any such sampled data can always be
constructed. This is one of the main requirements of data acquisition
methods and so there is no reason why irregular sampling could not be
used in many existing digital signal processing applications. There is the
advantage of improved sampling accuracy and it is possible that similar
accuracies to conventional ADCs can be achieved by acquiring fewer data.
It is therefore suggested that a full study into irregular sampling as an
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accompaniment to optimal phase binning be conducted to assess the full
potential of these methods.

9.3 Further applications of the grading apparatus
The apparatus and methods described have been designed with the aim
that the grading technique should have many possible applications. The
discrimination software performs two key functions. One is that it
discriminates hard and soft objects by impulse response analysis. The
second is to assess the softness of objects which are already found to have
the appropriate textural properties. The method described for determining
the presence of hard or soft objects by excitation - or otherwise - of the
sensor’s natural frequencies could perhaps have many possible uses. One
such use could be to detect hard objects in extreme cutting processes
where such objects could damage the cutting machinery. This could
probably be implemented in a wood-chipping factory where stones or rogue
nuts and bolts can shatter cutting blades. Detection of a hard object could
trigger a reject mechanism which would remove a quantity of the conveyed
product. This could remove the hazardous object at the expense of just a
small amount of the wood also being removed. Another application could
be within flower bulb handling machinery. When bulbs are harvested,
they are stored and allowed to dry out. There is a problem with mud clods,
which are lifted too during harvest. The clods turn solid during the storage
period and they exhibit a much greater hardness then the bulbs. The
problem is that the clods and bulbs are very similar in size and shape and
there is need to separate the clods from the bulbs before they can be sold.
The methods described here for grading sugar beet could be easily
modified to produce an automated solution to this problem. Indeed, a
rogue object detection unit for potatoes has already been developed as a
by-product of this research, as explained in Chapter 8 above.
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Sorting deteriorated produce from healthy sugar beet requires a simple
accept or reject decision to be made. Because sugar beet grading of any
kind is currently rarely practised, the results of the described study show
that the quality of delivered sugar beet could be greatly improved. In the
case of produce maturity, however, it is much more necessary to address
correlation with actual fruit firmness or the date of harvesting, for
example. This is because fruit products, such as apples or pears, cannot be
sorted by just a simple good or bad decision. Fruits require a thorough
assessment of quality properties such as crispness, texture and taste to
meet consumer demands.

The grading technique described here for sugar beet is believed to be
suitable to perform accurate grading of fruits too. The apparatus could be
easily modified to be more specific for a certain fruit. The analysis
methods are likely to remain similar and it is believed that very accurate
correlation with those properties mentioned above could be found. It is
therefore assumed that, with slight modifications, this method could be
used to grade fruit maturity or storage deterioration. This should be
further investigated as it might prove that automated grading apparatus
for fruit commodities is of even greater commercial importance than the
sugar beet grading machinery.
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The quality of sugar beet
The yield of a sugar beet crop is a function of two factors: the absolute
mass of produce harvested and its sugar content, as a percentage of the
mass of the produce. A sugar beet root usually has a sugar content of
around 15% – 18%. However, roots can vary between 0.3kg and 3kg in
mass. The overall mass of beet harvested per hectare can be anything
between 30 and 60 tonnes (Nix, 1997). The season’s conditions and the
control of pests, diseases and weeds are responsible for this variation. The
production of mass and sugar content are both affected by such conditions.
Photographs of healthy sugar beet are reprinted in Figure A.1.

The amount of sunlight that becomes incident on a crop through a season
is the key factor governing the yield. Therefore, a large healthy leaf
expanse is desired in order to maximise the reception of sunlight. The
crop must also have the ability to convert this energy into sucrose, its
plant matter.

Other issues which affect yield and sugar content relate to the amount of
light energy absorbed. Most noteworthy here is drought stress. Irrigation
is the only palliative solution for drought stress. Jaggard and Clark (2000)
showed that, in 1999, a crop which consumed 20mm of water through
irrigation produced an extra 7 tonnes of beet per hectare.

Weeds compete with sugar beet for sunlight. Bolters are sugar beet seeds
which produce large stalks, flowers and seeds. Bolting is caused by
prolonged exposure to low temperatures (less than 12°C). There are
usually no more than ten bolters per hectare of sugar beet. However, a
single bolter is capable of producing more than 1,500 viable seeds, which
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will survive the pre-season. These seeds can remain in the ground for up
to six years and they will emerge as weed beet when a sugar beet crop
returns to the field. Weed beet roots have a different biological composition
to normal beet. If they are presented to the factory they can cause
problems during the slicing and sugar extraction processes. Thistles, wild
oats, fat hens and grass are other problem weeds. The consequences of
these weeds are all similar to those of weed beet and they are all
controlled either by applying herbicides or by manual removal.

Pests will attack sugar beet seeds and foliage to reduce the overall yield.
Mice and slugs are the main cause of loss of newly sown seed. These can
be controlled by encouraging predators and ensuring that all seeds are
correctly planted and covered by soil. The only other solution is to employ
poison, but this can sometimes harm other wildlife.

Beet flea beetles and aphids attack foliage. Aphids carry and spread the
most widespread disease in sugar beet, virus yellows. Here, the leaves
turn a golden yellow and become brittle and cracked. Yield can be affected
by up to 50% (Asher et al., 1989). Cleaner/loader waste sites are the main
source of the disease, which will survive through the pre-season. Hence,
emphasis is put on the correct disposal of waste products. Encouragingly,
however, the incidence of this disease during the 1999 campaign, for
example, was never greater than 4% in any region. This compares very
well with epidemics, which have gradually become less frequent since the
mid-nineteen seventies, as explained by Asher and Dewar (2000). Once an
aphid becomes host to disease, it remains so for life. Aphids can be killed
by winter frosts and the presence of ladybirds. Applying seed treatment
during sowing can also hold off aphids for up to ten weeks. Powdery and
downy mildew and beet rust are other leaf attacking diseases. They can all
be controlled by pesticides as well as by maintaining good overall crop
hygiene.
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Figure A.1. Healthy sugar beet roots.
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Figure A.2. Area in the UK under rhizomania restrictions.
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Rhizomania was first detected in the UK in 1987. It is now one of the
most concerning and increasingly widespread diseases. Rhizomania is
carried by polymyxa betae, a common soil fungus. Rhizomania causes
wilting and yellow patches in the field. Under-growth of the root is
encountered and very low sugar percentages are the result. Rhizomania
has disastrous consequences, which have caused much political concern.
Official growing restrictions are imposed on infected fields. Rhizomania is
much more widespread in Germany, France and Italy, but it has recently
become a major problem in Holland, Belgium and the UK. In 1999, in the
UK, nearly 4% of the national beet growing area was subjected to official
growing restrictions.

Rhizomania is found predominantly in light sandy soils and it spreads
rapidly under humid conditions. This was particularly visible in 1999, for
example, when average soil temperatures were 2°C higher than normal.
By the end of the season no fewer than 1,700 hectares, including fields in
Essex and Northamptonshire for the first time, were reported to have
become recently infected (Anglia Farmer, 1999). This suggested that the
spread of the disease was accelerating (see Figure A.2). A national
rhizomania survey is conducted every year by British Sugar and DEFRA,
the Department of Environment, Food and Rural Affairs. This often
results in the quarantining of infected fields. Recently Elveden Farms, one
of British Sugar’s largest beet growers, was forced to cease growing sugar
beet altogether owing to rhizomania restrictions (Hargreaves, 1999). This
has completely changed the farming year for Elveden Farms, leaving them
without one of their most profitable crops. Rhizomania resistance in beet
seed is rapidly becoming one of the highest priorities for the sugar beet
industry. The beet industry cannot afford to become part of any political or
agricultural scares such as those which have become so common in
livestock recently.
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Deteriorated sugar beet
Deteriorated beet is the main issue concerning the quality of sugar beet
submitted to the factory. Sugar beet can deteriorate for a number of
reasons, but they are mostly susceptible to rotting diseases and poor
storage conditions. Diseases which cause the sugar beet root to rot
normally attack beet at an advanced stage of the growing process. That is
to say, a beet will usually be matured and of good quality before it becomes
diseased and deteriorated. Poor storage conditions, allowing water logging
and frost damage, cause healthy beet to deteriorate after harvest has
taken place. This accounts for approximately 80% of all beet deterioration.
It is also the reason why hundreds of lorry loads of beet are rejected by the
sugar refiner each year.

Only deteriorated beet are rejected by the factory. Poor quality yield beet
simply mean a lower financial return to the farmer. The two problems are
very different. There are various ways to maintain a suitable yield, and
the penalties of a low yield are only monetary to the grower. Conversely,
outbreaks of rotten beet cause many problems. Firstly, a grower is left
with a financial loss, not to mention a load of useless beet to dispose of.
Secondly, the haulier is required to complete a return journey to the
grower’s farm, which the grower must finance. Furthermore, extra and
slower purification is required at the factory if deteriorated beet are
accepted as part of a mixed good and bad load. The factory sampling
method also becomes complicated by the sugar impurities. This explains
the importance of the quality sorting of sugar beet. Each sector of the
industry is affected by deteriorated beet, so it is in everybody’s interest to
eliminate it.
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Root rots
Sugar beet roots can be caused to rot, prior to harvest, by a number of
different sugar beet diseases. The main bacterial disease is beet vascular
necrosis, also known as soft rot, caused by the erwinia carotovora
bacterium. This bacterium can enter any beet through surface damage,
causing vascular cell bundles to degrade. Symptoms can include a white
froth at the centre of the crown and areas adjacent to rot turning pink or
red. This disease can pass quickly between damaged beet, particularly in a
clamp. The disease is most common in the USA where severe cases can
cause yield losses of up to 40%.

Rhizoctonia and vascular wilt diseases cause the most common and
damaging root rots, as discussed, for example, by Asher (2001). The most
common vascular wilt disease is fusarium, induced by fusarium culmorum
or fusarium oxysporum. The former is more common in the UK and the
latter in the USA and central Europe. They do, however, both cause a
similar fusarium rot. The fusarium fungus is found in almost all soils, but
it does not become active until periods of drought stress occur (Asher,
1992). This is quite the opposite to most sugar beet diseases, which thrive
on damp conditions. Drought enables the fungus to enter the plant
through wilted leaves lying on the soil surface, or through cracks in the
root. The disease causes vascular wilt which results in a dark brown
discoloration of the vascular cells, as can be seen from Figure A.3. The
rotting can often be predominantly internal or occasionally advancing
down one particular side of the root. The tip of the root (sometimes
referred to as the taproot), however, is rarely affected.

