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SUMMARY

The vertical guidance of longwall coal cutting machines 
( sheaurers ), using a novel method of measuring machine position 
relative to the coal seam, is considered.

Coal is a stratified sedimentary rock made up of horizontal 
layers of material with different physical properties, in 
particular hardness. A cutting pick mounted on the periphery of a 
rotating shearer drum will experience variations in cutting force 
as it passes through the various layers of the coal. Ihe pattern 
of forces experienced as the drum rotates will be unique and if 
the drum is displaced in the vertical sense relative to the seam, 
then the force pattern will be similarly displaced. Therefore 
comparison of pick force patterns can form the basis for a drum 
position measurement system.

An experimental trial was conducted to assess the viability of 
this concept. Ihe results of the trial showed that it was possible 
to detect and measure chsmges in the vertical position of a 
shearer cutting drum, %dien cutting an artificial ’coal' face. 
On-line measurement of drum position %fas used to satisfactorily 
control a shearing machine. The effects of the pick force data 
signal to noise ratio, on the accuracy of the measurement system 
employed %#as considered by simulation. The minimum signal to noise 
ratio of data %diich could be used to give acceptably accurate 
results was determined.

Simulation has been used to comqpare the operation of a proposed 
’pick force’ based control system with that of an existing 
guidance system. The results show the systems perform in a similaur 
manner. The effect of time delay in the measurement of position by 
pick force analysis, on control was also studied to determine the 
BWixlimim acceptable lag.
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1 INTRODUCTION .

An explanation of the structure of coal and the coal extraction 

environment is am importamt pre-requisite to an understanding of 

the work of this project. This chapter therefore, gives 

background information on the geology of coal, the history of coal 

mining, and the modern coal extraction process.

1.1 Coal; Formation and Properties.

The coal seams of Britain were laid down in the carboniferous 

period, seme 250 million years ago. Much of Britain was then part 

of a low-lying sub-tropical, swainp into which rivers flowed. The

whole area was gradually, although not continually sinking. Trees

and other plants grew profusely and as they died they were 

deposited as a waterlogged mass of vegetable debris (peat). 

Periodically, an increeised rate of sinking %#ould result in a layer 

of peat being completely covered by mud deposited by the rivers 

flowing into the swamp. This process, where alternate layers of 

peat and mud were laid down, continued throughout the 

carboniferous period. In later geological periods these layers had 

further material of various kinds superimposed on them, and being 

subject to increased temperature and pressure, the peat changed 

into coal and the mud into rock of one sort or another, sandstone 

and shale being the most common. Fossilised leaves, plant stems 

and tree roots are often found in coal, and its vegetable origin 

can sometimes also be detected by the presence of particles of 

fibre. This is particularly true of brown coal or lignite [1.1].
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Coals are often ranked according to the proportion of volatile 

matter and carbon they contain. Lignite is the most volatile, 

having only 67 % carbon, %#hile anthracite, a hard coal found 

mostly in South Wales is the least volatile containing about 93 % 

carbon, and b u m s  almost smoke less ly. Bituminous coals contain 

intermediate proportions of carbon, 88 % being the average.

Coal seams are non-homogeneous because of the method of 

deposition. Layers of different types of coal may exist in the 

same seam, perhaps separated by thin sheets of rock. On a smaller 

scale one coal 'type' always contains layers of the different coal 

'lithotypes'. These layers are of variable thickness of between 

2 and 50 mm. The principal lithotypes are 'fusain', 'vit rain', 

'clairain' and 'durain', and cam regkdily be seen in amy laurge 

coal fragment. Each lithotype is formed by a different type of 

vegetcüDle material amd each has different physical and chemicaQ 

properties [1.2]. Fusain is dull black amd powdery amd is quite 

soft. Vit rain is a bright vitreous black solid which readily

breaks up into small cubes amd should not be confused with

clairain which has a similar appearance but is less friable.

Durain haus a similaur appeairamce to fusain but is very hard.

If we regard peat as being at one extreme of a geological time

scale, then amthraicite is at the other. Hcwever, it camnot be 

aussumed that the older the seam, the deeper it will lie in the 

ground, because earth movements have distorted the eaurth's crust. 

Indeed some coal seams thrust to the surface millions of years 

ago, have suffered erosion by the action of sun and rain. Some of
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the results of earth movements are inport ant and should be 

mentioned. First, coal seams which were horizontal when they were 

laid down are now, almost invariably inclined. In some localities 

this inclination is quite steep, vertical seams not being unknown. 

Secondly, in some places the strata undulate and where 'roadways' 

in a mine follow the seaun this may make mechanisation of transport 

difficult. Third, in many places there are breaks in the strata 

called faults. Where a coai face meets a laurge fault heaid on, the 

coal disappears, lying at either a higher or lower level. The 

first is called am upthrow amd the second a do%mthrow fault. Where 

a fault is a small one it is possible to mine through it, but a 

major fault will stop the face.

2^ Tb# aietpry Qt Mining

ArchaeologicaLl evidence suggests that coal was used by mam in 

pre-historic times, amd it is likely that the first use of coal in 

Britain waus for cremations in South Wales in the Bronze age 

(c. 3000 BC) [1.3]. In Romam Britain coal warn dug from surface 

outcrops. Outcropping on a small scale was practised in medieval 

Britaiin too, but in places where the surface deposits became 

exhausted coaQ waus then extracted in one of two %#ays. Where the 

seam outcropped on to a hillside, the miners tunnelled into it. 

These early 'drift' mines were very shaillow because of ventilation 

and draiinage problems. Where the ground %#aus flat, the other method 

of extraction warn to sink 'bell pits'. A bell pit is essentially 

like a %#ell sunk to a shallow seam of coail. The miner dug the ooauL 

from the bottom of the pit amd hacked into the sides as fau: am
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vras safe. He then abandoned the pit and sunk another close by. 

Viewed in section, such a pit is usually shaped like a bell.

At the end of the nineteenth century nearly all coal was won by 

hand pick, aided by explosives for blasting, and loaded by hand 

shovel into trauns or tubs at the face. The methods of working coal 

seauns generally conformed to one of two basic systems, 'rocm and 

pillau:', or 'longwall*. 'Rocan and pillar* mining, mainly adopted 

in seams exceeding 1.4 metres in thickness, first consisted of 

splitting the seam into small rectangular pillars by driving two 

series of parallel roadways at regulaur intervals apart, amd 

usually at right angles to each other. The pillaurs were later 

extracted in a second operation in which successive 'lifts’ or 

slices were taken from each pillar, the roof in the working place 

being timbered. As each 'lift' was completed the supports were 

withdrawn amd the roof allowed to collapse behind the workings 

[1.1].

In ' longwall ' mining the coal was removed in one operation from 

faces vairying in length frcxn 100 to 250 metres. Until the 

application of mechanical face conveyors in the early years of the 

twentieth century, the longwall face waus approached by branch or 

gate roads, about 12 metres apart, through which each miner 

reached his part of the face. These roads advanced with the face, 

and the overlying strata was given sufport by stone packs built 

along the side of eaich road. The coal was usually %#on from the 

face by undercutting using hand picks, before drilling 

shotholes, and blasting with eiq>losives. The loose coal was

-1.4-



transported through the bramch roada into the main haulage road in

trams pulled by ponies. As the face auîvanced the supports were

withdrawn behind the working allowing the roof to fall to form the 

’goaf', between the packs.

The first important steps to mechanise coal cutting were taken 

during the 1850's, %̂ hen attempts were made to undercut the coal on 

longwall faces with a heavy coal cutting machine powered by 

compressed air. From the early prototypes evolved the bar and 

chain coalcutters. These became the most popular amd resembled a

large chain saw; some are still in use today. In the 1880's

development wais further stimulated by the arrival of electricity 

and the use of the machines gradually extended until in 1900 there

were 180 at work. The use of coalcutters, helped by the

development of special alloy steels, increased throughout the

early years of the twentieth century. It soon became evident that

the incresLsed productivity that they caused meant that an improved 

method of transporting the cut coal must be found. This brought 

about the development of the mechanical face conveyor which was of 

either the chain scraper or belt design. Hence the need for branch 

roads was eliminated as only two 'gate' roads were required at 

each end of the face. This greatly reduced the amount of stonework 

and improved face safety [1.3].

Advamces in mechanisation initiated the development of the 

combined cutter-loader, transport, and roof support system used 

today. These systems account for over 90% of British underground 

coal production and are described in section 1.3.
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Demand for coal in Britain rose from 0.2 million tons per annum 

(mtpa) in 1550 to 10 mtpa in 1790. This trend continued throughout 

the industrial revolution until the 1920's vdien production was 

270 mtpa. Since then demand has fallen steadily and is now around 

100 mtpa (approximately 4% of the world total). This fall was due 

to the increeising importamce of oil and natural gas in the world 

energy market. However, now the exhaustion of Britain's deposits 

of these fuels is in sight (30 - 60 years) there are signs of a 

resurgence in the demand for coal. Forecasts show that the coal 

deposits should be viable for up to 400 years [1.1].

1.3 Modern Lonowall Coal Minina

The layout of the longwall coal face has changed little since the 

introduction of the mechanical face conveyor in the early 

twentieth century. Figure 1.1 sho%irs three longwaJ.1 faces in a 

modem mine. Two parallel gate roads are driven, 100 - 250 m 

apart, at right angles to the face; these are progressively 

extended as the face advances, serving as transport roads and 

ventilation airways. In another form of longwall mining the gate 

roads are cut ccwnpletely to the required distance, before any 

extraction takes place. Mining then proceeds backwards toweurds the 

main roadway, (Retreat Mining).

It is the coal winning system at the face which has undergone the 

most radical changes during the latter half of this century. One 

integrated coal winning, transport, and roof support system now 

carries out the jcû>s previously performed by many men and small
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machines. Cut coal is transported to one end of the face by means 

of an armoured face conveyor (AFC). The AFC lies on the floor 

adjacent to the face and runs along its entire length. The coal is 

cut by shearing machines Which slide along the AFC on four 

supporting shoes; the machines haul themselves along a static 

chain by means of a hydraulic drive. The cutting tool is a helical 

vane drum which is mounted on the face side of the machine and 

rotates about a horizontal axis with cutting picks mounted on its 

periphery. The roof over the AFC amd machine is supported by 

hydraulic roof supports which aure loosely attached to the AFC by 

hydraulic rams. After each shear the AFC is advanced a 

predetermined distance ( ' push-over ' ) towairds the new cut face over 

the cut floor by the rams; subsequently the line of roof supports 

is also advanced allowing the previously supported roof to fall. 

This system is shown in elevation in figure 1.2 viewed from the 

face end, amd in plan amd along face elevation in figure 1.5.

Figure 1.3 shows the details of the AFC %ihich is of the chain 

scraper type amd is designed to flex at each joint, in both 

planes. This allows it to adopt the profile of the floor amd to 

'snake' %fhen pushed over by the roof supports. There may be up to 

300 roof supports on a typical coal face which advance behind the 

cutting machine in a predetermined sequence. The conveyor advamce 

raun is extended to push the conveyor over amd the roof support 

rams axe lowered. The conveyor advance ram is then retracted to 

pull the support over to the conveyor amd the roof rams extended 

to support the newly cut roof.
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The majority of cutting machines are of the ranging-drum shearer 

type, in which the drum is mounted on a boom arm outboard of the 

machine body, (see figure 1.4). This kind of machine may have one 

or two cutting drums. These rotate at between 30 and 60 rpm, as 

the machine hauls itself along the AFC at up to 5 n\/min, cutting 

the coal. The boom arm may be raised and lowered to cut coal of 

greater thickness than the drum diameter. If this type of 

operation is desired then the drum will be raised to cut the roof 

( 'roof cut' ), in one direction and the machine will return along 

the face, with the drum lowered to cut the floor ( 'floor cut'),

(see figure 1.5). This two-pass operation is clearly not necessary 

with a double-ended (two drum) machine, or with a single-ended 

machine which is only extracting one drum thickness of coal. In 

these cases a complete 'shear' or slice off the face is taken in 

both directions of travel.
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STEERING OF RANGING DRUM gHEARERg.

2.1 THE NEED FOR STEERING

Coal is normally worked where the seam is reasonably consistent in 

thickness, so that a choice of machine size 2md cutting drum 

diameter can be expected to remain useable for some considerable 

time. As a face advances it may be found that the seam undergoes a 

change in gradient, a small fault (vertical displacement), or a 

smooth undulation [2.1].

It is highly desirable to keep the cutting drum within the seam 

regardless of the conditions encountered. Apeurt from the obvious 

desirability of maintaining a 'clean' product, it is also 

necessary to leave a few inches of coal in the roof and the floor 

for the complete effectiveness of the roof supports. Falls in the 

roof or indentations in the floor may occur if the overlying or 

underlying strata are es^sed. Also, there are the direct hazards 

of pick damage, friction sparking, and an increased 'make' of dust 

if the drum is allowed to cut through the coal-rock interface. The 

latter two conditions are especially important in an industry 

%fhich is increasingly concerned with the health and safety of its 

workforce.

The benefits of automatic steering aure potentially very great. 

Productivity can be increased through the avoidance of stoppages 

many of %*hich aure caused by lack of control of vertical position 

within the seam, amd safety can be improved.
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2.2 THE STEERING PROBLEM

A guidance system is required so that the whole ensemble of AFC 

and roof supports can follow the seam. It should be possible for 

the equipment at adjacent positions along the face to be steered 

on different face advance trajectories, within the along-face 

flexibility of the conveyor, to build up any three-dimensional 

curved surface required by the seam configuration. In addition to 

correcting for fluctuations in the geometry of the seam an 

automatic steering system should also correct for trajectory 

disturbances, such as 'pan-lift ' . This occurs when fine coal is 

trapped underneath the AFC at 'pushover' causing a disturbance 

which affects the seating of the conveyor on the floor.

Control must be constrained, so as to limit the size of step 

between the previously cut and newly cut floor, to avoid excessive 

machine tilt in the face advance direction at pushover.

If seam and trajectory disturbances exist then some form of 

control is clearly necessary to compensate for them. It can be 

seen that the coal cutting system with no control, either manual 

or autcanatic, will be unstable under all but perfect operating 

conditions. In particular, any conveyor disturbance will be 

amplified and phase shifted in the newly cut roof and floor due to 

the outboard position of the cutting drum on the machine.
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The principal requirements of a machine steering system are, 

therefore, [2.2],

1. Maintain a level horizon relative to the seam subject 

to the following constraints;

a. Limit control action in the floor so as to 

avoid excessive face advance tilt at 

pushover, and

b. Limit control action in the roof so as to 

preserve good roof conditions.

2. Achieve steady state responses to changes in 

horizon without overshoot.

3. Achieve constant extraction, (thickness of coal 

worked).

For these requirements to be met some means of measuring the 

position of the cutting drum relative to the seam is necessary. 

The method used by the National Coal Board (NOB), for their 

operational steering system (System 70,000) is discussed in the 

following section.