Outbreaks of fusarium root rot have occurred in the driest, hottest
summers. Summers of the early nineties and, more recently, the late
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nineties have been the most notable. The disease was almost non-existent
in the relatively wet eighties and it hadn’t been a particular problem since
the mid-seventies. Hotter summers, possibly owing to global warming,
have now allowed fusarium to become a widespread factor concerning the
quality of sugar beet. There are no available fungicide treatments that can
be used to control fusarium. Rotation does not help to remove the fungus
either. The fungus survives on organic debris in the soil and many
different crops are host to the disease. Fusarium is one of the few diseases
which is hosted by both cereals and root crops. This makes extended crop
rotations pointless. The only real control is through irrigation, which is not
so easy to implement with increasing water supply restrictions. This
highlights the main problem with root rots, namely that there are no
adequate means to reduce their repeated incidence.

Rhizoctonia root and crown rot is caused by the rhizoctonia solani soil
fungus. It is the largest root disease in the USA and is usually found in
beet growing areas in hot climates. Under certain conditions the fungus
can cause damage to freshly emerged seeds and healthy foliage. The
disease exhibits common root rot symptoms, and wide rotations with
cereals are recommended. There are no fungicide control methods. The
best way to discourage the disease is to maintain quality tillage
(cultivation) and to promote good crop hygiene through fertilisation.

The main rhizoctonia disease, violet root rot, bears many similarities to
crown and root rot. Violet root rot however is much more abundant in
Europe and classed as very serious in Spain (Duffus and Ruppel, 1993).
Violet root rot is caused by rhizoctonia cocorum (also known as
helicobasidium brebissonii). Again, wide rotations are essential for soil
infected with the fungus. Root crops should be avoided, particularly
carrots, potatoes and parsnips. Asher and Cogman (1995) reported that in
one particular case in the UK in 1995 a beet crop was hit with a severe
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Figure A.3. A fusarium
infected root, showing
extreme internal
deterioration. Picture
courtesy of IACRBroom’s Barn.

Figure A.4. A sugar beet
infected with violet root rot,
with deep purple coloured
external deterioration.
Picture courtesy of IACRBroom’s Barn.
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outbreak following three successive seasons of parsley. The outbreak was
so severe that hand sorting was required in the field. It also resulted in a
35% yield loss. The fungus survives in the soil on organic debris as
sclerotia. It is similarly capable of surviving on the roots of perennial crops
such as clover, and parsley again. Perennial weeds, particularly thistles,
are also associated with the problem. The sclerotia are extremely resistant
to deterioration and they can easily survive through livestock’s digestive
systems to infect manured fields. Furthermore, any infected waste from
cleaner/loader sites will be a healthy incubator of the disease, and must
not be returned to the field.

The symptoms of violet root rot are usually a deep red or purple rot which
extends up the root from the tip (see Figure A.4). Severe cases can see the
rot extending up the leaf stalks to give a violet glow on the soil surface.
The rot itself is quite superficial and in many cases only a few millimetres
deep. Indeed yield losses are only usually 1% or 2% sugar loss for an
infected root. It is the case, however, that the disease allows secondary
fungi to enter the beet, which can rapidly cause the interior of roots to
deteriorate. Rotation is the only feasible way of controlling the disease. A
beet crop which experiences a three or four year rotation is very likely to
avoid the disease altogether. This degree of rotation, however, is not
always possible. Violet root rot is often associated more with light, sandy,
alkaline soils. Poor drainage encourages its growth. The fungus is
particularly active at high temperatures, which is why it only affects
matured roots during the later summer months. Often if the disease is
detected at a preliminary stage, the crop can be harvested early to avoid
excessive deterioration.

As explained earlier, this disease usually only produces superficial
damage. The main problem arises when infected beet are stored in a heap
(or beet clamp), prior to factory delivery. The storage of violet root rot, or
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any other rot-diseased beet, causes deterioration to spread quickly through
a pile. This is when rot diseases become a substantial problem. The
quantities of rotten beet from any infected field are negligible compared to
the quantities of deteriorated beet within an infected, badly maintained
clamp.

Storage deterioration
Using inadequate storage can have major consequences. There are many
ways in which a poorly constructed sugar beet clamp can quickly reduce
the quality of the beet contained in it. Figure A.5 shows the problem with
storage by the fact that over 1,200 sugar beet loads (approximately 80% of
all rejections) were refused by British Sugar in the 1993/94 season because
of clamp losses. It is indeed true that, in total, sugar beet diseases were
responsible for nearly 13% of all rejections (over 200 loads), but diseased
beet are responsible for a large percentage of the total clamp losses too.
Stored beet, which have deteriorated prior to harvest, can rapidly spread
disease through a clamp to infect other adjacent beet. Heat generated by
deterioration is also a major factor. A healthy, undamaged sugar beet root
is extremely resistant to pathogens and disease, but if there is a weak
point to attack, many diseases can easily affect a root. Harvesting and
piling sugar beet cause more damage to the crop than can ever be
experienced in the field. The higher level of damage allows weaker
pathogenic fungi to invade the roots too. The main storage rot fungus is
botrytis cineria which causes grey mould or clamp rot. Others include
penicillium species, rhizopus nigricans and sclerotinia sclerotium which
are all common in most soils (Francis, 2000). These weak pathogenic fungi
can all cause similar rotting symptoms to the root rot diseases discussed
earlier.
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Rejected Loads 93/94
Violet root rot, 139
Fusarium, 37
Clamp losses, 1267
Aphanomyces, 23
Physical damage, 99
Other disease, 7
Climatic effects, 35
Figure A.5. Causes of rejected loads during the 93/94 campaign.

Figure A.6. High internal temperatures are shown by steam rising from a poor quality
clamp. Picture courtesy of IACR-Broom’s Barn.
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It is a fact that once a sugar beet has been harvested, it has lost its ability
to grow. In order to keep itself alive, the beet must use its internal energy
rather than any gained from the sun and soil in the field. In this case, the
sugar beet will lose quality. It is a matter of how rapidly the beet
deteriorate. This can be controlled by storing the beet under optimal
conditions to keep the deterioration to a minimum, as those described, for
example, by Hopkinson and Jaggard (2001). The sugar beet can keep
themselves alive through respiration, which is usually accomplished
through the leaves. In order to continue their respiratory cycle, the
harvested sugar beet use their own sugar to complete the process. The
breakdown of sucrose in the root causes invert sugars to accumulate, and
these can only be classed as useless matter or rot. In any harvested root,
the amount of sugar will decrease and the amount of rot will increase
daily. When a beet respires in a clamp, heat is produced. It is also the case
that respiration occurs more rapidly at higher temperatures. This gives
rise to a snowball effect which can rapidly spread deterioration through
the clamp. For this reason it is essential that a clamp is kept in cool
conditions so as not to allow heat gains to be too rapid (Barr et al., 1940).

Many different studies have been conducted with regard to clamp losses,
ranging from the surface area damage on a particular beet to the velocity
of air which passes through a pile. The fact remains, however, that once
beet have been harvested, they will start to deteriorate. Only optimal
storage conditions can prevent this problem becoming serious. In some
severe cases, hot-spot temperatures of up to 55°C have been encountered
within a clamp (Figure A.6). In parts of Canada, the USA and Russia,
freezing winter weather is the ideal storage facility. The beet is allowed to
freeze as the winter sets in and it remains frozen until it is delivered to
the factory. This eliminates entirely the problem of clamp losses as the
beet stay in the perfect condition they were harvested in. Sugar beet don’t
quite freeze, however, until they reach –17°C, so this is only possible in
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very cold countries. It is also essential that the sugar beet are kept frozen
until only a few hours before they are to be processed. This is because once
the beet have been frozen and thawed, they deteriorate very, very rapidly.
In only a few hours a sugar beet can go from being a perfect frozen beet, to
a perfect thawed beet, to a 100% deteriorated beet. This is another
problem for British growers who must protect the clamp against winter
frosts. Failure to do so will cause many beet to deteriorate prior to factory
delivery.
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Periodic Motion
Vibration is caused when forces act on a body. Forces can be either
inherent in the system, such as forces due to spring and damping
properties, or due to external excitation.

Periodic motion is encountered when an oscillation recurs regularly. This
is often associated with free vibrations. Free vibrations are oscillations in
the absence of a continuous external force. They are usually induced by
subjecting a system to an initial displacement. The simplest form of
periodic motion is simple harmonic motion which has one frequency of
oscillation f 0 (measured in cycles per second or Hertz). A pendulum
swinging, having been released from an initial displacement, is a good
example of simple harmonic motion as described, for example, by Ingard
(1988). The general solution to the equation of simple harmonic motion is:

x + ω 02 x = 0

,

(B.1)

where ω o is the un-damped natural frequency of the system (with units of
radians per second), such that ω 0 = 2πf 0 . The value x is the horizontal
displacement of the oscillating system. The horizontal acceleration of the
system is denoted by x , which is the second derivative of the displacement

x with respect to time.

Damped vibration
Damping is usually modelled by introducing a viscous damper to the
system (Inman, 2001). Viscous damping is defined as a resistive force
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which is applied in the opposite sense to the motion. The damping force of
a viscous damper is supposed to react in direct proportion to the system’s
instantaneous velocity v . The velocity x of a system which experiences
motion in one direction only is related to the displacement of the system

x . Velocity is the first differential of displacement with respect to time.

The general equation of motion for a damped system is given by the
expression

DxD + CxD + ω 02 x = 0

,

(B.2)

where C is a constant (see below, Equation B.5).

In the case of a spring and damper system on a moving mass m , free-body
analysis qualifies the equation of motion of the system as follows:

DxD +

c
k
xD + x = 0
m
m

(B.3)

(Thomson, 1993),

where c is the constant of viscous damping and k is the spring constant.
The spring is assumed to apply a resistive force in direct proportion to the
system’s displacement x . Comparison of Equations B.2 and B.3 shows
that

ω0 =
while
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C=

c
m

.

(B.5)

Given ζ , the damping ratio, where

ζ =

c
2 km

(B.6)

(Nashif et al., 1985), the general equation of motion for the system can
now be written as follows:

DxD + 2ζω 0 xD + ω 02 x = 0

.

(B.7)

The rate at which the oscillating system comes to rest can be represented
mathematically as an exponential decay. This decay can be calculated
from observations of the waveform peaks. The exponential decrement δ is
described as the natural log of the ratio of two adjacent peaks, more
generally

1 y
δ = ln 0
n yn

,

(B.8)

where n is the index of the decayed peak calculated to, the first peak
being at

n = 0 . The value

yn

is the y-axis displacement at the

corresponding n th peak. Equation B.8 is the most general form of the
exponential decay equation, where y 0 is the amplitude at the first peak.
For very small values of ζ

(e. g. ζ < 0.3 ) the value of δ

approximated as follows:
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δ ≅ 2πζ

(B.9)

(Harris and Crede, 1976).

The response shown in Figure B.1 is a typical pendulum displacement
response. In this example, a simple sine wave of frequency f 0 = 6 Hz with
an exponential decrement of unity is shown. We will return to this
equivalence later in Chapter 5 in order to construe an experimental value
of ζ for the sugar beet sensing system.

In cases where the magnitude of the damping is very great, the motion of
the body can become non-oscillatory (see Figure B.2). The addition of
damping to a vibrating system also reduces the frequency of oscillation
(Ayre and Jacobsen, 1958). When a very large amount of damping is
introduced, the oscillation frequency can be altered considerably. The
damped natural frequency ω d of a system is related to the un-damped
natural frequency ω 0 as follows:

ω d = ω0 1 − ζ 2

(B.10)

(Beards, 1987).

Through adding or removing damping, systems can thus be often designed
with a particular natural frequency in mind.
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Measurement of vibrations
The frequency range to be measured is an important factor when choosing
a sensor. This is because sensors have their own natural frequencies,
which must not add further oscillations to those being measured (Morris,
1993). The mass of the sensor must also be considered, as it must be an
addition to the system’s overall mass, albeit ideally a negligible one.
Vibrations can be measured by analysing displacement, velocity or
acceleration. However, displacement and velocity sensors often turn out to
be clumsy devices, which are only useful for measuring large amplitudes
at low frequencies. When high frequencies are present there is often only a
very small displacement. Such small displacements can be hard to
measure and it is usually much easier to measure acceleration. This is
achieved with an accelerometer.

There are many different ways of realising accelerometers. The most
common accelerometers use piezoelectric crystals. This is a polycrystalline
ceramic such as quartz, lead zirconate or barium titanate (Considine,
1971). The piezoelectric crystal is mounted in such a way that it undergoes
compression upon impact (see Figure B.3). The crystal acts as both a
spring and damper within the accelerometer. When the crystal is stressed,
a small electric charge is produced. The crystal is mounted within an
electrical circuit such that a potential difference is measurable from the
accelerometer. This potential difference is proportional to the acceleration
encountered. Piezoelectric accelerometers can be designed with very high
natural frequencies, commonly around 50 kHz. They are also very small,
about 1 cm3.

Recent advances in silicon technology have allowed miniature microsensors to become available as accelerometers (www.analog.com, 2001).
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Mass
Crystal

Figure B.3. A piezo-electric accelerometer.

Acceleration

Fixed capacitor plate

Anchors

Figure B.4. Capacitance type accelerometer.
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These accelerometers can be as small as 0.3 cm3 in volume and in the form
of an integrated circuit microchip. They can also weigh as little as 5
grams. A micro-sensor accelerometer has a variable capacitor etched into a
silicon membrane. This capacitance varies with acceleration, giving a near
proportional voltage reading output (see Figure B.4).

Further recent advancements have seen accelerometers developed which
involve no gross moving parts whatsoever. Leung and Zhao (2001)
described an accelerometer which involves a heater element mounted over
a microscopic cavity. Two temperature sensors are equally spaced on
either side of the heater. During rest conditions, both sensors read the
same temperature. During acceleration, however, the convection heat
transfer to the sensors becomes altered and so one reads a higher
temperature than the other. The temperature differential is proportional
to the acceleration experienced. This new technique allows accelerometers
to be made even smaller and less expensively out of solid-state materials.
Accelerometers of this type are not susceptible to damage through
overloading,

and

sensitivity

is

increased

without

compromising

robustness.

Modern accelerometers have a large bandwidth. They can measure low
frequencies almost as well as high frequencies, so the rated bandwidth
effectively tells us what the maximum measurable frequency is. It is
claimed that piezoelectric accelerometers can have a bandwidth of as
much as 10 kHz. The measurable acceleration range of an accelerometer is
usually rated in multiples of gravitational acceleration g . One such g is
the acceleration due to the earth’s gravitational pull, i. e. about 9.81 ms-2.

222

Appendix C

Matlab Code

Appendix C

Central Difference Method Matlab Code

223

Appendix C

Matlab Code

% cent_damp.m
%
% central difference impulse method incorporating damping
%
% by Robert Toulson
%
% 05/12/00
%***********************************************************
clear
%***********************************************************
% construct force array
force(1:1000)=0;
% initiate force array to zero
time=linspace(0,0.00999,1000);
% construct 1000 pt time array
%
between 0 and 0.1 sec
h=0.01/1000;
% h = time increment
% set time boundary as 0.02 and alter h accordingly for
sinusoidal
%***********************************
force(1:25)=20e6*time(1:25); %
triangular pulse
force(26:50)=10000-20e6*time(26:50);
%***********************************
%force(1:60)=3.5e6*time(1:60); %
triangular pulse
%force(61:120)=4.2e3-3.5e6*time(61:120);
%************************************
%force(1:80)=2e6*time(1:80); %
triangular pulse
%force(81:160)=3200-2e6*time(81:160);
%************************************

forced
vibration
1

2

3

%********************************************************
%set initial conditions
w=2*pi*1250;
zeta=0.055;

%
%

natural frequency = 2*pi*f
damping ratio

%force=sin(0.9*w*time); % insert for forced vibration at 0.9*w
%force=sin(w*time); % insert for forced vibration at natural w
x(1:1000)=0;
x_(1:1000)=0;

%
%

x = displacement, x1 = 0
x_ = velocity
x_1 = 0

%calculate first two values of displacement and velocity
x(2)=x(1)+(h*x_(1))+(h^2)*force(1)/2;% equation 3.11 (x(1)=x_(1)=0))
x_(2)=(x(2)+(h^2*force(2)/2)-((h*w)^2*x(2)/2)-x(1))/(h+h^2*zeta*w);
% equation 3.16 (x(1)=0)
%********************************************************************
*
%calculate the rest
for i=2:999
x(i+1)=2*x(i)-x(i-1)+h^2*(force(i)-(2*zeta*w*x_(i))-(w^2)*x(i));
% equation 3.12
x_(i+1)=(x(i+1)+(h^2*force(i+1)/2)-((h*w)^2*x(i+1)/2)x(i))/(h+h^2*zeta*w);
% equation 3.15
end
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%********************************************************************
%********************************************************************
%plot
time_ms=time*1000;
figure
subplot(2,1,1)
plot(time_ms,force)
axis([0 8 0 6000])
% axis for triangular impulse
%axis([0 15 -1.2 1.2]) % axis for sinusoid forced vibration
%xlabel('time, ms')
ylabel('force')
title('Impulse excitation')
text(5.5,4000,'Impulse 1')
zoom on
subplot(2,1,2)
%figure
plot(time_ms,x)
axis([0 8 -1.2e-4 1.2e-4]) % axis for triangular impulse
%axis([0 15 -2e-7 2e-7])
% axis for sinusoid forced vibration
xlabel('time, ms')
ylabel('displacement')
title('System response')
pulse_spectra=abs(fft(force(1:160),1024));
spectrum
samp_freq=1/(time(2)-time(1));
frequency=linspace(0,samp_freq,1024);
system_fft(1:4000)=0;
system spectrum
system_fft(1250)=14e4;
system_freq=linspace(0,3999,4000);

% calculate impulse

% array describing

%subplot(3,1,3)
figure
hold on
plot(frequency,pulse_spectra)
plot(system_freq,system_fft,'r')
axis([0 4000 0 15e4])
% graph spectra
xlabel('frequency, Hz')
ylabel('FFT power')
title('System (1250Hz) and impulse frequency spectra')
text(2500,12e4,'Impulse 1')
zoom on
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The Fourier transform
The Fourier transform is derived by first considering a phasor, which is a
vector rotating in a complex plane. It can be shown that any sine or cosine
wave can be represented by the sum of two phasors. The theoretical basis
of the Fourier transform assumes that any time signal can be modelled by
a sum of sine or cosine waves. Hence any time domain signal can be
approximated to a discrete summation of phasors.

Assume a phasor of magnitude R rotates at an angular speed of ω
radians per second. In polar form, the signal amplitude x(t ) can be
described at any instant in time t as the sum of both its real and
imaginary components, e. g.
x(t ) = a + jb

,

(D.1)

where a and b are the magnitudes of the real (x-axis) and imaginary (yaxis) components respectively. The value j is an imaginary unit with

j 2 = −1 .

At any moment in time, the angle of rotation of the phasor θ can be
calculated from

θ = ωt

,

(D.2)

and so the values of a and b can be calculated by straightforward
trigonometrical calculation as follows:
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a = R cos θ

,

(D.3)

b = R sin θ

.

(D.4)

and

By substitution of Equations D.3 and D.4 into Equation D.1, the
instantaneous signal value x(t ) can be represented at any moment in time
by the following equation:

x(t ) = R(cosθ + j sin θ )

.

(D.5)

e jθ = cosθ + j sin θ

.

(D.6)

x(t ) = Re jωt

.

(D.7)

e − jθ = cosθ − j sin θ

,

(D.8)

Euler’s formula, as quoted by Grosjean et al. (1995), is

Therefore

By now considering that

and by combining Equations D.6 and D.8, the following relation can be
stated:

A cos ωt =

(

A jωt
e + e − jωt
2
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where A is an arbitrary constant.

In the same way, any sine or cosine wave can be described as the sum of
two phasors.

The basis for the Fourier transform is to do with the observation that any
periodic signal can be represented by the sum of a number of different
cosine or sine waves. Furthermore, a non-periodic signal can be
approximated to a finite number of cosine or sine waves, as explained, for
instance, by Ewers and Marvin (1997).

The harmonics of any fundamental frequency ω 0 are described by

ω k = kω 0 , where k is an integer denoting the k th harmonic and ω 0 the
lowest apparent (fundamental) frequency. If the frequencies of a signal are
all harmonically related, then the signal can be represented as the sum of
all the harmonic cosine waves, as follows:

N

x(t ) = ∑ Ak coskω 0t

,

(D.10)

k =0

where N is the total number of different frequencies. Equation D.10 can
also be written in exponential form by substituting in Equation D.9 as
follows:

N

x(t ) = ∑
k =0

The value of

Ak 2

(

Ak jkω 0t
e
+ e − jkω 0t
2

)

.

(D.11)

is the amplitude constant for each frequency

component. This value is usually denoted by C k . Equation D.11 can now
be written as
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x(t ) =

N

∑C e

k =− N

jkω0 t

.

k

(D.12)

This sum is known as the Fourier series. The Fourier series can be used to
approximate any periodic signal as the sum of exponential components. In
general, the greater the value of N , the greater will be the accuracy of the
approximation.