2.3 SYSTEM 70.000

2.3.1 Introduction

System 70,000 is êui integrated monitoring and control system, 

designed for use with ranging drum shearers (RDS). The monitoring 

function provides machine 'health' and management information 

%diich is transmitted to the surface for analysis. The control 

function is implemented via a network of machine mounted.
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multi-tasking computer modules. A brief functional explanation of 

the control algorithm employed by the system is given in the 

following section. A full description of System 70,000 may be 

found in the NCB document [2.3] amd the evolution of the system

is chronicled by the NCB reports [2.4] and [2.5].

2.3.2 Steering and Control Algorithm

System 70,000 effects the vertical guidance of the shearer by 

indirectly measuring the position of the cutting drum relative to 

the coal seam, and so enabling control of the drum position by 

movement of the boom arm. The outputs of three primary sensors aire 

used by the algorithm; these measure,

1. The present vertical position of the cutting drum 

relative to the previous cut roof (roof step). This is

measured by a mechamical ' roof follower ', which follows

the profile of the previously cut roof in vertical line 

with the axis of the drum. The roof follower transducer 

measures the angle between the roof follower eurm and 

the boom arm; this is internally converted to step 

height. The profile of the roof follower arm is 

designed such that a given roof step will be related to 

a fixed arm angle at all boom positions.

2. The previous shear roof coal thickness ; measured by 

a natural radiation sensor which senses the attenuation 

of the naturally occurring radiation from the overlying 

rock, by the roof coal.

-2.4-



3. The tilt of the machine in the face advance 

direction; measured by a simple tilt transducer.

The layout of these transducers on a typical RDS is shown in 

figure 2.1.

A block diagram for the control algorithm is shown in figure 2.2.

It can be seen that the control algorithm is divided into three 

parts. The inner roof follower loop is the heart' of the 

algorithm. The desired roof step is normally zero, unless a 

management decision, to change the machine horizon within the 

seam has been taken. The step is measured by the roof follower, 

and compared to the step in roof set point. The resultant error 

amd the summed outputs of the other two control sections 

(described below) are added and used as a boom steering demand.

The summed outputs from the coal thickness and face advance tilt 

control sections act as a second set point on the roof follower 

control loop. If therefore, this is zero the roof follower 

section will attençït to minimize the size of roof step ( assuming 

the roof step set point is also zero ).

It will be noted from figure 2.1 that the coal thickness sensor is 

not in line with the drum, but at the far end of the machine due 

to operational limitations. The coal thickness measurement is 

therefore delayed by the appropriate along face distance so that 

the reading corresponds to the coal thickness as the drum passes 

the point where the measurement was taken. The delayed coal 

thickness meaisurement is con$>ared with the coal thickness 

set—point to give a coal thickness error. A gain factor is applied
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to this to provide a coal thickness steering demand.

The measured FAT is compared with the FAT set-point (the seam 

angle) to produce a FAT error. This is trigonometrically converted 

to a distance error in drum position and a gain factor is applied 

to produce a FAT steering demand. This is summed with the coal 

thickness steering demand to produce a total steering demand.

Limits are applied to this value to restrict the size of step in 

the roof and floor so as to limit the FAT imposed on the machine 

at pushover.

Consideration of various steering situations clearly show how the 

system removes disturbeuices. Some examples zure sho%m in figure 

2.3. Example 1 shows how the inner loop maintains a level horizon 

with a zero step in the roof for zero coal thickness and FAT 

errors. If the error in FAT in example 2 were left unchecked the 

drum would be cutting higher in the seam than required. Tlierefore 

a downward step in the roof is produced. Example 3 shows how a 

coal thickness error is removed in the new shear by application of 

an upward step in the roof. The composite case is given in 

example 4 where the two errors cancel out and no step is produced. 

It can be seen that the system will condensate in this way for 

both seam and trajectory disturbances. The roof follower loop is 

primarily concerned with the removal of trajectory disturbzmces, 

such as 'pan-lift ' and the coal thickness control section with 

seam inputs.
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When the mining operation requires it, floor cutting is controlled 

by storing the boom position at each along-face position in the 

roof cut and applying a constant downward displacement to the boom 

at the same along-face position in the floor cut. In this way 

constant extraction is achieved.

2.3.3 Control System Performance on Production Faces

It is clear that the system as described should meet the steering 

requirements as stated in section 2.2. System 70,000 has been 

installed on eight coal faces at the time of writing and this is 

found to be the case. A level horizon (within 25mm), relative to 

the seam is maintained while limiting the size of step in the 

roof, and by implication at constant extraction, the size of step 

in the floor. Ttiis has led to improved safety and productivity.

The latter having been improved by a factor of 1.5 to 2.0 as 

cutting into the underlying or overlying strata has been almost 

totally avoided. This means that roof falls and floor disturbances 

happen far less frequently and mining can proceed without delays 

[2.6]. This has been reflected in the safety record of the faces; 

the rate of serious accidents has been reduced by approximately 

50%.

2.3.4 Limitations in Application

While the system has undoubtedly been a success on the faces on 

which it has been installed, it has two major limitations. Firstly 

the obvious dependaince on the presence of natural radiation in the 

rock above the coal seam. This only occurs in approximately 60% of
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production faces. Further, coal mining technology is now moving 

towards the total support of the cut roof behind the shearer and 

hence it will no longer be possible to take the measurements of 

coal thickness and step in the roof in the previous cut. Total 

support of the roof is desirable for safety and operational 

reasons. Another disadvantage of the control system is the 

complexity of the algorithm required to indirectly measure the 

drum position. Since three measured variables are required in 

order to generate a steering demand a fault in any one of three 

transducers cam seriously degrade steering, or render automatic 

control impossible. These limitations make it necessary for 

another steering system to be developed which does not rely on 

natural radiation or previous cut sensing.
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3 VERTICAL POSITION MEA3C

3.1 Introduction

The vertical steering of ranging drum shearers would be 

considerably simplified if it were possible to measure directly 

the vertical position of the cutting drum in the coal seaum, in the 

present shear, ie. as the coal is cut. Work carried out at the 

Mining Research and Development Establishment (MRDE), of the 

National Coal Board (NCB), in recent years has indicated that it 

may be possible to steer coal cutting machines by analysis of the 

forces exerted on a cutting pick mounted on the rotating cutting 

drum of the machine [3.1]. As mentioned in section 1.1, coal is 

non—homogeneous in structure and contains horizontal bands of 

varying properties, in particular hardness. Therefore the 

tangential cutting force on the pick will vary as the drum 

rotates, so producing a force pattern. If the drum moves 

vertically relative to the seam the force pattern produced will be 

displaced. Hence, by comparing patterns as the machine moves along 

the face it should be possible to find any shift in the vertical 

position of the drum relative to the coal seam and use this 

measurement aus a basis for control. This concept is illustrated in 

figure 3.1; the peaks in force correspond to hard rock bands and 

these are displaced as the drum moves vertically.

The remainder of this chapter is devoted to the various 

theoretical and practical considerations which are important in 

the design of the pick force measurement system and a review of 

early work in the field.
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 Signal prççes&ing

3t?.iJ= Signals^ Noise, and _Noise Reduction

It is inevitable that any signal processing system will have to 

operate on a mixture of signal amd noise. The signal is that 

component of the input %diich is of interest to the observer and 

the noise consists of all other components which are present. The 

processing system is primarily concerned with establishing the 

properties of the signal and its input stage must, therefore be 

designed so as to separate the signal and noise components; that 

is to extract the signal from the noise.

It is necesscLry to clarify what is meauit by signal in the case of 

pick force information. Signal may be defined as any ccmponent of 

the total data which is related to the properties of the coal seam 

and hence to drum position. Figure 3.2 shows the likely form of 

the pick force data. The noise may be divided into two parts, 

correlated emd uncorrelated. An example of correlated noise %«#ould 

be any trend in force which is related to the rotational position 

of the drum, due say to some function of the cutting geometry of 

the machine. The major sources of uncorrelated noise will be, the 

irregular breaking away of miaterial in front of the picks of the 

cutting drum, auiy other random functions of the cutting process, 

and electrically induced noise in the measurement circuits.

Cleaxly it is important to remove as much of the noise present 

before further processing to enhance meaisurement accuracy. Two 

principal methods of signal conditioning may be considered here; 

these are filtering and coherent time averaging. Ihe former may
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be used to remove noise that lies at different parts of the 

frequency spectrum to the signal. Filtering is an important aspect 

of signal processing and has been discussed by Shaw [3.2], Bozic 

[3.3] ajid Lynn [3.4]. In a situation %diere a repetitive m^veform 

is masked by random Gaussian noise, coherent time averaging can be 

a most useful form of signal enhamcement. The technique consists 

of the summation of successive repetitions of a signal in such a 

way that the underlying signal reinforces itself (is coherent), 

while the noise, if it is r£uidcxn relative to the occurences of the 

signal, tends to cancel out. The process can be divided into two 

parts; (i) the identification of each occurrence of the repetitive 

signal, and ( ii ) the computation of the averaged signal. A signal 

detection procedure may be used to recognise a particulaur feature 

which is time-locked to the repetitive signal of interest. This 

may come from the signal itself or from some external stimulus. 

Coherent time averaging is illustrated, with reference to pick 

force data, in figure 3.3.

The averaging process will therefore remove random noise from the 

signal at all frequencies, but correlated noise will be reinforced 

with the signal. The improvement in signal to noise ratio (SNR) of 

the data, achieved by coherent time averaging, assuming that only 

uncorrelated noise is present, is given by [3.5],

(SNR)^ - Vr*T) . (SNR)^

Where, (SNR)^ * Signal to noise ratio after M repetitions
of the signal are averaged,

(SNR)^ * Signal to noise ratio of the raw signal

No. of repetitions averaged.
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The signal to noise ratio may be defined as.

These two techniques of signal enhancement can be used in a 

complimentary fashion to remove most of the noise from the pick 

force signal. However, any correlated noise at the same 

frequencies as the signal will remain. It is therefore important 

to remove any possible sources of correlated noise from the 

measurement system, (see chapter 4).

3.3.2 Sampled Data Systems

The need to process signals in an electronic system so as to 

extract information, or provide control normally requires that the 

signal be represented as electrical quantities. The variables of 

the real world such as temperature, pressure, and velocity, are 

usually converted into voltages by means of appropriate 

transducers. It is these voltages which are dealt with in the 

electronic signal processing system.

Some operations ( such as filtering ) can be done on the signals 

directly, but processing of any complexity is more conveniently 

done by digitising the signals and representing them aus a sequence 

of binary numbers. This aQlows the power and flexibility of 

digital computing and storage elements to be used to their full 

advantage.
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The methods by mhich analogue signals are converted into discrete 

digital samples are v^ll documented [3.39]. It is not these 

techniques that are important here, but their effect on the 

representation of the signal. These effects are discussed below.

3.2.2.1 Analogue to Digital Conversion.

Several sources of error may be apparent in analogue to digital 

conversion. For example gain errors; the analogue to digital 

converter (ADC) may be saturated by the signal below its maximum 

amplitude, so 'clipping* its digital representation. Non-linearity 

errors are more difficult to detect and occur when the 

quantisation steps of the ADC are uneven. Both of these types of

error will introduce some form of noise into the digital

representation of the signal.

Even with perfect amalogue to digital conversion one form of error 

remains emd that is the quantisation error. Clearly an ADC cannot 

resolve a change in signal less than the magnitude of the least 

significant bit and this leads to quantisation noise. The mean 

square quamtisation error is, [3.39],

R

d is the mean square (Quantisation error

R is the range of the ADC ( in Volts for example )

N is the number of bits resolution of the ADC

Therefore if an ADC with a sufficiently high resolution is used, d 

may be made insignificant. For most 'real' applications N=8 or 

N«12 is adec[uate.
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3.2.2.2 Frequency of Sampling

If a signal is changing rapidly it is clear that it would need to 

be sampled more frequently to represent it adequately tham would 

be the case if it were chauiging slowly. The rate at %diich a signal 

can change cam be specified by its 'total bandwidth'. If we define 

' total bamdwidth ' am the range of frequencies containing all the 

information of interest it is possible to define the sampling 

rate.

It ham been shown [3.40] that if a signal has no spectral 

components above a frequency, then it may be uniquely defined by 

a set of samples taken at a frequency of 2 .W^, is known am

the Nyquist frequency. If the signaJ. contains frequencies above W^, 

but is still sampled at W^, the spectrum of the sampled signal 

will be different to that of the original. This difference is due 

to a phenomena known as 'aliasing' . Spectral ccmponents above 

are 'folded back' into the spectrum of the sampled signal about 

W^. Hence the signal is not uniquely represented in discrete form. 

A clear eaplamation of sampling theory is given by Hull [3.44].

Aliaming errors cam be eliminated by sampling at greater tham 

twice the Nyquist frequency, if this frequency can be identified.

If however the spectrum of the signal with its associated noise is 

not consistently zero above some recognisable amd acceptably low 

frequency (ie. is not bamd limited) then higher frequency 

components must be suppressed before sampling. This is achieved by 

the use of a low-pams filter known am am amti-aliaming filter. In 

all real situations there is some signal or noise at all
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frequencies and therefore an anti-aliasing filter should always be 

used.

Sampling of pick force data is complicated by two factors, the 

discontinuous nature of the signals, and the requirement for 

non-linear time sampling of the data. The former relates to the 

fact that the pick force signals must be sampled over the half 

drum revolution when the coal is being cut by the instrumented 

cutting pick emd not %dien the pick is 'cutting air'. The cause of 

the latter is that samples must be taken at equal-height 

intervals, rather than equal intervals of angle or tim*e.

3.2.2.3 A Simple Signal Model

An idea of the bemdwidth of the signals, derived from the forces 

exerted on a pick in a coal cutting machine, may be obtained by 

formulating a very simple signal model. This is done by 

calculating the ideal form of a signal obtained from a particular 

hardness pattern in a face.

As the cutting drum rotates in the seaun the sensitised cutting 

pic* pausses through materials of vaurying haurdness. If we know the 

drum diameter, its peripheral velocity, and the minimum size of 

•detail’ In the face, it is possible to estimate the maximum 

frequency of interest. The fau% shown in figure 3.4 may produce 

the force pattern shown. The maximum frequency of interest is here 

approximated by,

V

2 . d
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%here V is the peripheral velocity of the cutting picks and d is 

the size of the face 'detail'. This represents the %#orst case, 

where the cutting pick is travelling at right angles to the 

'detail' it is cutting, ie. at 90 degrees from top dead centre. 

This assumes that the force pattern of the detail has sinusoidal 

form. If this is not the case other higher harmonic frequencies 

would also be present.

This exercise may be usefully Ccurried out for a typical 

underground situation, with a cutting drum vhich is rotating at 

30 rpm.

Drum Diameter, D » 1.67 m

therefore, V » 2.62 m/B

The size of 'detail' in a face corresponds to the minimum 

thickness of the hardness bands contained in it, amd in most cames

this is approximately d * 30mm, for a bamd which is consistent

over amy appreciable distamce.

2.62
f =   = 44 Hz.

0.06

Therefore a sampling frequency of 88 Hz. is required to adequately 

represent the resultamt signal.

3.2.3 Signal Pattern Compaurison amd Cross Correlation.

To detect amd meaisure vertical movement of the cutting drum it is 

necessary to compaure force patterns to find any relative 

displacement bet%#een them. A conpaxison technique is required 

vhich has good noise rejection, is ccmputationally efficient amd
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is preferably, simple. Most of the literature on the important and 

analogous areas of transit time and time delay estimation may be 

applied here, ie. in the case of distance displacement estimation. 

Therefore, a review of the literature in these arecLS has been 

carried out.

Cross correlation hais been shown to be the optimal method of time 

delay estimation with respect to the criterion of accuracy and 

hence of noise rejection [3.6, 3.7, 3.28]. Since this technique is 

well documented and is a relatively sinple method to implement it 

has been chosen as the miethod of delay estimation to be used in 

the case of pick force analysis.

3.2.3.1 Cross Correlation

The cross correlation function is defined by [3.8],

è . Y(t-T) . dt ....  (3.1)

%vhere, <I)^ is the cross correlation function of

X(t) and Y(t)

T is the time displacement

t is time

T is the sample period.

The form of the cross correlation function (CCF) will be dependant 

upon the relationship of X(t) to Y(t). In particular if Y(t) is 

X(t) delayed by some time T^, then the CCF will eidiibit a peak at 

T - T^. For any T < ®  the calculated CCF is an approximation. 

Ho%^ver, if it is necessary to calculate 4»^ for an experimentally
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derived X(t) and Y(t) it is not possible to let T tend to ». The 
following assuinption is therefore usually made to allow the 

calculation of 'real' cross correlation functions; the functions 

X( t ) and Y( t ) are replaced by X' ( t ) and Y ' ( t ) which 2tre defined to 

be periodic over the sampling period T^. This can be nrritten.

I . V(t-T) . dt .... (3.2)

As X (t) and Y'(t) are periodic with period, T^then,

T
» ^ ( T )  - I oj ^ X'(t) . Y'(t-T) . dt   (3.3)

and hence let T = T.P

Equation (3.3) represents a process usually know as 'circular 

correlation' because of the periodic nature of X ’(t) and Y'(t).

The approximation to equation (3.1) is good for -T << T << T, as 

spurious peaks are produced in for large r, due to the overlap
of adjacent periods of the input functions. This prcA)lem can be 

overcome by defining,

Y'(t)-0 and X'(t)=0 for O < t < T/4 

and for (3.T)/4 < t < T .

In other %^rds by 'zero padding' the functions to be compared at 

each end of their range [3.9]. However, if only the centre range 

of the CCF is being considered this is usually unnecessary blb the 

errors here are slight.
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Correlation may be implemented in digital form by making the 

further assumption of the trapezium rule, the result being 

equation (3.4), [3.8],

N-l
^XY ° N E  X'(k.T^) . Y ((k-i).Tg)   (3.4)

k=0

where, is the sampling interval for discrete samples of 

X', and y  . Clearly this approximation is more accurate as 

becomes smaller and N becomes larger.

It is important to make the point that the variables in time ( t, 

T, and t ) in the above equations can be replaced with variables in 

vertical distance for application to pick force analysis.

Therefore if X(d) and Y(d ) are force patterns then the peak in the 

resultant CCF will occur at a position corresponding to the shift 

in the patterns and hence to any movement in the machine cutting 

drum relative to the seam.

Correlation may also be performed in the frequency domain by 

multiplying the Discrete Fourier Transform (DFT) of Y(t), (y(w)) 

with the complex conjugate of the DFT ofX(t), (x(w>), thus,

V><w) = X (w) . y(w) ........................ (3.5)

The function, *p(w) is known as the cross spectral density function 

(CSDF) and Ccm be inversely transformed to give <X>j^k[3.8].

Equation (3.4) shows that if a CCF is to be calculated from an N

point data set over N time shifts then it is necessary to perform 
2N multiplications. If adequate resolution is to be obtëLined
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(ie. large N), then this represents a substantial and time 

consuming task. Therefore various ways of speeding up the 

calculation have been developed so that CCF's can be more readily 

used in real-time signal processing systems.

The first and most important of these method relies on the 

frequency domain calculation, mentioned above in equation (3.5), 

and employs the PaLSt Fourier Transformation (FFT) implementation 

of the DFT, [3.10]. The algorithm can be represented as follows,

FFT
X'(t) — > x(w)

FFT
Y'(t) — > y(w)

(3.6)

^(w) - x ( w )  . y(w) ..............  (3.7)

FFT
<—  V)(w) ..............  (3.8)

This may at first sight seem a laborious approach to the problem. 

However, the FFT is extremely calculation efficient. In fact it 

requires,

N / 2 . log^ (N) 

multiplications to perform an N point trams format ion.

N multiplications are required in the frequency domain to 

produce the CSDF, auB in equation (3.7). Hence the total number 

of multiplications required for the entire procedure is.

M - N . log^ (N) + N + N/2 . log^ (N)

Forwaupd FFT's CSDF calculation Inverse FFT 
Equation (3.6) Equation(3.7) Equation( 3.8)

- 3.N / 2 . log^ (N) + N   (3.9)
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As stated above a ’traditionally’ calculated discrete CCF
2(equation 3.4) requires N multiplications to be performed. 

Therefore for any N > 4 the frequency domain route is faster, 

assuming that multiplication is the major time consuming task of 

the calculation; this is the case with most computer systems.

The second method of accelerating the calculation of the CCF has 

been applied widely in the field of correlation fJowroetering and 

is kncwi as the Veitman or ’polar coincidence’ method [3.11, 3.12, 

3.13}. Only the sign of the input waveforms X(t) and Y(t) about 

the mean are considered; in other words a one bit quantisation is 

performed.

For X(t) > M X ’(t) = 1

and X( t ) < M X ’( t ) = -1

where M - the signal mean.

Hence multiplication can be performed by logical operations rather 

than lengthy arithmetic calculations. Clearly the accuracy of 

the calculated CCF is affected by the increased quantisation 

noise, but correlation is an averaging and hence noise reducing 

process, and therefore the effects on the function are slight as 

the induced noise tends to cancel out. The overall result is a 

distortion in the amplitude of the function, while peak positions 

remain unchanged [3.12]. Statistically the accuracy of the CCF is 

degraded but this can be remedied by increasing the sample period, 

T, by a factor of approximately 2.2 [3.14].
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Relay correlation is a intermediate stage between traditional 

cross correlation and the Veltman method of correlation. One input 

waveform is treated normally, %/hile the other is polarity 

quantised, hence the calculation load is reduced as only siiple 

multiplications have to be performed (changes of sign). The 

statistical accuracy of this method, as expected, lies between 

that of traditional and Veltman correlation [3.12].

As mentioned aibove, pick force analysis has much in common with 

the measurement of transit times and hence velocity and flonnrate 

measurement by cross correlation techniques. Developments in these 

fields have been documented, [3.11 - 3.31]. Keech [3.12] details 

the development of a particular cross correlation flowmeter and 

considers all aspects of the signal processing. Beck [3.13] gives 

an excellent review of the progress in the field from 1961 

onwEurds. Mesch et al [3.26] and Anstey [3.25] review the 

applications of correlation techniques. Of particular interest 

here is the statistical accuracy of correlation techniques in the 

presence of noise. This has been studied by Beck [3.13], Jordan 

[3.14], Beck & Ong [3.15], Veltman et aJ. [3.11], lanniello [3.6], 

and many others [3.27 - 3.30]. A similaur method to that used by 

lanniello [3.6] is used in chapter 6 to assess the accuracy of 

the proposed pick force measurement system in the presence of 

noise. Artificial signals of known SNR are input to a test 

correlation algorithm to assess statistical accuracy.
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3.2.3.2 Alternative Methods of Delay Estimation

An important alternative method of estimating the mutual time 

delay of two signals relies on the Least Mean Squares Adaptive 

Filter [3.32]. An adaptive finite impulse response (FIR) filter is 

tuned iteratively to compensate for the delay in one of the 

signals. When the filter is properly tuned the difference between 

the unchEuiged input signal and the filtered one is siinimized 

[3.33]. The gain values of the FIR filter amplifiers can then be 

used to estimate the time delay. This technique is particularly 

suitable for the on-line analysis of continuous data as the filter 

can track delay changes and it has therefore found wide 

application in defence sonar systems. Progress in this field has 

been documented by Youn [3.34] and Reed [3.35]. The application 

of this technicQue to the pick force data would not be possible 

because of the non—continuous nature of the sigrnals.

Assessment of time delay may also be accomplished in the frequency 

domain by analysis of the phase chairacteristics of the cross 

spectral density function, (equation 3.7), and so saving the 

calculation time of the inverse fourier transformation [3.36,

3.37]. However this method is less accurate than the normal method, 

ie. Interpolating the OCF in the time domain [3.36], and has 

therefore not been axployed.

3.2.4 Correlation Function Interpolation,

It is necessary to interpret the time or distance delay 

information contained in a cross correlation function. This can
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be done by a variety of methods some of Which are reviewed by Keech 

[3.12]. A peak in the CCF will represent the mutual time delay 

between signals, but this is not necessarily the highest amplitude 

peak in the function. Given poor SNR conditions or a lack of 

information in the input signals, other spurious peaks may exceed 

the amplitude of the significant one. Therefore a method of 

determining significant peak position, which is more sophisticated 

than searching for the highest amplitude in the function, may be 

required.

A superior method of estimation is the abscis of masspoint as 

proposed by Veltman et al [3.11]. This determines the centre of 

the area under the CCF and gives a good estimation of the 

significant peak position. However, a poorly conditioned CCF can 

give inaccurate results %hen using this technique and some error 

will always be inherent.

Tracking the significant peak from one determination of the CCF to 

the next improves the statistical accuracy of estimation [3.38]. 

However this method is reported to be susceptible to loss of the 

significant peak. If noisy CCF’s are comnon then, cleaurly, the 

algorithm may attempt to track an insignificant peak. It is 

difficult to determine when the significant peak hEus been lost and 

hence to correct the situation [3.38].

In some situations only a narrow band (or window) of the CCF 

represents physically realisable delays. If analysis is restricted 

to this band the chance of an anomalous estimate is reduced. This
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is the case with the pick force system, where if the CCF is 

calculated over the full drum diameter (say 2 M), and distance 

shifts of only plus or minus 200 mm are realisable, then only the 

centre 20 % of the function is relevant. Therefore searching for 

the significant peak, using one of the above techniques, only in 

this region will automatically reject any spurious peaks in the 

rest of the function.

The choice of the method of CCF interpretation employed will, to a 

large extent, be dependant upon the exact form of the CCF’s 

produced by force pattern comparison. It may be necessary to test 

the performance of each of the above methods to find which gives 

the most accurate results.

3.3 Preliminary Investigation.

Work carried out at MRDE over the past 20 years has indicated the 

feasibility of steering shearers by utilisation of pick force 

amalysis. A report, [3.1], describes an actual underground trial 

using a pick force analysis technique to measure cutting drum 

position. This system did not, however, use a pattern comparison 

method, but sisply found the position of a particular very hard 

rock band within the seam relative to the machine. Therefore this 

technique had a very nctrrow range of applicability as it required 

a very distinct hard band in the face and so the project was 

discontinued.

Rollins [3.41] has described a novel application of a similar
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technique to open cast mining machines. This is a crude system and 

depends on the machine operator ’seeing’ the rock-coal interface 

on an oscilloscope screen. The General Electric Company (GEC) 

[3.42] have developed a system for the US Bureau of Mines for 

underground mining machines, using machine vibrations rather than 

pick forces to detect the rock coal interface. As the machine 

starts to cut rock the frequency and magnitude of vibrations 

change amd the system analyses the resultant signals to determine 

drum position and hence effect control action. The Shaker Reseatrch 

Corporation in the USA have prepaured am extensive report [3.45] 

for NASA, which describes a sensitive pick, coal interface 

detection system. A similaur mechamical measurement system to that 

described in chaipter 4 is used to find the interface between the 

rock amd coal, but not to meaisure coail cutting force patterns. 

Rock-coal interface detection is not suitable for mining in this 

country ais it is desirable to leave some roof coal to give the 

over burden of rock some support, as described in chapter 2.

In early 1980 a further triad, warn conducted by the NCB at 

Baddersly Colliery to collect pick force data from a ramging drum 

shearing machine. This is described only briefly here as 

cooiprehensive records of the trial were not kept amd hence the 

results aure laurgely negative. A strain guage transducer was linked 

to one of the cutting picks on the drum to measure cutting forces. 

The output of the transducer was transmitted to the surface, 

through an amalogue tramsmission system, for recording. The 

rotationail position of the drum was also meamured, using a 

potentiometric transducer amd recorded at the surface.
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Recordings, on magnetic tape, were made of the signals from 

several traverses of the machine along the coal face. Apart from 

these few facts and the resultant tapes, few details of the trial 

can be found. In particular, no independant record of the position 

of the cutting drum within the seam was kept amd hence any 

validation of the pick force analysis technique is not possible 

using the recordings. However, a preliminaury investigation was 

carried out to study the force patterns obtained [3.43].

Digitisation of the signals, which had been bamd limited by 

low-pass filters to 800 Hz, %fais carried out at a sampling 

frequency of 2200 Hz. Spectral analysis, using a proprietaury 

softwaire package, was carried out on the force patterns of the 

individual 'cuts' of the sensitive pick, am it traversed from top 

dead centre (TDC) to bottom deaid centre (BDC), ie. the part of the 

signal containing the pick force information amd not the paurts of 

the signal where the pick was 'cutting air'. An average power 

spectrum was calculated from the individual spectra of some 90 

such cuts. *niis shows bamd limitation of the signals to less than 

45 Hz (see figure 3.5), as predicted by the single signal model in 

section 3.2.2.3.

Cross correlation functions were also coopted between consecutive 

force patterns. These showed high amplitude peaks in a realisable 

ramge of the CCF. However, £lb no independamt record of the drum 

position warn kept no verification of the significamce of these was 

possible.
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These results showed the necessity for a properly conducted trial 

to assess the feasibility of pick force analysis as a meausurement 

technique. It warn agreed that a surface trial should be conducted 

on an artificial 'coaQ' face containing hairdness bamds similar to 

those in a real seaun. An account of the trial is presented in 

chaipter 4.
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MACHINE AND FACE CONFIGURATION

V = PERIPHERAL VELOCITY OF DRUM (m/s) 
D = DRUM DIAMETER (m) 
d = MINIMUM SIZE OF FACE 'DETAIL' (m)

HARD BANDS

RESULTANT FORCE PATTERN

HEIGHT FROM TDCTDC BDC

SIMPLE SIGNAL MODEL

FIGURE 3.4
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4 MEASUBEMENT TRIALS^

Analysis of pick forces as a method of position measurement needed 

to be proved in a realistic enviironment and therefore a surface 

trial was conducted to assess the feasibility of the technique.