The amplitude C k , however, is not necessarily constant for each frequency.
The value C k could therefore be represented as a function of time. Now,
frequency f

(measured in Hertz) is a function of time alone. It is,

therefore, possible to represent C k as a function of frequency also, i. e.

X ( f ) . This allows a new representation for C k to be deduced as follows:

ω 
Ck = X ( f k ) = X  k 
 2π 

,

therefore

Ck =

X (ω k )
2π

.

(D.13)

.

(D.14)

Combination of Equations D.12 and D.13 gives

x(t ) =

1
2π

N

∑ X (ω ) e (ω
j

k =− N

k

kt

)

For a non-periodic signal, the lowest frequency could take any value
greater than zero. Equation D.14 can therefore can be re-written as an
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integral by considering ω k as it tends towards zero. Equation D.14 now
becomes

x(t ) =

1
2π

∞

∫ X (ω ) e

j (ωt )

dω

.

(D.15)

−∞

The discrete Fourier transform (DFT)
In order to produce a frequency transform equation which can be used for
a finite set of digitised data, the time t is replaced by a discrete value nt s ,
where n is the n th sample and t s is the constant time interval between
samples. It can be shown that the calculated frequency spectrum repeats
itself outside ± π t s (Cartwright, 1990), thus the integral can be trimmed
to these new boundaries as follows:

π

x(n ) =

1
2π

−

ts

∫ X (ω ) e
π

jωnt

dω

,

(D.16)

d (ωt s )

.

(D.17)

ts

and so

1
x(n ) =
2π

π

∫π X (ω ) e

jωnt s

−

The reverse of this equation, however, is only a discrete summation. This
is because x(n ) only holds validity for n different data points. In Equation
D.17 this is not the case for X (ω ) which is assumed to be a continuous
function. The reverse function with X (ω ) as the subject is given by
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X (ω ) =

∞

∑ x(n) e

− jωt s n

(D.18)

n = −∞

(Ewers and Marvin 1997).

The fact that the frequency spectrum repeats itself outside ± π t s again
allows us to consider the signal within that boundary or envelope alone.
Assuming that N frequencies, at equal spacing δ , are calculated within
this envelope, the discrete equations can be simplified further. The
frequency at each point ω is now given by

ω = kδ

(D.19)

and the sampling frequency ω s is given by

ω s = Nδ

,

(D.20)

.

(D.21)

which can also be calculated from

ωs =

2π
ts

Combination of Equations D.18, D.19, D.20 and D.21 allows Equation D.18
to be written as a function of k as follows:

X N (k ) =

∞

∑ x(n ) e

n = −∞
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To achieve a finite summation, it is necessary to assume that the sampled
data is one cycle of a greater periodic signal. That is to say, the sampled
data repeats itself. The summation above can therefore be simplified for
discrete data by calculating for the N data points within the periodic
envelope from zero to N − 1 as follows:

N −1

X N (k ) = ∑ x(n ) e

−j

2πkn
N

.

(D.23)

n=0

The term e

−j

2π
N

is commonly abbreviated to W N . This value is known as the

twiddle factor. The DFT is now given by

N −1

X N (k ) = ∑ x(n )WNkn

(D.24)

n =0

and

x(n ) =

1
N

N −1

∑ X (k )W
n =0

N

− kn
N

.

(D.25)

Equations D.24 and D.25 now allow the frequency spectrum of any
digitised time signal to be deduced and vice-versa.

The fast Fourier transform (FFT)
The Fast Fourier Transform is a modification of the discrete Fourier
transform which requires fewer computations. This method was pioneered
by Cooley and Tukey (Cooley and Tukey, 1965). The FFT utilises the
twiddle factor’s symmetry and periodicity to allow the Fourier transform
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to be calculated using fewer actual iterations (Elliott, 1987). It can be seen
from the equations in the previous section that the DFT requires many
calculations. In fact, a DFT using N samples to calculate powers at N
frequencies requires N 2 multiplications with the results all summed.
Because of the square, any amount of multiplications that can be avoided
must result in a considerable time saving.

The twiddle factor has very useful properties of symmetry and periodicity.
The symmetry principle is shown as follows:

W =e
2
N

 2π 
j −2

N 


=e

 2π 

j  −
 N 2

,

(D.26)

.

(D.27)

therefore

WN2 = WN 2

By splitting the DFT equation into two summations of even and odd
numbers the number of multiplications can be reduced. This is done by
making n a function of a new integer r such that all even values of n
obey

n = 2r

,

(D.28)

.

(D.29)

and all odd values of n comply with

n = 2r + 1
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Equations D.28 and D.29 comply for the range n = 0 to n = N − 1 when r
takes the range r = 0 to r = N − 1 . Equation D.24 can therefore be split
2
into the following form:

X N (k ) =

N
−1
2

∑ x(2r )W
r =0

k 2r
N

N
−1
2

+ ∑ x(2r + 1)W Nk ( 2 r +1)

.

(D.30)

.

(D.31)

r =0

Combining Equations D.27 and D.30 gives

X N (k ) =

N
−1
2

∑ x(2r )W
r =0

kr
N 2

N
−1
2

+ W Nk ∑ x(2r + 1)W Nkr2
r =0

The transform now requires ( N 2 ) multiplications on the two summations
2

and a further N 2 multiplications on the second summation, a total of
N 2 + ( N 2)

2

calculations. For example, a 100-point DFT requires

100 2 = 10000 multiplications. The FFT of the same 100-point data in effect

(

)

calculates two 50-point DFTs, but this requires only 50 + 2 * 50 2 = 5050
multiplications.

If the value N is a power of two then it is possible to reduce the total
number of multiplications further by splitting each of the summations into
two also. This process is sometimes referred to as decimation in time. The
process can be repeated many times, assuming that there are enough data
to make it worthwhile; in fact it is possible to decimate until there are
many 2-point DFTs to be summated. Using this type of FFT can now
reduce the number of multiplications of a 1024-point DFT from 1 million
to around 7000. This technique for improving speed in a Fourier transform
is known as the radix-2 FFT. There are many other methods and
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techniques for improving the efficiency of the Fourier transform. The
radix-2 FFT is perhaps the most commonly used, however.

The Goertzel algorithm
The periodicity of the twiddle factor can be shown by the fact that:

− kN
N

W

=e

2π 

− j
 ( − kN )
N 


= e jk 2π

,

(D.32)

.

(D.33)

therefore

WN−kN = 1

The Goertzel algorithm uses the twiddle factor’s periodicity to allow
individual frequency powers to be calculated. The DFT can be multiplied
by W N− kN and written as

N −1

X (k ) = ∑ x(n )W N− k ( N − n )

.

(D.34)

n =0

Proakis and Manolakis (1996) explain that the DFT algorithm in this form
can be likened to a linear filtering operation which can be calculated by
addressing the impulse function of the relative filter. This can be
computed using simpler mathematics, which saves processing time.
Computation of equation D.34 by comparison with the relative filter gives
the DFT power value at the frequency ω = 2πk N .
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Harris (1987) explains that the Goertzel algorithm is, in essence, a time
domain use of the discrete Fourier transform. It can be used to calculate
quickly the spectrum powers of specified frequencies without having to
produce an entire frequency spectrum. If only a few specific frequency
power values are required, the Goertzel algorithm is a very suitable
method. Where more than log 2 N values are required, the FFT is more
efficient.
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Mechanical Inertia Sensor - Requirement Tree

Minimal Noise
Interference

Signal
Clarity

Clear

Allow Unique
Responses
Repeatable
Results for 1
Million Impacts
Repeatability

Manufacturing
Repeatability
Impact
Sensing Unit
Reset to Allow 5
Impacts Per
Second
Required Motion

Decelerated
Return to Avoid
Triggering
Mechanical
Suitability
Total: £200

Cost

Replaceable Part:
£50
Ease of
Replacement

Waterproof
Working
Conditions
Robust
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Mechanical Inertia Sensor - Product Design Specification

1. Performance
The performance of the sensor must satisfy two main requirements. The
sensor must produce high clarity signals, and it must be mechanically
suitable for sensing.

1.1 Signal Clarity

The sensor must be mounted such that all engine/machine noise
and noise owing to impacts on other sensors is damped to a level
which does not affect the clarity of impact signals.

1.1.1 The sensing device, in whatever form, must have one
clear, detectable fundamental natural frequency.

1.1.2 The sensor must be designed so that objects of differing
inertial properties give uniquely different impact
responses.

1.2 Mechanical Suitability

1.2.1 Impacts of similar articles must give repeatable results
for over one million impacts.

1.2.2 After impact the sensor must return to its rest position
within 0.2 seconds to allow the desired throughput.
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1.2.3 Upon return to the sensor’s rest position, the motion of
the sensor must be decelerated to a halt in order to
avoid any unwanted triggering of false impacts.

1.2.4 The mechanical design of the sensor must be such that
reproduction of sensors are exact copies with the same
natural frequency spectrum.

1.2.5 The total manufacturing cost of the sensing unit,
including mounting, must not exceed £200 per sensor.

2. Maintenance
Maintenance to the machine must be kept to a minimum. This is to be
done by considering the working conditions and replacement procedures at
the design phase.

2.1 Working Conditions

2.1.1 The electronic components of the sensor must be
waterproof and sealed to IP65.

2.1.2 The sensor must be robust enough to work continually
in all weathers. The sensor must also protect against
damage in an agricultural environment.
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2.2 Replacement Parts

2.2.1 Each sensing unit must incorporate a replaceable
sensor piece, which must not cost more than £50 to
manufacture.

2.2.2 The replaceable sensor piece must be easily removed
and replaced without affecting the performance of the
overall sensing system.
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Electronics Parts List

Part
No.

Description

Vendor and
Stock Code

Cost Per
Unit

Quantity

Total
Cost

Parts List A: Main Computer Electronics
A1

A16
A17
A18
A19
A20
A21
A22
A23
A24
A25
A26

Processor board Elan-104NCM16-F8
Inrterface board Aim-104Keydisp
Relay board PMM-S Diamond
Systems Pearl-MM
ADC board TADIO12 DSP
Design
Storm keypad, IP67, 16 Key
Powertip LCD, 20x4 Display
Computer enclosure,
222x146x106
Keypad & display enclosure,
222x146x106
D-type standard connector, 9
pin, socket
Waterproof d-type plug, 9 pin
12 way panel mounting socket
IP67
3 way panel mounting socket
IP67
3 way cable mount receptacle
2 way panel mount socket,
IP67
Metal round top gland, IP68,
type 1, PG9
Rotary switch, high impact
9 way plug, 3191 series
9 way receptacle, 3191 series
Male crimp, 14-20 AWG
Female crimp, 14–20 AWG
10 way socket shell, 2x5
Crimp, 24-20 AWG
8 way socket housing, 2.54mm
Crimp terminals
Cable-screened, 12 core
Power Cable 3182Y 1.5mm

A27
A28
A29
A30

Metal spacer M/F M3xM3x15
M3x6 Cheese head, steel
Steel washers M3
Steel full nuts M3

A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15

Arcom Controls

355.00

1

355.00

Arcom Controls

95.00

1

95.00

Diamond Point
International
DSP Design

162.00

1

162.00

204.00

1

295.00

RS 198-286
RS 214-3553
RS 224-868

22.21
39.00
16.63

1
1
1

22.21
39.00
16.63

RS 224-852

13.02

1

13.02

RS 343-7556

3.68

1

3.68

RS 195-7250
RS 157-2590

8.98
10.52

1
1

8.98
10.52

RS 157-2528

4.95

1

4.95

RS 157-2455
RS 464-145

9.91
3.03

1
3

9.91
9.09

RS 390-094

1.472

4

5.89

1
2
2
18
18
5
50
1
8
2m
3m

9.98
0.77
0.72
0.92
0.92
1.84
3.20
0.23
0.33
1.69
1.15

16
4
8
4

2.38
0.06
0.03
0.04
1075.14

RS 352-884
RS 236-3151
RS 236-3101
RS 236-3230
RS 236-3246
RS 233-1851
RS 233-1895
RS 296-500
RS 467-598
RS 367-606
RS 382-043
RS 606-693
RS 236-530
RS 560-338
RS 560-293

261

9.98
0.384
0.358
0.051
0.051
0.368
0.064
0.232
0.041
21.15/25m
38.23
/100m
0.149
1.420/100
0.82/250
2.58/250
SUB TOTAL
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Cost Per
Unit

Quantity

Total
Cost

Parts List B: Power Control and Connections Board
B1
B2

RS 433-826
RS 231-765

5.92
66.36

0.5
1

2.96
66.36

B3
B4
B5
B6

Stripboard-SRBP
DC-DC Artesyn NFC2512S05
6 way PCB screw terminal
3 way PCB screw terminal
2 way terminal, low profile
5 way dual row TIN header

RS 220-4305
RS 220-4276
RS 193-0586
RS 251-8143

1.12
0.514
0.378
0.164

3
1
1
5

3.36
0.51
0.38
0.82

B7
B8
B9
B10
B11

PCB Busbar, uninsulated
Flat IDC Cable, 50 way
2x25 DIL IDC socket
20mm 5A Fuse
PCB fuse holder with cover

RS 435-715
Maplin XR79
Maplin FA40
Maplin GJ96
Maplin KU29

1
1
2
1
1

2.12
0.67
5.09
0.07
0.20
82.54

2.12
0.672
2.544
0.068
0.204
SUB TOTAL

Parts List C: Sensor Components
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12

Baumer incremental shaft
encoder, 100ppr TTL
ADXL150AQC
Accelerometer
Accelerometer PCB
SMD Film Capacitor 0.1uF
12 way cable mount plug, IP67
Cable-screened, 12 core
Metal round top gland, IP68,
type 1, PG9
3 way panel mount socket,
IP67
3 way cable plug, IP67
3 way cable socket, IP67
Cable-screened, 4 core
Twin potting composite, Back,
50ml

RS 304-9525

114.37

1

114.37

Maplin PV38

11.226

3

33.68

Andrew
Dunbabin
RS 175-069
RS 157-2512
RS 367-606
RS 390-094

17.00

3

51.00

0.713
16.25
21.15/25m
1.472

3
1
5m
1

2.14
16.25
4.23
1.47

RS 464-151

3.35

4

13.40

RS 464-038
RS 464-072
RS 367-448
RS 851-044

4.29
4.72
11.78/25m
6.38

5
1
5m
1

21.45
4.72
2.36
6.38

SUB TOTAL

271.45

Parts List D: Actuator Electronics
D1

D2
D3

Wrap spring clutch, solenoid
actuator,
CB6/CW/20mm/12v/1-STOP
2 way cable plug, IP67
Power Cable 3182Y 1.5mm

DJ Automation

RS 464-022
RS 382-043

309.29

3.96
38.23
/100m
SUB TOTAL
TOTAL
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927.87

3
15m

11.88
5.73
945.48
2374.61
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Appendix G

Equations for the Statistical Analysis of Two Unpaired Samples using
Estimated Variances
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Hypothesis testing
As explained by Clarke and Cooke (1998), for example, hypothesis testing
is used to prove or disprove a possible relationship for one or more sets of
sampled data. The standard method for this kind of statistical analysis is
to define a null-hypothesis and then analyse the data in order to see if the
null-hypothesis can be disproved. We set the null-hypothesis to be the
opposite case to the hypothesis we wish to prove. For example, if it is
believed that two data sets are from completely different sources, and we
believe that the data should indicate this, then the null-hypothesis can be
set to be 'the two sets of sampled data show no significant difference', then
by disproving the null-hypothesis we have shown that the two data sets
may be significantly different. The reason for this approach is that with
simple statistics it is not actually possible to prove a hypothesis, it is only
possible to reject or fail to reject a hypothesis.

A null-hypothesis can only be rejected by observing a statistical test result
which suggests that the sampled data fall outside an expected range. In
general, it is common to set a significance threshold on either the 5% or
1% critical region of the standard distribution curve. If the statistical test
result, known as the t-value, indicates that the result is outside the chosen
threshold (i. e. a lower percentage), then the null-hypothesis may be
rejected. The actual significance level for a given t-value can sometimes be
extrapolated from standard statistical tables such as those given by
Clarke and Cooke (1998). This significance level is often referred to as the
p-value for the statistical test.
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Testing the means of two unpaired samples using
estimated variances
When comparing the means of two unpaired samples to test for a
significant difference, the null-hypothesis is often set to represent the case
where there is no difference between the two data types. In this case the
test statistic, or t-value, is given by

x1 − x2

t=

,

1 1
s 2  + 
 n1 n2 

G.1

where x1 and x2 are the mean values for the two types of test data. The
number of data samples for each data type is represented by the values n1
and n2 . The value s 2 is the pooled estimated variance of the sample data,
where s 2 is calculated by

s

2

∑ (x
=

1i

− x1 ) +
2

∑ (x

n1 + n2 − 2

2i

− x2 )

2

,

G.2

and where x1i and x2i are the individual data values for the two data type
samples.
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Rejection System Design: Requirement Tree, Product Design Specification,
Brainstorming, and Evaluation of Concepts
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Rejection System - Weighted Requirement Tree
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Rejection System - Product Design Specification

1. Performance

1.1

The rejecter must be able to input all the results from the
beet detector and convert them into a signal, which can be
used by the mechanical rejection system.

1.2

The signal processor will be required to actuate the rejecter
after the correct delay period in order to reject the desired
sugar beet.

1.3

The rejection system must be able to reject an unwanted
item, then reset to its exact start position in time for the next
passing object. The maximum reject and reset time is 0.2
seconds.

1.4

The objects chosen for rejection must be rejected to the same
destination each time.

1.5

The mechanical rejecter must be able to cope with all the
forces imparted on it by the sensed articles.

1.6

The rejection system must not, in any way, impart any
excessive force to any selected sugar beet. The maximum
allowable impact on a good sugar beet can be assumed to be
the same as that imparted to a sugar beet experiencing a onemetre fall under gravity.
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2. Working Conditions

2.1

The entire rejection unit must cope with all weather
conditions and in field operation.

2.2

The rejection unit must be rugged and able to cope with
rough handling from users, including power washing.

2.3

The whole machine, including the rejecter, must comply with
all public highway regulations. This means that the unit may
have a maximum width of three metres.

2.4

The rejection unit will be powered by a 12-volt supply, as the
whole loader is powered by a diesel engine.

2.5

The entire machine must comply with all current safety
regulations.

3. Marketing

3.1

The rejecter must not reduce the ability of the loader to work
at its required speed. This is approximately three tons per
minute.

3.2

Low maintenance is required and, in the event of failure,
repair should only require the skills of a standard technician.

3.3

The cost of the rejection unit must not exceed £1000 per lane
of operation.
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Rejection System – Brainstorming

Concept 1. Crane or spike pick
off unwanted items.

Concept 2. Alter or impede the
flight path of unwanted articles.

Concept 3. Indexing wheel moves
slower to tip rejected items to a
different destination.

Concept 4. Catch unwanted items
as they fall and place in rejection
bin.
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Concept 5. Trapdoors in conveyor web open to remove reject items.

Concept 6. Gate opens and
shuts to select and reject falling
items.

Concept 7. Unwanted items are
scooped or flicked into a rejection
bin.
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Rejection System - Evaluation of Conceptual Solutions

Brainstorming yields many different approaches to design a mechanical
rejection mechanism. The object of brainstorming is to allow all diversities
of conceptual solutions to be considered. It is important that when initial
brainstorming takes place, no single idea should be overlooked, no matter
how bizarre it may at first seem. One advantage of producing unfeasible
ideas is that it confirms the fact that the best solution has usually been
considered already, and it is now ready to be improved into a final design.

Many different ways of rejecting the beet have been considered. These
include:

Concept 1: Picking the beet off the conveyor with a robotic hand or a spike.

Concept 2: Reducing the flight path of unwanted items.

Concept 3: Indexing the articles into the desired destination.

Concept 4: Catching a bad sugar beet as it falls off a conveyor.

Concept 5: Using trapdoors in the conveyor belt.

Concept 6: Directing the bad beet as they fall.

Concept 7: Extending the flight path of unwanted items.

Usually with brainstorming a few concepts can be discarded immediately,
as it is obvious that they cannot work. Concept 4 shows a mechanism
catching the beet as it falls, but to do this the delivery conveyor would
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have to be going extremely slowly to allow a perfectly vertical drop off the
top. Also, having the catcher above the second conveyor means that a
rejection bin would be required to be above the conveyer also. This is
impractical for the collection of waste.

Extending the flight of the deteriorated beet (Concept 7) has the same
rejection bin constraints as Concept 4. It can also be foreseen that
producing a clean contact with the waste beet would be very hard to
achieve.

The variable speed index roller (Concept 3) does not seem to be possible
either. The desired throughput speed of the produce would not be possible
whilst maintaining a reasonable performance. To operate at this speed
would require constantly accelerating and decelerating the wheel. This
momentum change on the produce could cause it to become uncontrollable
and efficiency might be poor.