The trial was divided into two parts, the measurement trial amd 

the control trial. The objective of the former was to measure 

cutting drum position using pick force analysis and of the latter 

to steer the machine using this measurement. Only the measurement 

trial is dealt with here; the results of the control trial axe 

documented in chapter 6. The trial began at the end of 1982 at the 

NCB’s Swadlincote test site and was held on the surface to 

overcome many of the practical difficulties associated with an 

underground investigation.

4.1 Cfciectives

The objectives of the measurement trial %^re,

1. To develop an instrumentation system capable of 

measuring tangential pick cutting force patterns.

2. To analyse the resultant pick cutting force 

patterns to determine if changes in cutting drum 

position %#ere detectable and measurable.

3. Perform other analyses on the pick force data 

likely to be of value for further development.

(ie. spectral analysis and estimation of signal 

to noise ratio.)
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4.2 Experimental Facilities

While the results of the control trial are dealt with in chapter 6 

it is convenient to describe the eaq>erimental facilities for both 

parts of the trial here, as they were virtually the same in both 

cases. Where differences exist they cure stated.

4.2.1 The Artificial Coal Face

The trial was held on the surface and so it was necessary to build 

an artificial 'coal' face. The most important factor in the design 

of this face was the choice of materials used to simulate the 

relative hardness of the various types of coal found in a real 

seam. The cutting force requirement of several types of concrete 

building block were measured at the Mining Research and 

Development Establishment (MRDE) of the National Coal Board and 

five of these were chosen to represent the relative cutting 

force distribution encountered in coal. Details of the cutting 

forces of the materials used in the face are given in figure 4.2. 

The ratio of the maximum to minimum cutting forces encountered in 

a typical coal seaun is of the order of 3 to 1 and if rock bands 

aure present within the seam this may increase to approximately 10 

to 1, [4.1]. While the absolute cutting forces of the materials 

used in the artificial face were greater than those of coal, the 

ratio of the maucimum to minimum forces waus the same.

The overall length of the face was constrained by the length of 

the test hall in which it was to be built amd the height by the 

'reach' of the shearing machine used. The depth of the face was
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made sufficient for up to 15 sheairs to be taken from it. Therefore 

the overall dimensions were 30 ro long, 2.6 m high, amd 5.2 m deep. 

The detailed design of the face is shown in figure 4.1 amd it can 

be seen that it is divided into two parts. The left hamd part or 

'hard band end' represented a coal seaun containing three distinct 

rock bands which were much harder than the surrounding coal. The 

coal was simulated by 'Type A' concrete and the rock by layers of 

granite aggregate paving slabs. The concrete layers vrere made up 

of laurge ( 5 ' X 2 ' X I ' )  building blocks, laid as shown in figure

4.1, with mortar between to cement the face into one structure.

The peak to peak variation in cutting force was of the order of 

7 to 1.

The right hand part or 'multi-layer end' of the face represented a 

seam containing coal amd dirt bands of various hardness, but with 

no distinct rock bands. Four types of concrete (Types A, B, C, & D) 

building blocks ( 5 ' X 2 ' X I ' )  were laid in nine horizontal 

layers, with morteur bands between. *nie relative cutting forces 

were of the order of 3 to 1 and this is typical of hardness 

variations encountered in coal with no distinct rock bands.

A colour photograph of the completed face is shown in figure 4.3 

and it can be seen that the concrete layers were painted for 

clarity. Vertical one metre divisions are also shown; these give 

am idea of the scale of the face.
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4.2.2 The Shearer

A shearer which hauJ previously been used underground was adapted

for the purposes of the trial. It was of the single ended ramging

drum design, and was manufactured by Anderson Strathclyde Ltd. 

(Model AB-16). A photograph of the shearer amd associated armoured 

face conveyor (AFC) is shown in figure 4.4.

The method of operation was similaur to that underground, as 

described in chapter 1, except for the omission of the roof 

supports which were unnecessaury. As the machine moved along the 

AFC the rotating drum cut into the face, ais shown in figure 4.4,

amd the AFC removed the extracted material. The boom arm was able

to move up amd down to control the vertical position of the 

cutting drum and hence the cut roof and floor profiles. Facilities 

for controling the boom arm both mamually and by coinputer, via a 

standard RS 232 data link, were incorporated into the machine. 

•Pushover' of the AFC was effected by a caterpillar tractor after 

the remaining face from the previous shear had been removed to 

floor level manually.

To allow the Boeasurement of tangential cutting forces two of the 

cutting picks %»ere instrumented with strain gauge transducers. The 

design of the modified pick-box assembly is shown in figure 4.5 

and a photograph of the assembly mounted on the cutting drum in 

figure 4.6. The pick force mesLSurement system was carefully 

designed by MRDE to avoid sources of correlated noise and to 

measure only tangential cutting forces. A leading clearance pick 

ensured that the trailing measurement pick cut the same thickness



of material at all points of the drum revolution. This is 

important as without the clearance pick the 'bite' of the 

measurement pick would be non-uniform, as shown in figure 4.7.

This %ix>uld produce a corresponding trend in the measured pick 

force pattern which is a form of correlated noise, as described in 

chapter 3 and should be avoided. Figure 4.7 also shows a diagram 

of the cutting geometry and the measurement pick 'bite' with the 

clearance pick fitted; this is virtually flat, as required. The 

second important design feature of the pick-box assembly is the 

position of the mecusurement pick pivot point, which is radially 

in-line with the drum centre and the tip of the measurement pick. 

This means that the strain gauge transducer could only measure 

tangential cutting forces and not any raidiaJ. force due, say to the 

machine haulage. Again this avoids a possible source of correlated 

noise. Power and signals to and from these transducers on the 

rotating drum %^re conducted via a slip-ring assembly on the drum 

shaft. In the future it is intended that this mechanical 

arrangement is replaced with a conductorless transmission system.

To synchronize the sampling of the pick force signal it was 

necessary to mecLSure the rotational position of the instrumented 

cutting picks on the drum, relative to the face. Transducers were 

therefore incorporated into the machine to measure the rotational 

position of the drum relative to the boom arm, the bocm arm angle 

and the tilt of the machine relative to the face ( in the along 

face direction). One revolution of the drum caused one coiqplete 

cycle of a triangular wave to be produced by the rotational 

position transducer. Using these three measurements it
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was possible to calculate the rotational position of the 

instrumented cutting picks relative to the face.

Other auxiliary transducers measured boom height (as of^osed to 

angle), face advaince tilt (machine tilt in the direction of face 

advance), and along face position (am odometer). An event marker 

was also available. Typical output frcxn all of these tramsducers 

is shown in figure 4.8.

4.2.3 Instrumentation

To record, process and analyse the substantial amount of data 

produced by the trial am extensive instrumentation system warn 

required. A diagraun of the system employed is shown in figure 4.9. 

In addition to the tramsducer signal recording amd processing 

equipment two video recorder systems, one colour amd the other 

monochrome, were used to aid analysis. The monochrome system 

doubled am a remote control closed circuit TV which was used to 

monitor the trials from the external, signal processing laboratory.

The output of the machine tramsducers was transmitted through two 

trailing 19 way cables (individually screened twisted pairs), to 

am external signal, processing system. Povrer to the tramsducers 

(+10, +5, amd 0 V), the boom arm control data link amd a voice 

communication chamnel were also passed through these cables. The 

full scale output ramge of all the tramsducers %ms 5.4 - 7.0 Volt 

In the processing equipment the signals were first conditioned to 

give a full scale of O - 1 Volt and then paussed to a Racal Store-14 

instrumentation tape recorder, am ultra-violet paper
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strip chcurt recorder and a further computer input signal 

conditioning interface. The instrumentation tape recorder wsls 

capable of recording all of the transducer signals on magnetic 

tape [4.2]. The UV strip chart recorder served to give a visual 

irecord of the transducer signals and as a diagnostic device for 

de-bugging the instrumentation and transducers. The data shown in 

figure 4.8 represents a tracing of typical output frcxn this 

recorder. The ccraputer input interface re-scaled the input signals 

to O - 5 Volt, to match the ccxnputer ADC and provided variable 

low-pass anti-aliasing filter facilities. A photograph of the 

signal processing and recording equipment is shown in figure 4.10.

The computer shown in figure 4.9 was not present during the 

measurement trial, as all computer analysis was carried out on 

recorded tapes off-line at the University of Bath. However, the 

description is included here for convenience. A Digital Equipment 

Co. (DEC) MINC-23 wajB used for on amd off-line analysis. This 

computer is am LSI-11/23 modified for real time data amalysis by 

the akddition of a 16 channel ADC and real-time clock [4.3].

Suitable softwaure to make full use of these facilities was 

available. A four port serial line (RS-232) interface was also 

installed to allow communication with the boom airm controller in 

the shearer, aLS shown in figure 4.8. A photograph of the computer 

room is given in figure 4.11, this shows the computer, terminal, 

fcLBt text hcurd—copy printer amd graphics printer.
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4.3 Experimental Procedure.

Preliminary testing of the instrumentation system was carried out 

to verify that it was fully operational and static tests were 

completed with the machine 'cutting air' to assess noise levels in 

the transducer signals. Noise waus not detectable in any of the 

signals. A simple impulse resonse test was carried out on the pick 

force transducers to estimate their frequency response 

characteristics. The cut off frequency of the transducers was 

shown to be in excess of 20 kHz, which is well above the estimated 

requirement of approximately 50 Hz, (see section 3.2.2.3).

Calibration of all of the potentiometric transducers (drum 

rotational position, boom angle/height, machine along face and 

face advance tilts) was carried out by manual measurement and 

recording of voltage levels at two calibration points. The 

linearity of all these transducers was good and therefore two 

calibration points were sufficient.

During the measurement trials the transducer outputs were recorded 

on the instrumentation tape recorder and the UV strip chart 

recorder. Two video records of each shear were also made. In order 

to synchronize the video and tape records an event marker was 

actuated manually on the tape as the machine cut through each 1 

metre mark on the face. A photograph of the machine cutting is 

shown in figure 4.12. The drum rotational speed of 30 rpm and the 

machine haulage speed of approximately 1 BV'œin was slow because of 

the hardness of the face and the relatively poor mechanical state 

of the sheaxer.
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After each shear pick force, drum position, boom angle and along 

face angle data were re-recorded onto a Racal Store-4 tape 

recorder for transit to and analysis at the University of Bath. A 

survey of the cut roof profiles %fas made by an NCB surveyor so 

that an independant measure of drum position of each point along 

the face was available.

4.4 Data Analysis Softweire

A laurge quantity of data was produced from each shear amd 

therefore logical processing of the results was importamt. Records 

of the tramsducer signals were available on magnetic tape, au3 

mentioned in section 4.3. The first stage of analysis waus to 

digitise the tape records to allow further processing in the 

coinputer system amd so it was necessary to write software to carry 

out these tasks. The software is entirely written in DEC standard 

FORTRAN IV amd relies heavily on proprietaury subroutines for data 

akcquisition, processing amd results display.

4.4.1 Data Digitisation

The principal signals of interest on taipe were the pick force 

records, but three other tramsducer signals were required to allow 

synchronous sampling amd they were, drum rotational position 

(DRP), boom angle, and machine along face angle (tilt). It was 

necessary to sample the pick force signal over the half drum 

revolution %diere information wais present (see figure 4.13), ie am 

the sensitive pick rotated from top dead centre to bottom dead 

centre cutting the face. So some reference for sampling was needed
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that measured drum rotational position relative to the face. The 

DRP transducer measured drum rotational position relative to the 

boom arm. If boom angle,(A) and along face amgle,(B) remain 

constant then the onset of the pick force signal always 

corresponds to the saune point on the DRP signal. However, A amd B 

do not remain constamt amd therefore any amgulau: chamge hau3 to be 

taken into account by chamging the trigger points for the sampling 

of pick force data on the DRP signal by an equal angulair change, 

(see figure 4.13).

The 'AQUI* program, documented in Appendix 1, performed the task 

of digitising amd storing the pick force data, frcxn the magnetic 

tapes to disk, in an off-line mode. The four tramsducer signals 

listed above amd calibration information were required to allow 

digitisation. The program calculated the appropriate trigger point 

on the DRP signal allowing for any changes in A amd B amd waited 

for this point before starting to sample the picdc force signal. A 

trigger point on the DRP signal vras used to sample each point of 

pick force data, rather than using the clock, because amy 

flucrtuations in drum speed could then have caused sampling errors. 

Over the half drum revolution 1024 points of data %^re cx»llec:ted at 

equi-amgulaur ( not equal height ) intervails. The drum rotational 

speed was 30 rpm, meaming that the real-time sampling rate was 

approximately 1024 Hz amd therefore the pick force signals were 

low-paLSS pre-filtered to a cut-off frecjuency of < 500 Hz. Pick 

force, boom amgle and along face amgle data from each drum 

revolution %ære saved in a data file on disk.
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4.4.2 Spectral Analysis

Estimation of the power spectrum of the pick force data was 

necessaury to find the band width and hence the sampling rate 

required to adequately represent the signal. The program 'SPECT' 

documented in appendix 2 calculated the average power spectrum of 

the pick force data, stored on disk by *AQUI', which %/ais sampled 

at equi-angulair (amd therefore approximately equal time) 

intervals. Individual power spectra for data from each drum 

revolution were calculated and then averaged to form the meam 

power spectrum. The data was normalised by subtraction of the 

meam prior to Fourier transformation to remove the laurge DC 

component from the spectrum. The software used to calculate the 

individual power spectra was a proprietary package supplied with 

the MINC-23 coo^niter and used the FFT technique [4.4]. The mean 

power spectrum wais displayed graphically amd a hard copy wais 

produced. Ihe detailed operation of the program may be derived 

from the documentation provided in appendix 2.

4.4.3 Data Trams format ion

Data digitised by the acquisition routine 'AQUI', was sampled on 

am equi-amgulaur amd not equal height bam is. Ihis %̂ as done for the 

purposes of the spectral analysis and therefore before meaningful 

correlation amailysis could be performed it had to be trams formed 

to am equal height bame-line. This was done by using a cosine law 

amd linear interpolation; for each height, h, the appropriate 

amgle. A, may be found and hence by linear Interpolation of the 

data the pick force relating to h. This process is illustrated in
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figure 4.14 for eight samples amd cam be a^pplied similarly for 

1024. The program 'TRANS' documented in aippendix 3 performed this 

function on the data using a cosine look-up taüDle stored in a data 

file.

4.4.4 Correlation Analysis

It was necessary to cross-corre late pick force patterns to 

determine if it was possible to detect movements in the position 

of the cutting drum. A correlation amalysis software package was 

written idiich displayed force patterns, correlated them amd 

displayed the resultant correlation function. Facilities %ære 

provided to average several, force patterns together to reduce 

ramdom noise. Correlation of a 'mamter' force pattern was 

performed with several 'current' force patterns, either or both of 

which could represent the averaged composite of data from several 

drum revolutions. The program was aJ.so able to cross-correlate 

using a choice of two correlation techniques, FFT circular 

correlation amd the Veltman (polar coincidence) method. The FFT 

correlation was bamed on a fast proprietary software package 

supplied with the computer [4.4]. Documentation for the program is 

provided in appendix 4.
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4.5 Results and Analysis of Results

4.5.1 The 'Skim' Shear

After the completion of the building of the artificial face its 

various layers were not 'flush' with the front surface and 

therefore a first 'skim' shear was necessary to 'even up’ the 

face. This 'skim' was very thin fie. 1/4 - 1/6 of a cutting drum 

width, or 4-6") and so no useful results were expected as the 

cutting drum was not properly embedded in the face. The machine 

cut the face with no manually induced vertical movement of the 

cutting drum. Recordings of transducer outputs were made mainly to 

acquaint the operators with the trial procedures.