The robotic pick off concept is a novelty idea. It is easy to see that it is
completely impractical. It would be too slow, too expensive, and too hard to
catch the beet, similar to the prize grab machines that can be found in
seaside amusement arcades.

Of the remaining three ideas, all have their faults. The concept of reducing
the sugar beet’s flight will most likely need a larger force to divert than
the other ideas. The trapdoor web would be extremely hard to develop and
removing the waste could cause problems. Also the directing gate
mechanism (Concept 6) will have a large distance to move in a very short
space of time which would probably lead to sugar beet becoming trapped
between the door and the conveyors.
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The chosen concept is Concept 2, which requires impeding the produce’s
flight as it clears a gap. There are two ways of achieving this, both using
an overhead gate which moves to contact unwanted objects. Firstly it
would be best if the gate could be arranged to need only the slightest of
movement to alter the flight of the produce. This allows a small actuation
distance and a low force imparted on the gate. This does however require
quite a large gap to allow for the great inconsistency in the flight path of
produce from the delivery conveyor. Alternatively the gate can be
arranged to shut completely so that the unwanted item is stopped
immediately and it falls to the floor. Here a relatively small gap can be
used but the actuation distance and the force imparted are much greater.
It is desired to have the gap as small as possible to allow a more compact
machine and to ensure that nothing is accidentally discarded. Preliminary
investigation into actuation methods suggests that the full closing of the
gate can be achieved, so this has become the chosen mechanism for the
rejection system.

Following the choice of the desired mechanism it is then essential to
analyse different methods of how this actuation can be performed and
what time and force constraints are in place. Furthermore the flight path
of the produce must be known in order to set the gate in the correct
position. These questions must be answered in the development of the
final design.
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An Inertia Measuring System to Automatically Grade Sugar Beet

E. R. Toulson, School of Applied Sciences, Anglia Polytechnic University,
Cambridge.

Abstract

Currently there is no automated method for removing stones and
deteriorated sugar beet from a load of healthy sugar beet. Apparatus has
been designed to classify objects by analysing the excitation of a sensor
upon impact by an object. The form of the excitation is dependent on the
inertial properties of the incident object. Stones, deteriorated sugar beet
and healthy sugar beet all possess uniquely different inertial properties.
The apparatus is shown to successfully remove almost all rocks and
approximately two-thirds of deteriorated beet from a sample conveying at
5 articles per second. The apparatus removes no healthy produce
accidentally and so is proposed as a method to improve the quality of
produce submitted to a sugar refiner. Proposed also are methods to
improve the unit’s effectiveness further and to develop the technique to
classify many different kinds of grown produce and other articles.

Introduction

All types of vegetables are subjected to a screening process before sale. In
the case of sugar beet a grower is penalised for the percentage of tare in a
delivery. Tare consists of dirt, clods, greenery, stones and other waste
products. Deteriorated sugar beet is also unwanted by the factory as it
clogs filters in the sugar extraction process [1]. Loads that have
unacceptable amounts of deteriorated sugar beet are rejected by the
factory and returned to the grower. Deteriorated beet, due to disease [2] or
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frost damage [3], have a greatly reduced sugar content also. The grower is
credited by the percentage of sugar content in a load and so it is
advantageous to remove deteriorated beet before delivery. Currently, a
grower removes tare and deteriorated beet using a cleaner/loader. The
cleaner/loader removes dirt by friction as it is conveyed on to a lorry.
Stones and deteriorated beet are usually removed by hand from a picking
table on the cleaner/loader. Some cleaner loaders do not have pick-off
facilities and so the stones and deteriorated beet are not removed at all.
With agricultural labour on the decline an automated sorting device would
be of great benefit to the industry.

Many previous

studies have been conducted

in an attempt to

automatically grade different fruits and vegetables. Abbott et al. [4] and
then Finney [5] investigated the mechanical resonance of fruit, relating
the natural frequencies of fruit to their fruit texture. Finney saw that in
apples there were two clear natural frequencies below 2,000 Hz. He
showed that the first, fundamental natural frequency varied significantly
between produce, but the second, higher frequency remained stable and
only altered with mass and texture. The square of the magnitude of
response at the second natural frequency, multiplied by the mass of the
fruit (f22m), was shown to be a well-correlated index of firmness for fruit
with varying mass. This was one of the first non-destructive methods of
evaluating fruit quality, most previous methods having required cutting or
somehow bruising the fruit being assessed. Bower and Rohrbach [6]
utilised this information to model blueberries travelling along a conveyor.
By exciting the blueberries at the correct frequency it was shown possible
to bounce the good fruit off the conveyor on to another belt. Unripe berries
did not bounce and so remained on the conveyor and placed in a rejection
bin. Yamamoto et al [7] built on Finney’s work by using new techniques to
improve speed. Where Finney had used a vibration plate to excite the fruit
through a frequency sweep, Yamamoto et al. simply excited the fruit by
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striking it with a wooden pendulum. Finney had attached a displacement
transducer to the fruit to measure amplitude, but Yamamoto and his
colleagues measured the acoustic response by placing a microphone within
3mm. This allowed quicker handling of fruit and it was then possible to
use the technology in a throughput process.

Delwiche et al. [8], [9] studied peach firmness by analysing impact forces
as well as frequency domain information. They used a steel plate with a
piezoelectric force transducer mounted on it. This was used to measure the
impact response of a peach being dropped from 30mm. The impulse
response index used to determine between healthy and substandard
produce was C = fp / tp2, where fp was the peak impact force and tp was the
time interval between first contact and the peak force. Time domain
impact force analysis was thought to have great advantages over
frequency analysis techniques. It required a minimum handling of fruit
and real time analysis meant that the computer would not hinder
throughput capacity. Furthermore, the force transducer could be attached
to an external plate instead of the actual fruit. The target throughput of 5
peaches per second was duly achieved.

Chen et al. analysed the frequency spectrum of an impact force response
on radishes and pumpkins [10]. Spectrum analysis was performed
digitally by calculating a fast Fourier transform of the signal. The ratio of
the frequency powers at 300 Hz and 200 Hz were found to correlated best
with fruit firmness and so this was used as the firmness index. Digital
technology was also used by Shmulevich et al. [11] to re-evaluate work
done by Finney and Yamamoto et al. Fruit firmness could be calculated
much faster by frequency analysis by using digital Fourier techniques and
modern sensors. A piece of piezoelectric film was used to sense the fruit
vibrations. This gave to a greater accuracy without the need to stop and
physically attach a sensor to the fruit. The increased speed allowed
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spectral analysis and discrimination to be performed on products during a
dynamic throughput process.

This paper introduces a new method for automatically sorting sugar beet
from stones and deteriorated sugar beet in a dynamic process. The method
uses a non-destructive inertia measuring technique.

Methodology and Apparatus

Although this new method for sorting sugar beet elaborates on some of the
techniques and theories described above, the theoretical basis for sorting
stones and deteriorated sugar beet from healthy sugar beet is quite
different. In this method the sugar beet and stones are caused to impact a
sensor arm which is in the form of a rod. The response of the sensor is
governed by the inertia of the article which causes the impact. The inertia
of an article defines its reluctance to change shape or form under force.
This relates to the impulse involved in the contact between the article and
sensor. Articles with a high inertia, such as stones, cause a near
instantaneous impact. A soft, deteriorated sugar beet has little inertia and
so remains in contact with the sensor for a longer period of time. The force
of impact in this case is reduced, though distributed for longer throughout
the contact time. It has been explained by Thompson [12] that even small
differences in an impulse waveform can cause very different responses in
an excited body. Different impulse forces can excite some natural
frequencies of a body yet dampen others. The sensor used for this
invention is designed so that impacts from rocks and stones excite the
sensor’s fundamental natural frequency whereas those from sugar beet
dampen the natural frequency. The quality of the sugar beet is determined
by the quantity of inertia that provides for this damping.
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The rod is made out of a steel bar of square hollow cross section. In a
particular realisation, it’s dimensions are 40mm x 40mm x 350mm with a
wall thickness of 3.2mm. Inside the rod there is a micro-sensor
accelerometer resiliently mounted. Readings of the accelerometer are
gathered through an ADC by a microprocessor. The rod is designed, with
known characteristics, to allow its fundamental natural frequency to be
known. The sensor rod in this apparatus has a natural frequency of
970Hz. The sensor is mounted on a fixed hinge and there are damped
bumpers in position to maintain the rest position and to stop any overswing. The hinge unit is mounted on shock absorbers in order to isolate
any vibration from the conveyor and power machinery, see Figure 1.

Articles are conveyed at approximately 1.5ms-1 to allow a sorting rate of 5
per second. After the articles have impacted the sensor, they are caused to
clear a cavity between two conveyor webs. In the case where an unwanted
item has been detected, a gate shuts to impede the article’s trajectory. The
unwanted item then falls between the two conveyors into a rejection area.

Results and Discussion

The response waveforms obtained from the sensor rod indicate the
different inertia of the three different articles. Figure 2 shows the
response of the sensor upon impact of a healthy sugar beet. The sugar beet
is in contact with the sensor for a relatively large period of time and so any
excitation of the natural frequency is heavily damped. The deteriorated
sugar beet response, shown in Figure 3, also dampens the natural
frequency of the bar. The quantity of inertia is somewhat greater than
that of the healthy sugar beet due to an even greater contact time. The
discrimination between these two waveforms is developed from the
definition of impulse. Impulse is defined as a force applied through a
period of time. In the case of a healthy sugar beet the impulse is in the
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form of a relatively large forced applied over a short period of time. A
deteriorated sugar beet impulse imparts a smaller force for a greater
period of time. The ratio t>T / fp is used as the inertia quality index of the
signal. The value t>T is the amount of time that the signal exceeds an
impact threshold value and fp is the peak force displacement from the
threshold.

Rocks and stones are very inert and so the impulse force is near
instantaneous. This causes the sensor to vibrate at its natural frequency,
giving a very different impact response (Figure 4). Detection of a rock is
achieved by analysing the frequency power of the signal at the known
resonant frequency. The technique of optimal phase binning is employed
for the frequency analysis. Sweet [13] developed optimal phase binning to
allow real time frequency analysis of acoustic waveforms. This lends itself
to all types of frequency analysis, which had previously been impossible in
real time. The technique involves averaging sample data into three
equally spaced time bins. The bins are one-third the width of one cycle of
the frequency to be calculated for. The sum of the squared averages gives a
spectrum power for the test frequency. This can be repeated for all desired
frequencies to produce a frequency spectrum. In the case where the value
of only one frequency power is required, this is an exceptionally rapid
method for spectrum analysis. The frequency power value, P970, at 970Hz
has been used as the magnitude of damping index of an impact.

Batches of stones, healthy sugar beet and deteriorated sugar beet were
tested with the sensor and the results are shown in Figure 5. Freezing the
beet for three days and then allowing the beet to thaw for three days
simulated the deteriorated sugar beet samples. This would cause the
sugar beet to be unprocessable at the factory. Figure 5 shows that the two
discrimination indices allow quantities of stones and deteriorated beet to
be sorted from healthy sugar beet.
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Analysis of the plot shows that at least 95% of all rocks can be successfully
detected and removed by rejecting all articles which have an inertia index
of greater than 12,000. Approximately 65% of the deteriorated sugar beet
can be removed by rejecting all articles which have a quality index greater
than 0.4. Within these boundaries no healthy sugar beet will be
accidentally removed. The reasons for poor classification of the remaining
35% of the deteriorated sugar beet are predominantly mechanical.
Occasionally a sugar beet causes only a grazing impact on the sensor. This
is due to misalignment in the conveyor pocket or sometimes the beet are
not stationary within the pocket. It has been seen that at lower operating
speeds the sensor has a much greater accuracy, up to 90%, for deteriorated
beet.

In the case of rocks, grazing impacts do not cause a problem. In Figure 5
the inertia index has been plotted on a logarithmic scale. This shows the
vast difference in values between rocks and sugar beet. Even a slight
impact with a rock causes the sensor to resonate. Although this is
associated with a lower frequency power than that of a heavy strike, it is
still considerably greater than the resonant frequency power of a sugar
beet impact.

The indices t>T / fp and P970 should be investigated with respect to
vegetable firmness or maturity if this equipment is to be used for any
other fruit or vegetable classification. For sugar beet however, the amount
of deterioration is not so important. At present beet are classed as either
good or bad by the factory, so it is only necessary to consider beet which
exceed a certain allowable deterioration. There is also, at present, no
procedure to remove deteriorated beet from a factory delivered load. The
factory simply decides if a 25 tonne load, say, is acceptable or not by a
sample inspection. Therefore the apparatus to remove any quantity of
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deteriorated sugar beet or stones should be beneficial to sugar beet
growers and beet refiners alike.

Conclusions

1. A unique sugar beet sorting method has been developed and proven to
reduce the quantities of unwanted objects in a sugar beet load. The
method and apparatus described can remove at least 95% of rocks and
approximately 65% of deteriorated sugar beet at an operating speed of
5 beet per second.

2. A more sophisticated mechanical transportation design, or operation at
slower

speeds,

could

improve

the

diseased

beet

removal

to

approximately 90%.

3. At present there is no automated procedure for removing unwanted
objects from healthy sugar beet. The described apparatus can remove
quantities of unwanted items without accidentally removing healthy
produce.

4. The apparatus could be tested to give a correlation between the indices
t>T / fp and P970 and vegetable firmness or maturity. This technology
could therefore be used to grade many different types of grown produce
or other items. Some such possibilities could be to grade apple
maturity, sort dirt clods from tulip bulbs or to remove unwanted stones
and metal objects from wood chippings.
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Figure 1. Multiple sensors sampling articles on a conveyor web.

Figure 2. Healthy sugar beet impact response.
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Figure 3. Deteriorated sugar beet impact response.
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Figure 4. Rock impact response.
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Figure 5. Discrimination plot.
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Classification of Objects

This invention relates to a method of classifying a succession of objects
moving along a defined path, and in particular (but not exclusively) a
method of classifying items of grown produce.

The invention further

relates to apparatus for performing such methods.

The present invention is primarily concerned with the classification of
agricultural produce, and especially root crops. However, the invention is
applicable to the classification of other objects and so, though the
invention will primarily be described with reference to the classification of
agricultural produce, nevertheless the invention is not to be regarded as
being limited thereto.

There have been many proposals for methods of, and apparatus for,
performing the classification (or grading) of items of grown produce. Most
of these proposals aim at determining some particular property of the
produce and then making a decision as to the appropriate classification for
each item, dependent upon the determined property.

For example, a

classifying apparatus (or grader) may determine one or more of the
weight, size and colour of each item of produce and then direct that item
into an appropriate lane of the apparatus to a designated destination,
dependent upon the value of the or each monitored property.

At its

simplest, such apparatus may have two lanes or destinations, one for
selected items and the other for rejected items, though graders are known
having many such lanes or destinations, in order to perform the required
grading of the items.

There is a particular problem with the classification of harvested sugar
beet. Harvesting is performed from the autumn through to the winter
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when the ground may be wet and difficult to work, so that considerable
quantities of soil may adhere to the beet lifted from the ground.

The

harvested beet may vary considerably in size and it is likely that stones
and other unwanted objects are lifted along with the beet themselves. If
that other matter is of a size which falls within the acceptable size range
for the beet, it will not be rejected by a simple screening process which is
usually performed at the time of harvesting the beet.

A further problem arises if the beet are harvested after the first frosts
have occurred. Sugar beet can be damaged by severe frosts and there is
currently

no

easy

and

reliable

automated

process

available

for

distinguishing sound beet from frost-damaged, old and diseased beet, all of
which latter are referred to hereinafter as “deteriorated beet”.

In the case of the harvesting of sugar beet, the usual procedure is that a
farmer locally processes the lifted beet by a simple hand screening
operation. The beet are then transported in bulk to a sugar refiner, where
they are further cleaned, usually by washing, and graded before being
subjected to the established processes to extract the sugar. These cleaning
and further operations are performed under factory conditions, where
currently acceptable results can be achieved. Consequent upon the better
cleaning of the beet, the sugar refiner has large quantities of soil, stones
and other matter to dispose of and so exerts pressure on each grower to
take measures to clean and classify his own produce more effectively, as
well as to remove soil, stones and other matter, before delivering the beet
to the refiner.

Generally, the refiners impose financial penalties for poorly cleaned and
classified beet, determined by subjecting a bulk load from a grower to
small-scale spot sampling. If the sample is found to contain more than
certain pre-defined quantities of any one or more of soil, stones, or
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deteriorated beet, then the payment to the grower for his entire bulk load
will be significantly reduced. There is thus a considerable demand for a
grower to be able to perform better cleaning and classification of the beet
as harvested, before they are dispatched to a sugar refiner.

It is possible for sugar beet to be classified locally, after harvesting, by
supplying the beet to a picking table, or transporting the beet along a
conveyor, and subjecting the beet to a visual inspection with the aim of
manually removing reject objects. However, such processes are inefficient,
labour intensive and so expensive to perform.

Further, though the

processes may be performed in the field, it is preferred to carry out
manual classification under protective cover so further adding to the cost.
Thus, the cost to a grower of better grading his beet before dispatch to a
refiner must be weighed against the reduction in payment to the grower
by the refiner, for sending to the refiner bulk loads which fall short of the
standards set by the refiner.

The present invention aims at providing both a method of and apparatus
for classifying objects moving along a path, and in particular a method of
and apparatus for classifying (or grading) items of grown produce such as
sugar beet, which method and apparatus may be performed rapidly and
effectively to discriminate objects to be selected from those to be rejected,
including rejecting unwanted matter entrained with the objects.

According to one aspect of this invention, there is provided a method of
classifying a succession of objects moving along a defined path, comprising
the steps of:

− causing the objects to be incident one at a time upon an element with
known resonant frequency so as to excite vibrations in the element;
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− determining the magnitude of the damping of the vibrations during
excitation of the element;

− determining the relative inertial properties of the objects incident on
said element from the determined magnitude of the damping of the
vibrations; and

− deciding whether to select or reject each object on the basis of its
determined relative inertial properties.

According to a second aspect of this invention, there is provided apparatus
for classifying a plurality of objects, comprising:

− means to advance the objects in succession along a defined path;

− an element with known resonant frequency lying in the path of
advancement of the objects whereby the objects are incident one at a
time upon the element so as to excite vibrations therein;

− means to determine the magnitude of the damping of the vibrations
during excitation of the element;

− means to determine the relative inertial properties of the objects
incident upon said element from the determined magnitude of the
damping of the vibrations; and

− a rejection unit to reject objects from the path which unit is controlled
on the basis of the determined relative inertial properties of the objects.
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It will be appreciated that both the method and apparatus of this
invention particularly lend themselves to the classification of agricultural
produce and especially root crops such as sugar beet, and so will
hereinafter be described solely with reference to this intended purpose.
However, the method and apparatus may be used for the classification of
other objects, and is not to be regarded as limited to agricultural uses.

In performing the present invention, each object of the succession thereof
is caused to be incident on an element with known resonant frequency, so
as to excite vibrations in that element. Such an element preferably is in
the form of a rod which lies in the path of movement of the objects so that
each object of the succession thereof will, in turn, be incident on the rod.
The particular material from which the rod is made, as well as its physical
dimensions, may conveniently be determined empirically having regard to
the expected size, weight and inertia of the objects which are to be incident
on the rod, but typically a rod of a steel alloy and having a hollow cross
section may conveniently be employed.

An accelerometer may be associated with the element, in order to permit
the determination of the magnitude of the damping of the vibrations of the
element. Such an accelerometer must have a fast response time in order
to sense the vibrations of the element and produce an accurate analogous
electrical output.

The relative inertial properties of the objects are determined from the
magnitude of the damping of the vibrations of the element. In the case of
a very hard object (such as a rock) the envelope of the vibrations excited in
the element is different from the envelope of the vibrations excited in the
element by softer objects including items of grown produce such as sugar
beet. It can be seen from the examples of graphical evidence below that
the waveform produced by sugar beet is different from that produced by a
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hard object such as a rock insofar as the soft object waveform does not
display the simple harmonic attack and decay envelope characteristic of a
hard object. Instead the vibrations of the element are more complex when
a soft object such as a sugar beet is incident upon it. This gives rise to the
characteristic rise and fall envelopes of items of grown produce such as
sugar beet. With items of grown produce such as sugar beet, the rate and
limits of the vibrations of the element are proportional to the magnitude of
damping associated with the produce.

In view of the above, the selection or rejection decision for each object
incident upon the element may additionally take into account the
magnitude of the damping of the vibrations of the element determined
during excitation of the element, as well as the determined relative
inertial properties. In this way, excellent discrimination of sound items of
grown produce can be achieved, with rejection of unwanted matter such as
hard objects and deteriorated produce.