The four principal transducer signals (pick force, DRP, boom 

angle, and along face angle) and calibration data were re-recorded 

onto the four channel Store-4 tape recorder for post-mortem 

processing at the University of Bath. The pick force data was 

digitised using the 'AQUI' program described in section 4.4.1. The

real-time sampling rate was approximately 1024 Hz and therefore 

the pick force data was low-pass filtered, before analogue to 

digital conversion, to a cut-off frequency of 400 Hz using a Barr 

and Stroud low-pass filter module [4.5).

The data was not considered representative of the trial as a whole 

and so spectral amalysis was not performed. The program ' TRANS ', 

described in section 4.4.3, was used to transform the data to give 

an equal height sample base line. It was necessary to visually 

verify the data collected and therefore a method of displaying the
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pick force patterns was required. A simple %<ray of doing this was 

to plot a graph of force vs. height, but this method has the 

disadvauitage of only being able to show one force pattern on one 

page. Therefore a method of displaying pick force as an intensity 

of print on a line printer output %fas developed and so it was 

possible to display the data from one drum revolution on one line 

of output and data from 60 revolutions on one page. The program 

RASCAN' (appendix 5) prints the data in this form; which has been 

named a ' fingerprint ’ . The fingerprints of the data from the skim 

shear are shown in figures 4.15 and 4.16 etnd ccanparison of these 

with the diagram of the face, in figure 4.1, clearly shows cui 

excellent correspondence. The resolution obtained was much better 

than that e3q>ected; even the mortcur bands between the layers of 

concrete are visible. A feature of these fingerprints idiich was 

not repeated in later results was the apparent increasing trend in 

the pick force as the pick rotated from top dead centre to bottom 

deeu5 centre. This is thought to be due to the vertical axis of the 

drum not being parallel with the front of the face and so causing 

the thickness of extraction to be deeper at the bottom of the 

pick’s revolution.

As was mentioned above and confirmed by the fingerprints, the 

cutting drum was not moved vertically relative to the seam during 

the shear. If the drum had moved displacement of the force 

patterns %#ould have been apparent. Correlation analysis of the 

force patterns produced CCP’s with peaks showing zero drum 

displaioement, as esq>ected. The data from this shear however, WELS 

not representative of the trial as a %^ole amd therefore the 

details of this analysis have not been included.
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4.5.2 The First Shear

After the skim shear the face was painted, to make the video 

record of the first sheeir more clear and ’pushover' was effected 

manually. As mentioned in section 4.2.1 the absolute hardness of 

the artificial face was greater than that of real coal and 

therefore the thickness of the first shear represented only one 

half of a cutting drum thickness (ie. 12"). An attempt to take 

more material than this failed because the shearer stalled. As the 

pick force transducers were mounted on the face side of the drum 

no effect on the signals was expected or experienced.

To prove that pick force analysis is a viable measurement 

technique it was necessary to displace the cutting drum vertically 

relative to the face while shearing, so that it could be proved 

that it was possible to detect the resultant displacement in force 

patterns. The bocxn arm %̂ as therefore moved manually during the 

shear by the machine driver, once at the hard band end and twice 

at the multi-layer end of the face. At the hard bcind end a step of 

100 mm down%<rards was introduced, and at the multi-layer end steps 

of 300 mm downwards and 80 mm upwards were introduced.

The data from the sheeur %/zus re-recorded and digitised in the same 

way as for the 'skim' shear. Spectral analysis was performed on 

the pick force data from both parts of the face, using the 'SPECT' 

program described in section 4.4.2, prior to transformation. The 

average of the individuail power spectra of the data from each of 

lOO drum revolutions wslb calculated. The resulteuit average spectra
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are shown in figures 4.17 (hard band end) and 4.18 (multi-layer 

end). It can be seen that most of the signal power is in the band 

O to lO Hz in both cases. Band limitation to less than 40 Hz as 

predicted in section 3.2.2.3 is apparent and so no loss of 

information occurred due to the anti-aliasing low—pass filtering 

to < 400 Hz. Therefore the pick force signals can be adequately 

represented in digital form by using a sampling frequency of 80 Hz 

or greater. A small peak at 50 Hz shows that some mains power 

supply noise was present in the signals, but its magnitude 

(-12 dB ) was insufficient to cause any problems.

Transformation of the data using the 'TRANS' program was performed 

before the production of the fingerprints shown in figures 4.19 

and 4.20. The movements of the cutting drum are clearly 

represented by displacements in the force patterns. The areas 

where the pattern becomes indistinct were due to rapid vertical 

movement of the cutting drum, which caused violent machine 

vibrations, so breaking the contact of the instrumented pick with 

the face. Typical individual force patterns are shown in figures 

4.21 emd 4.22, and these clearly show the noise present in the 

signal. The level of this noise can be reduced by averaging 

several consecutive force patterns together. The results of 

averaging data in this way are shown in figures 4.23 and 4.24.

Here the data from eight drum revolutions was averaged in each 

case to produce the patterns shown and it can be seen that the 

underlying signals aure more clearly revealed.
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Correlation analysis was carried out on the data, using the 

'CORREL’ program described in section 4.4.4, to show that 

cross-correlation of force patterns could reveal the magnitude of 

drum displacements. Figure 4.25 shows the cross-correlation 

function (CCF) between force patterns before and after the first 

change in drum position at the hard band end of the face. It can 

be seen that the significant peak, which is very distinct, gives a 

displacement of 0.12 of a drum radius, ie. 0.12 X 835 ran = 100 ran. 

Figure 4.26 sho%fs the CCF between force patterns before and after 

the second drum movement at the multi-layer end of the face. The 

significant peak here shows a drum displacement of 0.36 of a drum 

radius, ie 0.36 X 835 mm = 300 mm. In this case ccxnpeting peaks 

are in evidence; this is due to the significant peak being well 

outside the centre region of the CCF. As mentioned in section

3.2.3.1, circular correlation can cause spurious results in these 

cases. Similarly figure 4.27 shows the CCF for the last drum 

movement which gives a drum displacement of -0.1 drum radius, ie 

—83 ran. In all cases the method of cross-correlation employed was 

fast FFT circular correlation. Clearly then, the CCF's can be used 

as a method of measuring changes in the vertical position of the 

cutting drum relative to the seam.

Correlation of averaged force patterns was found to produce CCF’s 

%rfhich were less noisy than those produced frcxn unaveraged 

patterns, as would be expected. Averages of between four and eight 

patterns were sufficient to produce CCF's of the (Quality shown in 

figures 4.25 - 4.27. Optimisation of the number of force patterns 

averaged is dealt with in cheipter 6. The results from the
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alternative Veltman correlation technique were compared to those 

from the FFT circular correlation and were found to differ only in 

the amplitude of the CCF rather than in the position of the peaks, 

as predicted in section 3.2.3.1. Figure 4.27A shows the CCF by a 

Veltman correlation performed on the same data as for figure 4.27, 

ie. the last drum displacement.

By creating a single ’master’ force pattern using data from the 

begining of the shear, at each end of the face, it was possible to 

repeat the correlation process with many sets of data along the 

whole length of each half face. The resultant CCF’s were then used 

to plot the path of the cutting drum. Figures 4.28 and 4.29 show 

the results of this analysis plotted against along face position. 

The results of the post-shear survey and the output of the boom 

angle transducer (converted to height) are also shown. A very 

close correspondence is observed between the results of the pick 

force analysis and the independent measurements. In areas where 

the pick force data was indistinct, results were not obtainable 

from the analysis, therefore these areas are denoted as a dashed 

line in figures 4.28 and 4.29.

4.5.3 The Second Shear

The results of the first shear were entirely satisfactory except 

for the areas of indistinct pick force data and therefore the 

objective of the second shear was to repeat the first, but to 

avoid moving the boom arm as fast in the vertical direction. The 

machine driver was therefore instructed to move the drum in a ramp 

function along the face, rather them in steps as used in the first
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shear. Vibration of the machine was noticeably less severe as the 

machine cut the face. Data re-recording and digitisation was 

performed in the same way as for the skim shear described in 

section 4.5.1.

Spectral analysis of the un-transformed data was carried out, in 

the Scune way as before, to compare the results with those of the 

first shear. The power spectra obtained are shown in figures 4.30 

and 4.31, and it can be seen that they are very similar to those 

from the first shear (figures 4.17 and 4.18).

Fingerprints of the transformed data dLce given in figures 4.32 and 

4.33, auid these show the more gradual drum movements. Uneven 

cutting of the face in the previous shear resulted in the hard 

band end pick force patterns only being viable over a short 

section of the shear. The pick force data from this section of the 

face shows a slight gradation in force over the drum revolution 

and this was also due to the uneven cutting of the face in the 

previous shear. The mecLsurement pick %̂ as not properly embeded in 

the face at the top of the drum revolution. However, the pick 

force patterns obtained at the multi-layer end of the face showed 

no areaLS of poor data. Correlation analysis along each half of the 

face was again performed. Resultant plots of drum position 

compared to the survey results emd the output of the boom angle 

transducer are shown in figures 4.34 and 4.35. Again an excellent 

correspondence cam be seen and in this case the results of the 

pick force amalysis were reliable for all positions along the 

face. The deviation of the pick force position meauBurement from
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the other two measurements was never greater than 30 mm. However, 

the accuracy of both of the verificatory measurements was 

approximately plus or minus 20mm, and so much of this deviation 

may be due to these amd not to the pick force anaiysis.

4.6 Signal to Noise Ratio Estimation

The effect of the signal to noise ratio of the pick force data on 

the accuracy of a drum position measurement system is discussed in 

chapter 6. It was considered necessary therefore, to estimate the 

SNR of the data from the measurement trial.

4.6.1 Method of Estimation

As the exact form of the underlying signal in the data is unknown 

it is not possible to estimate signal to noise ratio (SNR) 

directly. However, am indirect method, using the properties of 

coherent time averaging, has been formulated. The improvement in 

SNR due to coherent time averaging is given by, (see section 

3.2.1),

(SNR)p = V (P ) . (SNR)^ ......................................... ( 4 . 1 )

assuming that only random uncorrelated noise is present, and hence 

SNR increases with averaging, as would be expected. Ihe signal 

ccmponent of the data is reinforced by the averaging process. 

Therefore it can be assumed that the RMS amplitude of the signal 

(plus any correlated noise present) is unchanged by the averaging 

process. However, the RMS amplitude of the noise is reduced and 

thus the RMS amplitude of the data as a %diole is reduced. This
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change in total amplitude, on averaging, may be used as a basis 
for the estimation of the SNR of the data.

The RMS amplitude. A, of data consisting of signal and noise 

components is given by.

(4.2)
i=l

where, M is the number of data points

N^ is the amplitude of the noise at the i th point

is the amplitude of the signal at the i th point

After averaging several repetitions of the data set the noise 

amplitude is changed (reduced), and so the total RMS amplitude is 

also reduced to A ,

/ 1 " . 2 A = V( è  E  ( N. 4 S ) ) .......... (4.3)
*  i=l ^ ^

where, is the amplitude of the noise at the i th

point after averaging.

Note that the signal component remains unchanged by the averaging 

process. The change in SNR as stated by equation 4.1 may be 

written as.

= P .   (4.4)
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and the square of the ratio of the RMS amplitudes from equations

4.2 and 4.3 may be written.

S + N*)

A^ S + N

^(S)^+ 2.^(S.N) + ^ ( N ) ^

If the signal and noise have zero mean and noise is randcwj and 

uncorrelated then ^  (S.N), and ^  ](S.N^ become zero for 

large M.

^ ( S ) 2  + ^ ( N ) 2  

Substituting from equation 4.4,

A^ + ^ ( N X

and rearranging,

A*'

A'

Now,

,21 +
(4.5)

(SNR),^ - - = ...     (4.6)
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and so substituting equation 4.6 into 4.5,

P. (SNR)

+
(SNR),

2

( (SNR)|^ + 1 )
and finally therefore.

(4.7)

*The ratio of A to A is measurable on averaging data amd it is 

therefore possible to estimate SNR, knowing the degree of 

averaging performed (ie. P ). A plot of this equation for various 

values of P is shown in figure 4.36.

4.6.2 Verification

It was necessary to verify the above estimation technique before 

using it to estimate the SNR of the data frcxn the measurement 

trial. A synthetic data set, of variable SNR, was created by 

adding ramdom noise to a known synthetic signal. The synthetic 

signal was of rectangular form with nine force levels over the 

1024 points of the half drum revolution, as might be expected from 

the hardness pattern in a real coal seam. The noise used was 

created by ’windowing’ the output of the ramdom number generator 

of the cooaputer, to give the spectral chauracteristics of the 

synthetic data a similaur form to that of the real data. The 

program ’ SYNPPS ’ (aippendix 6) creates the data in the way
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described and stores it on disk in the same format as the *AQUI’ 

program. A me am power spectrum of typical synthetic data, with a 

SNR of O dB produced by the program, is also shown in appendix 6. 

This was calculated using the 'SPECT' program. It cam be seen that 

this spectrum is, as required, similaur to those calculated from 

the trial data.

The program * SIGNR ’ ( appendix 7 ) was used to calculate the RMS

amplitude of the data stored on disk before amd after averaging.

The degree of averaging (P) was variable and the mean ratio of the 
*RMS aunplitudes, A , to A, was printed. To verify equation 4.7 

synthetic data was produced having various SNR's, using 'SYNPFS', 

and then 'SIGNR' used to find the ratio of the RMS amplitudes of 

the data before and after averaging. The results of this exercise 

(for P=€4) are also plotted in figure 4.36 and it can be seen that 

there is a very close correspondence between the theoretical and 

ejq>erimental data. Hence, it may be concluded that the technique 

is satisfactory for the estimation of the SNR of the pick force 

data. It is importamt to note due to the %/ay in %^ich coherent 

time averaging reinforces the répétâtive data, that correlated 

noise will be reinforced with the signal and will hence be counted 

as signal in the estimated SNR.

 istiffiation

*The 'SIGNR' program was used to find the ratio of A to A, for the 

data from both of the measuirement shears and both ends of the 

face. It was in^rtant to choose a set of data over %diich the 

cutting drum did not move vertically relative to the face, so that
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the force patterns were stationary and would be reinforced by the 

averaging process. For this reason it was convenient to use a 

value of P = 16, as for P > 16 it could not be guaranteed that the 

drum had not moved. A summary of the results is given in figure 

4.37.