Preferably, the magnitude of the damping of the vibrations of the element
is determined by analysing the output of the accelerometer, to determine
the relative powers of the frequency components of the vibrations of the
element. The preferred method of analysis is that known as optimal phase
binning, which allows the power of frequency components of signals to be
determined rapidly in real time, faster than can be achieved with fast
Fourier transforms. With optimal phase binning, the times at which data
samples are taken need not be known exactly, and optical phase binning
can be used equally effectively with data samples taken either at regular
intervals in time or at known times. Optimal phase binning is described in
The Processing of Data from Multi-Hydrophone Towed Arrays of Uncertain
Shape (Geoffrey William Sweet; University of Southampton Doctoral
Dissertation, 1993, p 89ff.) and in A New Method of Locating Sources of
Acoustic Radiation in Three-Dimensional Space (Geoffrey William Sweet;
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Proceedings of The Institute of Acoustics 1999 Vol. 21, Part 8, p 177ff.).
By using such an analysis technique, decisions may rapidly be made, as to
whether to accept or reject an object incident upon the element.

The means to advance the objects along the defined path should be
selected having regard to the particular objects to be subjected to the
classification method. For example, in the case of grown produce such as
sugar beet, the items may be moved along the defined path by a simple
mechanical conveyor.

By way of example only, one specific embodiment of method and apparatus
according to the present invention will now be described in further detail,
reference being made to the accompanying drawings, in which:-

Figures 1A and B diagrammatically illustrate the principal mechanical
components of the embodiment of classification apparatus of this
invention;

Figures 2, 3 and 4 show the accelerometer output respectively when a
stone, healthy sugar beet and deteriorated sugar beet are incident upon
the sensing element;

Figure 5 illustrates the discrimination between three different types of
objects with respect to their inertial properties; and

Figure 6 is a flow chart of the processing undertaken in performing the
embodiment of this invention.
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In this description of the preferred embodiment, the items to be classified
by the apparatus are sugar beet, to which reference will exclusively be
made in the following.

Referring initially to Figures 1A and 1B, there is shown part of the
embodiment of apparatus arranged to perform the classifying method of
the present invention. This apparatus comprises a conventional belt
conveyor 10 having a resilient endless belt 11 passing around an upper
idler roller 12, there being a lower driven roller (not shown) disposed at a
position spaced from the idler roller, to make up the conveyor in a manner
well known in the art. A feed hopper arrangement (also not shown) is
provided adjacent the lower driven roller in order to supply a succession of
individual beet 13 on to the upper run 14 of the conveyor whereby the
items are advanced in the direction of arrow A.

At the upper end of the belt conveyor 10 is provided a select/reject
mechanism 16 including a gate 17 pivoted to a frame component 18 for
rotational movement about shaft 19, between select and reject positions
shown respectively in Figures 1A and 1B. When the gate 17 is in the
select position, beet 13 pass over the idler roller 12 and are projected on to
the inlet end of a further belt conveyor 20 so as to be carried along the
upper run of that conveyor in the direction of arrow B. On the other hand,
when the gate is in the reject position (Figure 1B) beet are deflected
downwardly closely to follow a greater part of the cylindrical surface of the
idler roller 12 and then to fall generally vertically downwardly, as shown
by arrow C. A selector bar or roller 21 serving as a separation device is
suitably positioned at the inlet end of the further belt conveyor 20 to assist
the selection or rejection process by ensuring that rejected beet follow the
path shown by arrow C, whilst encouraging selected beet to fall on to the
further conveyor belt 20 to be carried in the direction of arrow B.
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A suitable mechanism is provided to operate the gate 17 in a timed
relationship to the advancement of beet along the conveyor 10, whereby
the gate may be set at the appropriate position for each beet reaching the
upper end of the conveyor.

Such a mechanism must be capable of

operating the gate relatively quickly, particularly having regard to the
anticipated through-put of the apparatus in classifying beet.

The classification is performed by determining the relative inertial
properties of each beet advancing along the conveyor 10 in the direction of
arrow A. This is achieved by arranging above the belt 11 a sensing
element 22 in the form of an elongate rod held at one end 23 and disposed
so that its other end 24 is in the path of advancement of the beet. Each
beet in turn is incident upon the lower other end 24 of the rod, so exciting
that rod to vibrate.

In a typical embodiment the rod 23 comprises a steel bar of square hollow
section. The bar is 350mm long, with cross-sectional dimensions of 40mm
x 40mm and having a wall thickness of 3.2mm. It is possible to calculate
the resonant frequency of such a rod and typically is about 1000Hz.
Depending upon the items to be sorted, the speed of sorting and other
factors, the resonant frequency for the rod may be selected to lie in the
range of 800Hz to 1500Hz.

A micro-sensitive accelerometer (not shown) is mounted within the rod
toward the free end thereof and provides an electrical output to a microprocessor (also not shown) which analyses that output, by converting the
analogue electrical signal into a digital signal and then determining the
power of the frequency components of the accelerometer output, for
example by the process of optimal phase binning, as referred to
hereinbefore. From that, the magnitude of the damping of the vibrations
of the rod can be determined.
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Optimal phase binning is a known technique which allows the frequency
powers of a signal to be calculated rapidly in real time. The technique
involves averaging sample data into three equally spaced time bins. For
each frequency to be tested, the bins are one-third of the cycle time
associated with that frequency. The sum of the squared averages gives a
spectrum power for the tested frequency.

This can be repeated for a

plurality of test frequencies to produce a frequency spectrum. In cases
where specific frequency powers are required, this is an exceptionally fast
method for spectrum analysis.

From the frequency spectrum analysis achieved by the optimal phase
binning technique, the magnitude of the damping of the vibrations of the
rod can be determined, and in turn so can be the relative inertial
properties for each beet to allow a decision to be taken as to whether to
accept or reject each beet. The process is shown in the flow chart of Figure
6.

As illustrated, the optimal phase binning technique is performed

following each excitation of the rod by an incident beet, to find the
magnitude of the damping of the vibrations. That is analysed to determine
the inertial property of the beet and a comparison is performed with predetermined boundary conditions for good beet. The output of the
comparison is used to produce a select or reject signal, which in turn
controls the operation of the gate 17, in a timed relation to the
advancement of beet along the conveyor 10 such that the gate will be
operated to select or reject that particular beet, as appropriate.

A typical output of the accelerometer when a hard object such as a stone or
a rock is incident upon the element 22 is shown in Figure 2. As can be
seen, there is negligible damping of the vibrations of the element caused
by the stone.

A healthy sugar beet striking the element significantly

damps the vibrations of the element, as shown in Figure 3. A beet which
has deteriorated in quality, and so which is soft and lacks crispness,
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damps the vibrations of the element 22 to a very great degree, as shown in
Figure 4. Then, by applying optimal phase binning on the output of the
accelerometer, the results shown in Figure 5 can be obtained. These
results readily lend themselves to the separation of stone and deteriorated
sugar beet from the healthy sugar beet.

Rocks and stones are discarded by rejecting all objects which apply a low
magnitude of damping to the vibrations in the sensing element. Objects
which have a low determined relative inertia are rejected as deteriorated
sugar beet.

The micro-processor, having performed the analysis on the output of the
accelerometer, then provides a decision signal which is synchronised with
the advancement of the beet along the conveyor 10, to cause operation of
the gate 17 when beet is to be rejected, but otherwise permitting selected
beet to be received on the further conveyor 20 to be advanced in the
direction of arrow B.

The method described above enables items of healthy root crop (such as
sugar beet) to be distinguished easily from unwanted objects such as
stones or clods of earth and deteriorated sugar beet. The inertial
properties of the latter are appreciably different from those of healthy root
crops, and so the assessment of the inertial property of items incident
upon the sensing element allows the distinguishing of acceptable produce
from other material, in a continuous through-put process.
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CLAIMS

1.

A method of classifying a succession of objects moving along a

defined path, comprising the steps of:

− causing the objects to be incident one at a time upon an element
with known resonant frequency so as to excite vibrations in the
element;

− determining the magnitude of the damping of the vibrations
during excitation of the element;

− determining the relative inertial properties of the objects
incident on said element from the determined magnitude of the
damping of the vibrations; and

− deciding whether to select or reject each object on the basis of its
determined relative inertial properties.

2.

A method as claimed in claim 1, wherein the selection or rejection

decision for each object involves taking into account the magnitude of the
damping of the vibrations of the element determined during excitation of
the element by the incidence of that object upon the element.

3.

A method as claimed in claim 1 or claim 2, wherein the objects to be

classified comprise items of agricultural produce, to be classified
dependent upon the quality of each item.
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A method as claimed in claim 3, wherein the items of agricultural

produce comprise root crops.

5.

A method as claimed in any of the preceding claims, wherein the

element is in the form of a rod which at least partly lies in the path of
movement of the objects.

6.

A method as claimed in any of the preceding claims, wherein the

element is associated with an accelerometer the output of which is used to
determine the magnitude of the damping of the vibrations of the element.

7.

A method as claimed in claim 6, wherein the magnitude of the

damping of the vibrations is determined from the relative powers of the
frequency components of the vibrations of the element.

8.

A method as claimed in claim 7, wherein optimal phase binning is

used to determine the magnitude of the damping of the vibrations.

9.

A method as claimed in any of the preceding claims, wherein the

objects are moved along the path by a conveyor.

10.

method of classifying a succession of objects moving along a defined

path as claimed in claim 1 and substantially as hereinbefore described
with reference to the accompanying drawings.

11.

Apparatus for classifying a plurality of objects, comprising:

− means to advance the objects in succession along a defined path;
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− an element with known resonant frequency lying in the path of
advancement of the objects whereby the objects are incident one
at a time upon the element so as to excite vibrations therein;

− means to determine the magnitude of the damping of the
vibrations during excitation of the element;

− means to determine the relative inertial properties of the objects
incident upon said element from the determined magnitude of
the damping of the vibrations; and

− a rejection unit to reject objects from the path which unit is
controlled on the basis of the determined relative inertial
properties of the objects.

12.

Apparatus as claimed in claim 11, wherein the element is in the

form of a rod constrained at or adjacent one end and disposed so that the
other end of the rod lies in the path of advancement of the objects to be
incident thereupon.

13.

Apparatus as claimed in claim 11 or claim 12, wherein the

determining means comprises an accelerometer associated with the
element and arranged to produce an electrical output dependent upon the
sensed vibrations of the element.

14.

Apparatus as claimed in claim 13, wherein the means to determine

the magnitude of the damping of the vibrations comprises means to
determine the power of the frequency components of the sensed vibrations,
and to produce an inertial classification dependent thereon.
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Apparatus as claimed in any of claims 11 to 14, wherein the means

to advance the objects comprises a conveyor.

16.

Apparatus as claimed in any of claims 11 to 15, wherein the

rejection unit comprises a gate mechanism operable between select and
rejection settings, the gate mechanism being controlled dependent upon
the determined relative inertial properties of the objects.

17.

Apparatus for classifying a plurality of objects as claimed in claim

11 and substantially as hereinbefore described with reference to and as
illustrated in the accompanying drawings.
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