Estimations of the SNR varied from between -3.35 and 0.17 dB at 

the hard band end of the face and between -0.9 and 0.42 dB at the 

multi-layer end. Therefore the mean SNR of the data from the trial 

is of the order of —1 dB. Any error in this figure, due to the 

presence of correlated noise, is thought to be small as none was 

visually apparent in any of the records.

4.7 Discussion of Results

The resolution of the pick force measurement system was greater 

than that expected. The 'fingerprints' show every detail of the 

artificial face and drum movements are clearly visible. It should 

be noted that the high resolution obtained is entirely due to the 

excellent transducer design employed.

It was possible to measure vertical changes in drum position 

utilising post-mortem correlation analysis of the pick cutting 

forces. A maximum error of plus or minus 30 mm was recorded, but 

this was at least partially due to the independent meeisurements 

( the survey emd boom angle ).
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Purely qualitative studies showed that the correlation functions 

produced were at their least noisy and most accurate, %dien the 

force patterns used to calculate them weire the composite of the 

data from several drum revolutions. No attempt wclb made to 

quantify this effect or to optimise the correlation procedure.

(This is dealt with further in chapter 6, inhere the effects of SNR 

on the accuracy of the measurement system are considered).

The spectral analysis of the pick force data showed most of the 

signal power to lie in the range of O to 10 Hz, %dnich is less than 

the figures of 0 to 44 Hz predicted by the simple signal model in 

section 3.2.2.3. This may be due to the size of the artificial 

face 'detail' being considerably greater than that used in the 

model. As significant information may be present at frequencies of 

up to 40 Hz, even if at very low amplitudes, a sampling frequency

of at least 80 Hz is required to adequately represent the pick

force signals, at the drum speed used.

Estimation of the signal to noise ratio of the data revealed a raw

data SNR of approximately -3.0 to +0.5 dB. This is better than 

expected, as cutting of any brittle material is an inherently 

noisy process.
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MATERIAL CUTTING FORCE. KG
Mean Peak

Concrete Type A 102 228

Concrete Type B 195 521

Concrete Type C 73 154

Concrete Type D 128 455

Granite Aggregate 737 1036
Paving Slabs

Cutting forces obtained using Mining Reseaurch and Development 

Establishment standard test rig. Cutting velocity 2.5 m/B, 

ie. similar to the peripheral velocity of a shearer cutting 

drum • 30 rpm drum speed [4.1].

rigvM  4,2 Cutting pf Vwd in

Pick Force Trial Artificial Pace.
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END OF FACE - SKIM SHEAR
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POST MORTEM CORRELATION DATA

FIRST f^TER CUT NO. 0020

LAST MASTER: CUT NO. 0025

FFT CORRELATION ALCORID*i

NO. OF CUTS AVERAGED = 000€

CORRELATION AT CUT 0070
129.

Ill 22.2

Ü  -13.4

P O S I T I O N  OF D R U M  / madi

FIGURE 4.25 CROSS CORRELATION FUNCTION OF PICK FORCE DATA
BEFORE AND AFTER FIRST DRUM MOVEMENT - HARD BAND END
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POST MORTEM CORRELATION DATA

FIRST MASTER CUT NO. 0045

LAST rWSTER: CUT NO. 0052

FFT CORRELATION ^GORITrtl

NO. OF CUTS AVERAGED » 000€

CORRELATION AT CUT 0120

P O S I T I O N  OF D R U M  / radi

FIGURE 4.26 CROSS CORRELATION FUNCTION OF PICK FORCE DATA BEFORE 
AND AFTER SECOND DRUM MOVEMENT - MULTI-LAYER END
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POST MORTEM CORRELATION DATA

FIRST MASTER CUT NO. 0002

LAST MASTER: CUT NO. 0009

FFT CORRELATION ^GORITHM

NO. OF CUTS AVERAGED = 0006

CORRELATION AT CUT 0035

W 21.8

P O S I T I O N  OF D R U M  / radi
FIGURE 4.27 CROSS CORRELATION FUNCTION OF DATA BEFORE AND AFTER 

FINAL DRUM MOVEMENT - MULTI-LAYER END
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POST MORTEM CORRELATION DATA 

FIRST rV̂ TER CUT NO. 0002

LAST fV̂ TER: CUT NO. 0009

VELTMAN CORRELATION

NO. OF CUTS AVERAGED = 0006

CORRELATION AT CUT 0035
€32.

462.4

292.8

W  123.2

P O S I T I O N  OF D R U M  / radi

FIGURE 4.27A CROSS CORRELATION FUNCTION OF DATA BEFORE AND AFTER 
FINAL DRUM MOVEMENT. (AS FIGURE 4.27, BUT VELTMAN
CORRELATION USED)
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SHEAR NO.2 ALONG FACE PROFILES
HARD BAND END

SURVEY RESULTS NOT 
AVAILABLE

100 mm

PICKFORCE
PREDICTION

100 mm

BOOM
HEIGHT

100 mm

DISTANCE ALONG FACE (m)

FIGURE 4.34
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SHEAR NC.2 ALONG FACE PROFILES
M-JLTI LAYER END

100 mm

SURVEY RESULTS

100 mrrt
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FIGURE 4.35
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CUTS DESCRIPTION A /A SNR dB

II,26 Shear No.l Hard Band End 0.596 0.68 -3.35
61,76 Shear No.l Hard Band End 0.637 0.75 -2.49

31,46 Shear No.l Multi-Layer End 0.703 0.9 -0.91
III,126 Shear No.l Multi-Layer End 0.746 1.03 0.25

1,16 Shear No.2 Hard Band End 0.742 1.02 0.17
75,90 Shear No.2 Hard Band End 0.688 0.88 -1.10

21,36 Shear No.2 Multi-Layer End 0.753 1.05 0.42
41,56 Shear No.2 Multi-Layer End 0.751 1.05 0.42

In all cases No. of cuts averaged, P = 16.

Figure 4,37 Estimations of Signal to Noise Ratio

of Surface Trial Data.

-4.64-



5 A PICK FORCE ANALYSIS CONTROL SYSTEM.

5.1 Introduction

TTie unstable response of the uncontrolled extraction system is 

mentioned in chapter 2. Edwards and Owens [5.1] demonstrate this 

behaviour using stability analysis bcLsed on a mathematical model 

of the coal cutting and AFC system. The vertical steering of the 

longwall coal cutting machine is one of a group of processes known 

as 'multi-pass processes'. These are processes in %^ich the 

response of the system on one pass acts as a disturbance in the 

next pass. This cam be seen to be the case with coal cutting, 

where the conveyor profile in the present pass is a function of 

the cut floor profile in the previous shear.

The principal steering objectives stated in chapter 2 are to 

maintain a level horizon relative to the seam, to limit the size 

of steps in the roof and floor, to achieve steady state responses 

to changes in horizon without overshoot, amd to achieve constauit 

extraction. System 70,000 meets these requirements by indirect 

measurement of drum position in the seam. The proposed pick force 

amalysis measurement system directly measures drum position and 

therefore it is necessary to design a control algorithm 

incorporating this new form of measurement which also meets the 

objectives stated above.
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5♦2 Control Algorithm

If it is assumed that measurement of drum position, by %4iatever 

means is possible, then control of drum position by movement of 

the boom arm, should also be possible. The way in which System 

70,000 effects the vertical steering is described in chapter 2.

The method of indirect measurement adopted, facilitates the 

limitation of the size of roof (and therefore floor) steps. The 

size of step is calculated auid limited, as an inherent part of the 

algorithm ( see figure 2.2). This is not so in the case of the pick 

force measurement system amd therefore the size of the step must 

be found as an additional tauBk. Step size may either be calculated 

by finding the difference in the dirum position in the previous and 

present shears, or be directly measured using a roof follower 

transducer. The disadvantages of the latter option, as discussed 

in chapter 2, make it untenable. Therefore to calculate step size 

and hence limit it, the memory of the drum position relative to 

the seam at each along face position in the previous sheaur must be 

retained.

A pick force analysis baised control system, iwhich limits the size 

of roof and floor steps should, with correct control parameter 

selection, perform in much the same way as System 70,000. ITie 

block diagram of such a control system is shown in figure 5.1. The 

set point for the drum position control system is, if necessary, 

constrained by the maucimum roof step allowable. The previous paiss 

measurement of drum position and the drum position set point are 

compaured to give a step demand. If this demand is greater than the 

maucimum step allowaüDle, then the limited drum position set point
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is set to the the previous shear measurement of drum position plus 

or minus the roaiximum allowable step size, so limiting the size of 

step produced in the roof and floor. If the step demand is less 

than the maocimum then the limited drum position set point is set 

to the actual drum position set point. Ihe limited drum position 

set point is then compaured with the current pick force measurement 

of drum position, to give a drum position error. A gain factor is 

applied to this to produce a bocxn movement demand.

It is auBsumed that the dynamics of the pick force measurement 

system are of negligable magnitude. This should be the case, but 

if the signal to noise ratio of the data obtained in an 

underground environment is low then averaging of signals from many 

drum revolutions may be necessary. This would introduce a time 

(and therefore distance) delay in the measurement of drum position, 

This is therefore an important factor to be considered %dien 

evaluating the performance of such a control system.

 Smul^tXon

It is necessary to predict the behaviour of the proposed control 

system. "Riis may be done anaLlytically, or by computer baised 

simulation. As it is not possible to formulate an analytical model 

of this non-linear system and suitable softwaure was availaüole from 

the NCB, it was decided to use simulation aus the method of 

evaluation. It is important to note however, that simulation does 

not have the power to prove system stability under all operating 

conditions, as the response to only a limited number of 

disturbances may be calculated.
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The software obtained consists of a Fortran package which 
simulates a typical cutter-conveyor system. Louden [5.2] considers 
the theory of and operation of this software, which is documented 
in appendix 8. The modular structure employed facilitates the 
adaptation of the package to simulate different control strategies. 
The listing shown incorporates a System 70,000 control simulation 
section which was provided with the package. A choice of initial 
conditions, random disturbance ('Pan Lift’) patterns and control 
parameters enables the operator to severely test the operation of 
any proposed control scheme. The largest proportion of the program 
carries out the geometric calculations necessary to 'fit' the 
semi-flexible conveyor to the uneven floor profile and find the 
machine attitude at all points along the face. Each shear is 
divided into 400 increments of 0.144 M (face length 57 M) and this 
corresponds to approximately one tenth of a conveyor 'pan' length.
A feature of the simulation which is of particular interest is the 
algorithm which describes the way in which the semi-flexible AFC
'sits' on the uneven cut floor. This area has been the subject of
much work in the past, [5.1, 5.3, 5.4], eis the problem of the
behaviour of such a semi-flexible structure is a complicated one.
Several algorithms have been developed which 'fit' the conveyor to 
the floor profile. In the Ccise of the NCB's package this is done 
by limitation of the gradient change between adjacent conveyor 
simulation increments.

Performance of the package while simulating the System 70,000 
control system has been documented by Louden [5.2] and in the NCB 
report [5.6]. Louden performed qualitative comparison work with 
the simulation and corresponding underground situations and
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concluded that the simulation provided an excellent prediction of 

machine behaviour. The NCB report [5.6] takes this work further by 

performing quantitative comparison with a one quarter scale model 

of the cutter-conveyor system, and it is concluded that the 

simulation offers a satisfeictory representation of the coal cutting 

system.

Modifications to the softwaure were necessary to simulate the 

behaviour of the pick force control system described in section 

5.2. The position of the drum relative to the seam is available to 

the control software directly from the geometric calculations 

within the program auid so this is used to simulate pick force 

roecLSurement of drum position. Step size limitation is effected by 

use of the drum position in the previous shear, clb shown in figure

5.1. The resultant program is documented in appendix 9.

As mentioned in section 5.2 the simulation must take into account 

the possibility of delays in the pick force mecisurement system, 

therefore a variable simulated measurement lag facility has been 

incorporated into the software. This uses the drum position frcan 

an offset along face position as an input to the control software 

anâ therefore gives the effect of a measurmnent laig in the pick 

force analysis system.

5.3.1 Simulation of System 70.000

Simulation of the System 70,000 control of the cutter-conveyor has 

been undertaken for compeurison with the results of the pick force 

control simulation. The control parameters used are those
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considered optimal by the NCB [5.5] and which are used in the 
underground mining environment. Simulation has been conducted 
using two different sets of initial conditions. The first of these 

calculates the along face profile for ten shears, given initial 
conditions consisting of a horizon change of 200 im, combined with 
a random disturbance (peak to peak amplitude of up to 200 mm ) 
under the conveyor for the first five of the shears. Figure 5.2 
shows a three dimensional representation of the cut roof over the 
ten shears simulated. It can be seen that the control system 
completely recovers from the disturbances imparted in shears one 
to five by the seventh shear. The maximum predicted face advance 
tilt experienced by the machine during the ten shear period was 
14.8 degrees and the mean absolute deviation from the desired 
horizon was 43.4 mm. In the second case a sinusoidal (three 
cycles ) initial condition, of amplitude 150 mm peak to peak, was 
combined with the same random disturbance over the first five 
shears and the resultant profiles (see figure 5.3) show that 
recovery again takes place quickly; by the seventh shear. The 
maximum face advance tilt was 12.3 degrees and the mean absolute 
deviation from horizon 28.1 ran.

The maximum face advance tilt attained in both of the simulations 
was in excess of that which would normally be allowed underground, 
but this was due to the particularly severe initial conditions 
used, which would be unlikely to occur in practice. Facilities 
were not available to repeat the quantitative study of the 
accuracy of the simulation by comparison with underground results. 
However, the predicted behaviour of the shearer-conveyor system
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by simulation, is close to that observed underground with a zreal 

machine [5.5]. Future work in this area may iirç)rove the quality of 

the simulation further.

5.3.2 Simulation of the Proposed Pick Force Control System

The two sets of initial conditions employed in section 5.3.1, for 

simulation of System 70,000 performance, were repeated to simulate 

the behaviour of the pick force control system. The results are 

given in figures 5.4 and 5.5 and each shows a similar response to 

System 70,000. In each case the inter-shear roof and floor step 

limit was 75 mm. It was found that a larger step limit resulted in 

faster recovery (smaller mean deviations frcxn horizon) and larger 

maximum face advance tilts, as would be expected. Conversely, 

smaller step limits gave slower recovery (larger mean deviations) 

and smaller maximum face advance tilts. The figure of 75 mn was 

selected by trial and error as that which gave the closest 

approach to System 70,000 performance.

It can be seen that in the case of the first simulation a mean 

deviation of 45 mm and maviimnn face advance tilt of 15.5 degrees 

was obtained, and in the second a mean deviation of 25.7 mm and 

maximum tilt of 11.8 degrees. These figures are very close (within 

10%) to those obtained from the simulation of System 70,000.

Ihe possibility of measurement lag is mentioned in section 5.2. 

Simulation of the effect of this has been undertaken, using the 

same initial conditions as used in the second simulation above, 

with several different pick force measurement lag magnitudes.
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Results are shown in figures 5.6 to 5.11. The magnitude of the 

lags is expressed in units of simulation increments (0.144 m) and 

these correspond to a time of aipproximately 2 seconds assuming a 

shearer haulage speed of 5 m/min. The cause of pick force 

measurement lag would be the averaging of data from several drum 

revolutions, to remove unwanted noise prior to correlation (see 

chapter 3). It is therefore iirpoirtant to relate the lags, 

expressed as simulation increments, to the number of drum 

revolutions averaged. Figure 5.12 shows a table of increments of 

lag cuk3 number of drum revolutions; calculation of this cissumes a 

drum revolutional speed of 60 rpm.

The results (figures 5.6 to 5.11) show a grcidual degradation in 

the quality of control with increasing measurement lag, as would 

be expected. Figure 5.13 gives a plot of mean deviation from 

horizon against lag. Serious degradation of control becomes 

apparent for lags of greater than six increments, which is 

equivalent to pick force data from 24 drum revolutions being 

averaged.

5.4 Conelus ions

The simulation package adopted for this work was written by the 

NCB gmd has been proved by comparison with real underground 

operation and in quantitative surface studies [5.2, 5.6]. 

Simulation of the System 70,000 control system gave results 

similar to those expected in an underground environment [5.5].
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System 70,000 control has been used ais the standard with %^ich to 

coDtpcLre the performance of the proposed pick force analysis 

control system. The operation of the two systems has been shown to 

be similar under good conditions, given suitable control 

parameter selection.

Simulation of the effects of pick force measurement lag shows that 

serious degradation of control occurs for lags of greater than 6 

simulation increments (0.85 m) and that degradation is apparent 

for a lag of 4 simulation increments (0.6 m). A lag of 6 

simulation increments corresponds to the averaging of data from 24 

drum revolutions under typical underground operating conditions.
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S.E.R.D.S. SIMULATION
NAT. RAD. SENSOR CONTROL MODEL EXTRA SITFF CONV.
NO. OF CUTS = le SPEED = 8 . W #
DRUM OFFSET = 12 ROOF = 10#.0 mm
C.T. GAIN * 0.50000 CONV. WTIC. LIM.* 3.00
FAT GAIN = 9.00000 ROOF FOLLOWER GAIN =
NATRAD TIME CONSTANT = 8.000
INITIO DISTURB̂ V4CE IS TYPE 5
LEVEL OF SHIFT * -200.0 m
SHEWS WITH PAN_IFT ARE 1, 2, 3, 4, 5,

1.00000

MEAN ERROR = 
MAX. FAT -

43.36578 
14.81700 MIN. FAT -1.44420

^ONG FACE DIRECTION

VERTICAL 
100 m

FACE ADVANCE 
DIRECTION

FIGURE 5.2 SIMULATION RESULTS FOR SYSTEM 70,000 CONTROL, INITIAL

CONDITIONS A.
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S.E.R.D.S. SIMULATION
**********************
W%T. RAD. SENSOR CONTROL MODEL EXTRA SITFF CONV. 
NO. OF CUTS = 10 SPEED = 8.00000
DRUM OFFSET = 12 ROOF = 100.0 m
C.T. GAIN = 0.50000 CONV. ARTIC. LIM.* 3.00 
FAT GAIN * 9.00000 ROOF FOLLOWER GAIN *
NATRAD Tire CONSTAT = 8.000
INITIAI DISTURBANCE IS TYPE 1 
SHEARS WITH PAM.IR ARE 1, 2, 3, 4, 5,

1.00000

MEAN ERROR = 
FAT -

28.16436 
12.33000 MIN. FAT - -2.14220

ALONG FACE DIRECTION

FACE ADVANCE 
DIRECTION

FIGURE 5.3 SIMULATION RESULTS FOR SYSTEM 70,000 CONTROL, INITIAL CONDITIONS B
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S.E.R.D.S. SIMULATION**********************
PICK FORCE CONTROL MODEL 
NO. OF CUTS * 10 
DRUM OFFSET * 12 
PICK FORCE GAIN = 1.00000 
INCS. PF £̂AS. LAC * 0
INITIAL DISTURBANCE IS TYPE 
LEVEL OF SHIFT * -200.0 m  
SHEWS WITH PAM_IFT ARE 1,

EXTRA STIFF CONVEYOR 
SPEED = 8.00000
ROOF » 100.0 MM

STEP LIMIT 
ARTIC. LIM. =
5

: 75.0
3.00000

MEAN ERROR = 45.44908
MAX. FAT * 15.51600 MIN. FAT -1.62180

ALONG FACE DIRECTION

FACE ADVANCE" 
DIRECTION ,

FIGURE 5.4 SIMULATION RESULTS FOR PICK FORCE CONTROL. INITIAL
CONDITIONS A
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S.E.R.D.S. SIMULATION**********************
PICK FORCE CONTROL MODEL EXTRA STIFF CONVEYOR 
NO. OF CUTS = 1# SPEED = 8 , W m
DRUM OFFSET = 12 ROOF = 100.0 m
PICK FORCE GAIN = 1.00000 STEP LIMIT
INCS. PF MEAS. LAG = 0 ARTIC. LIM. =
INITIAL DISTURBANCE IS TYPE 1 
SHEARS WITH PANLIFT ARE 1, 2, 3, 4, 5,

: 75.0
3.00000

MEAN ERROR = 25.79273
rVO(. FAT = 11.81600 MIN. FAT -3.96620

ALONG FACE DIRECTION

VERTICAL 
100 MM

FACE ADVANCE DIRECTION

FIGURE 5.5 SIMULATION RESULTS FOR PICK FORCE CONTROL, INITIAL
CONDITIONS B
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S.E.R.D.S. SIMULATION**********************
PICK FORCE CONTROL MODEL EXTRA STIFF CONVEYOR 
MO. OF CUTS * 10 SPEED = 8.00000
DRUM OFFSET = 12 ROOF » 100.0 m
PICK FORCE GAIN =* 1.00000 STEP LIMIT
INCS. PF MEAS. LAG * 1 ARTIC. LIM. =
INITIAL DISTURBANCE IS TYPE 1 
SHE/«S WITH PANLIFT ARE 1, 2, 3, 4, 5,

: 75.0
3.00000

MEAN ERROR = 
MAX. FAT «

25.67812 
11.92700 MIN. FAT = -4.20780

ALONG FACE DIRECTION

VERTICAL 
100 m

FACE ADVANCE 
DIRECTION

FIGURE 5.6 SIMULATION OF PICK FORCE MEASUREMENT LAG = 1 INCREMENT,

INITIAL CONDITIONS B
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S.E.R.D.S. SIMULATION**********************
PICK FORCE CONTROL MODEL 
NO. OF CUTS = 10 
DRUM OFFSET = 12 ROOF =
PICK FORCE CAIN * 1.00000 
INCS. PF MEAS. LAG = 2 ARTIC.
INITIAL DISTURBANCE IS TYPE 1 
SKEARS WITH PANLIFT ARE 1, 2,

EXTRA STIFF CONVEYOR 
SPEED = 8.00000

100.0 MM 
STEP LIMIT 

LIM. =
3, 4, 5,

* 75.0
3.00000

MEAN ERROR = 
FAT -

26.58359 
12.04900 MIN. FAT - -4.40450

ALONG FACE DIRECTION

VERTICAL T  100 MM y-

FACE ADVANCE 
DIRECTION

FIGURE 5.7 SIMULATION OF PICK FORCE MEASUREMENT LAG = 2 INCREMENTS,

INITIAL CONDITIONS B
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S.E.R.D.S. SIMULATION
**********************
PICK FORCE CONTROL MODEL EXTRA STIFF CONVEYOR
NO. OF CUTS = 10 SPEED = 8.00000
DRUM OFFSET = 12 ROOF = 100.0 m
PICK FORCE GAIN = 1.00000 STEP LIMIT = 75.0
INCS. PF MEAS. LAG = 4 ARTIC. LIM. = 3.00000
INITIAL DISTURBANCE IS TYPE 1
SHD«S WITH PANLIFT ARE 1, 2, 3, 4, 5,

tCAN ERROR 
FAT =

30.71747 
12.05800 MIN. FAT = -4.64390

ALONG FACE DIRECTION

VERTICAL 
100 m

FACE ADVANCE" 
DIRECTION

FIGURE 5.8 SIMULATION OF PICK FORCE MEASUREMENT LAG = 4 INCREMENTS;
INITIAL CONDITIONS B
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S.E.R.D.S. SIMULATION
********************
PICK FORCE CONTROL MODEL EXTRA STIFF CONVEYOR
NO. OF CUTS = 10 SPEED = 8.00000
DRUM OFFSET = 12 ROOF = 100.0 m
PICK FORCE GAIN = 1.00000 STEP LIMIT
INCS. PF fCAS. LAG = 6 ARTIC. LIM. =
INITIAL DISTURBANCE IS TYPE 1 
SHEARS WITH PW4.IFT ARE 1, 2, 3, 4, 5,

* 75.0
3.00000

MEAN ERROR = 
fVO(. FAT =

35.05272 
12.75900 MIN. FAT -4.78640

ALONG FACE DIRECTION

VERTICAL 
100 m

FACE ADVANCE- 
DIRECTION

FIGURE 5.9 SIMULATION OF PICK FORCE MEASUREMENT LAG = 6 INCREMENTS,

INITIAL CONDITIONS B
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S.E.R.D.S. SIMULATION
PICK FORCE CONTROL MODEL EXTRA STIFF CONVEYOR
NO. OF CUTS = 10 SPEED = 8.00000
DRUM OFFSET = 12 ROOF « 100.0 m
PICK FORCE GAIN * 1.00000 STEP LIMIT * 75.0
INCS. PF MEAS. LAG = 8 WTIC. LIM. = 3.00000
INITIAL DISTURBANCE IS TYPE 1
SHEARS WITH PAN.IFT ARE 1, 2, 3, 4, 5,

MEAN ERROR = 
MAX. FAT =

40.10384 
14.12400 MIN. FAT = -4.90540

ALONG FACE DIRECTION

VERTICAL T  
100 m

FACE ADVANCE 
DIRECTION

FIGURE 5.10 SIMULATION OF PICK FORCE MEASUREMENT LAG = 8 INCREMENTS,

INITIAL CONDITIONS B
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S.E.R.D.S. SIMULATION 
**********************
PICK FORCE CONTROL MODEL EXTRA STIFF CONVEYOR 
NO. OF CUTS = 10 SPEED » 8.00000
DRUM = 12 ROOF * 100.0 mm
PICK FORCE GAIN = 1.00000 STEP LIMIT
INCS. PF MEAS. LAG = 1€ ARTIC. LIM. = 
INITIAL DISTURBANCE IS TYPE 1 
SHEARS WITH PfN_IFT ARE 1, 2, 3, 4, 5,

' 75.0
3.00000

MEAN ERROR 
MAX. FAT =

68.17197 
15.21000 MIN. FAT = -5.32790

ALONG FACE DIRECTION

VERTICAL 
100 MM

FACE ADVANCE 
DIRECTION

FIGURE 5.11 SIMULATION OF PICK FORCE MEASUREMENT LAG = 16 INCREMENTS,
INITIAL CONDITIONS B
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Simulation Lag Tune, Averaging No. Drum
Increments s Time, s Revs.

1 2 4 4

2 4 8 8

4 8 16 16

6 12 24 24

8 16 32 32

16 32 64 64

Typical operating conditions assumed. ie Shearer speed =■ 5 m/min

and drum rotational speed = 60 rpm.

Figure 5.12 Conversion of Simulation Lao Increments to 

Drug Revolutions Averaged.
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6 THE CONTROL TRIAL.

6.1 Introduction

It was shown that measurements of drum position, using pick force 

analysis, were possible on the artificial 'coaJ' face used for the 

surface trial (see chapter 4). The main objectives of the control 

trial were to develop an on-line, pick force analysis drum 

position measurement system and show that this could be used to 

control the shearer. The control trial took place in the spring of

1983, using the face and equipment described in chapter 4.

Software was developed for the KINC-23 computer to carry out the 

measurement and control tasks and this is described in section

6.2. A simpler control algorithm them that described in chapter 5,

with no step limitation, was employed. This was because the cut 

face was manually removed to floor level after each shear emd so 

pushover was effected onto a level surfau^e. Hence the control 

system response over several shears could not be evaluated and 

step limitation would therefore have been redundant.

To show that the measurement amd control software worked in a 

sat is factory manner it was necessary to introduce some disturbance 

into the system. Therefore, ranps were placed under the AFC at 

each end of the face in the way shown in figure 6.1. If %^en 

shearing no control of the drum position took place, then the cut 

produced would have taken the form shown in the figure, ie. the 

disturbance %#ould be amplified and phase shifted by the machine 

geometry. With ideal control a perfectly level cut relative to the
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face would be the result. A photograph of the ramps in place under 

the AFC is shown in figure 6.2.

6.2 Software

The MlNC-23 ccanputer was programmed to receive euid analyse pick 

force patterns from the shearer and to issue control action to the 

boom arm controller. Therefore it was necessary to %/rite an 

on-line data analysis and control softwaure package. Ihe 

specification of the software can be summarised as follows,

1. To sample pick force patterns and average two or more of them 

to create a 'master' force pattern, to be used as a stamdard 

for the face.

2. Sample pick force patterns and average two or more, as 

necessary, to form 'current' force patterns.

3. Perform cross-correlation on the master and current force 

patterns to form a cross-correlation function (CCF).

4. Analyse the CCF to find the position of the significant peak, 

and hence any change in cutting drum position.

5. Issue control action (if the drum is displaced) to move it 

back onto the 'horizon' of the master force pattern.

6. Store auxiliary data and error flags for later amaLlysis.

7. Repeat from item 2 until program termination requested, 

or a fatal error occurs.

In chapter 4 the bemdwidth of the pick force data was estimated to 

be < 40 Hz and so a sampling frequency in excess of 80 Hz is 

required to adequately represent this. At a cutting drum speed of
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30 rpm, one half drum revolution takes 1 s and so 80 samples need 

to be taken over this period. It was convenient, for the purposes 

of the FFT cross-correlation algorithm employed to take 128 

samples (the nearest greater power of 2), over the half drum 

revolution. Secondary considerations here are the resolution of 

the CCF produced amd the time taücen to perform the correlation 

calculation. A CCF containing 128 points over the drum diauneter 

gives a maximum resolution of drum position chamge of 1/128 th of 

the diameter (13 mm) amd so the maucimum accuracy of drum position 

changes calculated from such a system is plus or minus 6.5 mm.

This was auîequate for the trial amd for underground applications. 

The MlNC-23 ccmputer was found to be aüDle to calculate a 128 point 

CCF in a time short enough (600 mS), such that the pick force 

analysis could be ccxnpleted in the half drum revolution irfhen no 

pick force data was available, ie. as the instrumented pick being 

used rotated from back bottom dead centre to top dead centre. 

Therefore, if required, a CCF could be calculated for data from 

every drum revolution.

The software package employed was witten, prior to the beginning 

of the control trial, in a modular form which could easily 

aLCcomnodate changes. Again the programs are written in DEC 

standard FORTRAN IV and make extensive use of the library of 

subroutines provided with the computer. Ihe overall structure of 

the package is shown in figure 6.3 amd the function of each module 

is described below.
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6.2.x 'PICKPOR'

This is the main calling program of the package. 'PICKFOR' is 

documented in appendix 10.

When the package was eaœcuted a dialogue with the operator 

determined control parameters and data logging requirements. Data 

files were read from disk containing calibration information, for 

the sampling of pick force data amd a look-up table, used to 

convert equi-amgular to equal height samples. The calibration file 

contained the value of the trigger point, for the onset of pick 

force data on the drum rotational position (DRP) signal, at given 

along face tilt (AFT) and bocm angle (BA) conditions, and 

calibration information for the AFT and BA transducers. After the 

dialogue, the operator %*as prompted to start the program running 

when all was ready, (ie. when the shearer was cutting the face). A 

sampling table was then created which related each pick force 

sampling point to value and slope of the DRP signal, for the given 

BA and AFT. This was subsequently used by the 'SAMPLE* routine, 

discussed below.

A master pick force pattern was created by repeatedly calling the 

'SAMPLE' routine, to sample the pick force signal from one drum 

revolution and the 'TRANS’ routine to transform the equi-angular 

to equal height samples. Averaging of the data, from ten 

individual drum revolutions, formed the master pick force pattern.

A current force pattern was then formed by a similar procedure, by 

the averaging of data from three drum revolutions. The number of
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drum revolutions used to form the roaster and current force 

patterns is discussed in section 6.3.

Prior to correlation the mean of both force patterns vas 

subtracted to normalise the data. The 'CORBEL' library routine was 

called to perform the cross-correlation. Analysis of the resultant 

CCF was carried out by the 'ANAL' routine which returned the 

position of the significant pecüc, which could be directly related 

to the change in position of the cutting drum. This was passed to 

the control routine, 'CCWTRL', which then took any appropriate 

remedial action by moving the boom arm via the boom controller in 

the shearer. Auxiliary data was stored by the 'DALOG' routine and 

a test made for program termination (requested by the operator), 

before the sanpling of the next current force pattern.

6.2.2 'SAMPLE'

The 'SAMPLE' routine was designed to take 128 equi-amgulaLr samples 

of the pick force signal over the half drum revolution as the 

instrumented pick rotated from top dead centre (TDC) to bottom 

dead centre (BDC). On being called the routine first measured the 

AFT and BA, by sampling the appropriate channels of the ADC. If 

any chamge in these variables relative to the calibration values 

had occurred then it was necessary to change the sampling table 

prepared by 'PICKPOR', The sampling table contained the values and 

signs of slope of the DRP signal at each of the 128 pick force 

sampling points. As the DRP was measured relative to the boom arm, 

changes in AFT and BA clearly change the position of pick TDC 

relative to the DRP signeil. An «mgular shift in the sampling
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table, of equal magnitude to that of the total angular change in 

AFT and BA, was made. This process is e3q>lained in section 4.3.1 

and figure 4.13. The subroutine monitored the DRP signal until its 

value and slope corresponded to those of the first pick force 

sampling point in the modified table amd at this time it 

immediately sampled the pick force signal. The process was repeated 

for all of the 128 pick force sanples. The 'SAMPLE' routine is 

documented in appendix 11. It may be observed that it %ifould be 

possible to directly take the pick force samples at equal height 

intervals by provision of a suitable sampling table. However, this 

involves the ccxoputer taking samples at a faister rate in the 

centre of the half drum revolution tham at the beginning and end.

It W2LS found that the softwaure was operating ais fatst ats was 

possible in taking equi-amgulaur samples. Therefore any attempt to 

take equal-heiç^t sanples resulted in a 'skeined* height base-line, 

aLS some samples were taken late.

6.2.3 'TRANS'

This routine transformed the 128 equi-angular samples to equal 

height sanples by lineair interpolation. The function wais similar 

to that of the 'TRANS' program described in section 4.33. Ihe 

subroutine is documented in appendix 12.

6.2.4 'ÇORREL'

This is a DEC proprietaury subroutine [4.4] which carries out 

cross-correlation via the Faist Fourier Trams form ailgorithm 

described in chapter 3. The routine warn supplied am an assembled 

object module and hence no listing is availa&ble.
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6.2.5 'ANAL'

This subroutine analysed the CCF produced by 'CORREL' to find the 

position of the significant peak and hence any change in the 

cutting drum position. Evolution of the algorithm used took place 

over the course of the control trial and this is described in 

section 6.4. For the first shears a peak tracking algorithm was 

used, but use of this was later discontinued %<hen it was proved to 

'lose' the significant peak, iwhich resulted in failure to steer.

The final form of the routine is documented in appendix 13. This 

relatively simple algorithm finds the highest amplitude peak in a 

centre 'realisable ' window of the CCF, as described in section 

3.2.4. The 'window' used was 16 out of the 128 points of the CCF, 

khich represent drum movements of up to plus or minus 100 mn.

Given good control the significant peak should never move outside 

this region. Further development in this area may be necessary 

before the implementation of an underground system. Additional 

safeguards should be built into the algorithm to ' freeze ' control 

action if there is any doubt about the position of the significant 

peak.

6.2.6 'CONTRL'

The 'CONTRL' routine is documented in appendix 14. A very sisple 

cLlgorithm was employed. For a given sign of error a dynamically 

adjustable eunount of control action was issued. (The magnitude of 

the error was not taken into account in the control algorithm).

The magnitude of control action could be adjusted, by the
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operator, via one of the ADC channels. This 'Bang-Bamg' method of 

operation was found to be perfectly satisfactory.

6.2.7 'BUP & BDOWN’ (Appendix 15)

These routines handled the bi-directional communication between 

the computer and the boom controller. *BUP’ moved the boom up and 

'BDOWN' moved it down. Each control character sent to the boom 

controller actuated a £K>lenoid valve in the hydraulic circuit to 

move the boom up or down for 100 mS. Acknowledgement and error 

messages were sent from the bocma controller to the computer in 

reply to the control codes.

6.2.8 'ERINIT. ERROR, & EHRPT'____rAppendix Ifil

Error handling routines were incorporated to study the causes of 

any failures of the software. Both fatal emd non-fatal errors were 

allowed. A tally of the non-fatal errors was kept and printed on 

program termination.

6.2.9 'DALOG' (Appendix 17)

This routine stored the pick force, CCF, and auxiliary ADC data 

into the upper memory of the conputer for later storage on disk 

at program termination. After each CCF %#as calculated, one 128 

point 'current' pick force pattern, one 128 point CCF, and the 

auxiliary data collected from channels of the ADC was stored.
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6.2.10 'TERMIN' (APPgfX3|i^}

This routine was called on program termination to call the error 

printing routine and to initiate the storage of data onto disk.

The softwaure package described was tested, before being «ployed 

in the control trial, using the data recorded on magnetic tapes 

from the measurement trial. This allowed de-bugging of the program 

and subroutines to minimise the amount of expensive 'site' time 

spent on the control trials.

6.3 Accuracy of the Proposed Measurement System.

The accuracy of the on-line measurement system is dependant on the 

SNR of the pick force data, as mentioned in chapter 3. It was 

necessary to estimate the accuracy of the proposed Eiystem, for 

various values of SNR of the input data, so that the required 

amount of pick force pattern averaging could be determined. This 

was done by feeding the softwaure, described in section 6.2, with 

artificial data of known SNR auid a known relative distance 

displacement.

The software package was adapted so that it formed the artificial 

data, of known SNR, internally and correlated this to verify the 

predicted distance shift. An artificial pick force signal was 

displaced by a known and constant amount to give two mutually 

displaced artificial signals and different random noise was 

superimposed on each of these to give a known SNR. The form of the
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random noise used was the same as that described in section 4.6.2 

and appendix 6, so giving the aurtificial data a similar power 

spectrum to the real data. No averaging of this artificial data 

took place prior to correlation and therefore the SNR remained 

constant. If the result of the analysis of the CCF was not equail 

to the known relative shift of the data, then an error counter was 

incremented. The process was repeated one thousemd tiroes at each 

SNR to find the probability of an error occurring. The adapted 

softwaure package is documented in appendix 19.

A typical example of the program output is shown in figure 6.4. In 

addition to the proportion of errors occurring at each SNR being 

reported it can be seen that a column labelled '% serious errors' 

is also shown. A 'serious error' was defined as one in which the 

error in predicted distance displacement was greater than one 

increment of the CCF (ie. 1/128 th drum dia. * 13 mm). These were 

considered more important than errors of one increment as they axe 

more likely to cause poor steering of the machine, because of 

their magnitude and they have therefore been used in figure 6.5, 

which shows SNR vs. % serious errors. It can be seen that a 

plateau region is reached at very low SNR's which give an error 

fraction of approximately 80%. This is due to the analysis system 

determining the correct peak position by chance, in 3 out of 16 

cases. A threshold seems to be reached for SNR less than 

approximately 2 dB, idiere the error fraction rapidly increases for 

decreasing SNR. Above this figure results are relatively error 

free. TTiis analysis is in gpod agreement with the results obtained 

by lanniello [3.6], who also showed the threshold effect of SNR on
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time delay measurement accuracy for SNR’s of approximately 0 dB. 

Clearly the lower the SNR, the more noise in the signal, which 

leads to a greater chance of spurious peaks in the CCF and hence 

to a greater chance of error. A suitable control system should, if 

properly designed, be able to cope with error fractions of up to 

say 5% of serious errors, before serious degradation of steering 

occurs. However, such a proportion of errors would be by no means 

desirable and should be reduced if possible. The estimated SNR’s 

of the data from the measurement trial was in the range -3 to 1 dB,

which leads to serious error fractions (by reference to figure

6.5) of between 30% and 7%. Averaging of the data improves the 

SNR, as described in chapter 3 and the software discussed in 

section 6.2 performed averaging on data from a minimum of three 

drum revolutions. This improved the SNR by a factor of >/( 3 ) = 1.732 
and hence gave averaged data SNR's in the range of 1.8 to 5.8 dB, 

so leading to serious error fractions of between 2% and 0%, which 

is quite acceptable.

It is interesting to speculate on the meaning of these results to 

the underground environment. It was shown in chapter 5 that it

should be possible to average data frcxn up to 24 drum revolutions,

under normal underground operating conditions, before measurement 

lag became unacceptable. Ideally a SNR of at least 1.6 dB,

( %serious errors = 3.3) is required for the pick force 

measurement system described and therefore the minimum acceptable 

raw data signal to noise ratio is 1.2 / V ( 24) = 0.24, or -12.2 dB, 
eissuming that only ramdom uncorrelated noise is present. These 

figures only apply in the case of the measurement system as

-6.11-



described in section 6.2. An inproved CCF analysis routine may be 

able to improve the accuracy by reducing the number of anomalous 

estimates of drum position.

6.4 Procedure and Results

The procedure of the control shears was, for the roost part, 

similar to that of the measurement shears. The equipment was set 

up in the way described in section 6.1, ie. with ramps under the 

conveyor. TTie shearer was operated in automatic control mode, 

which allowed the boom to be actuated remotely from the computer. 

The control software was run as the shearer began to cut each half 

of the face. This operated in the way described in section 6.2; a 

'master' pattern was formed, this was correlated with 'current* 

force patterns and control performed as the machine travelled 

along the face. A survey of the cut face was made after each shear 

so that the quality of the steering could be assessed.

6.3.1 Shear No.3

This shear was the first attempt to control the machine using the 

software described in section 6.2. Due to an operator error the 

wrong version of the computer operating system was installed and 

this caused the software to fail to perform satisfactorily. As a 

consequence steering was not achieved and therefore the results of 

this shear have not been included.
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 Shear No.4

Wie control software operated as designed on this shear. Tbe 

results of the survey and the floor disturbance are shown in 

figure 6.6. The 'no control' cutting path %^uld, if shown, have a 

peak to peak magnitude of approximately 130 mm. Ideally the survey 

should be a horizontal straight line for perfect steering. It can 

be seen frcxn the survey results that while some steering did 

occur, the result was far from horizontal and the magnitude of the 

peak to peak steering error was neeurly 70 ran. This relatively 

large error was due to the boom arm not moving the drum fcLSt 

enough to compensate for the conveyor disturbances. The control 

routine hakd been set up on the basis of the 'free air' boom speed, 

but it kRLS found that the speed of movement idiile cutting «fas 

considerably less and therefore an increased amount of control 

action «fas selected for the following shear.

The fingerprints and numerical survey results from this sheair are 

presented in appendix 20. The fingerprints were produced in the 

same way as described in section 4.5.1 and show the changes in 

drum position relative to the face.

KSjuS

It «fas decided that in addition to the increased magnitude of 

control action that a peak tracking CCF analysis routine «fould be 

evaluated on this shear. This subroutine is presented in appendix 

21. It attempts to track the significant peak from CCF to CCF, by 

finding the peak closest to the last known position. The survey
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results of the shear are shown in figure 6.7. While the quality of 

the steering was, on the whole, better than that of shear 4, it is 

evident that the peak-tracking algorithm 'lost' the significemt 

peak at both the multi-layer and hard band ends of the face. This 

phenomena can also be seen on the fingerprints presented in 

appendix 22. Any loss of the significant peak is clearly 

unacceptable in an underground environment and therefore the use 

of this CCF analysis routine was discontinued. There could be no 

guarantee that the algorithm would not select a small amplitude 

insignificant peak near the position of the last significant peak 

and so lose control.

6.4.4 Shear No.6

The CCF analysis routine was replaced with one similar to that 

described in section 6.2. A narrower 'window' was employed, (6 

points of the CCF - less tham half the width described in section 

6.2) and this corresponds to a drum movanent of up to 

approximately 26 mm in either direction. This meant that if due to 

poor control the significant peak moved outside this region then 

it was lost. The survey results in figure 6.8 amd fingerprints in 

appendix 23 show that this occurred, ats the maximum peak to peak 

error in the survey was 57 mn. The poor control which caused this 

to haippen was found to be due to the boom speed being faster in 

the downward tham in the upward direction by a fatctor of 

approximately three, when cutting the faice. This wais not eaq>ected 

aus the 'free air' speeds were approximately equal. The result wsks 

that when the control routine demanded a downward movement of the 

boom, it moved so fau: that successive significant CCF peaks were
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outside the narrow ’window’. The control routines were therefore 

re-written to give only one third of the requested control action 

when actuating the boom in the downward direction.

6.4.5 Shear No.7

The control algorithm was altered as described above and the CCF 

analysis routine changed to that described in section 6.2, ie. 

with a window width of 16 CCF points. This ensured that even if 

poor control occurred again, the peak was unlikely to move outside 

the analysis region.

The survey results shown in figure 6.9 êuid fingerprints in 

appendix 24 clearly show that the quality of control obtained was 

excellent. Unfortunately the machine was stopped by a mechanical 

failure in the AFC, before coxnpleting the cut at the multi-layer 

end of the face. The survey results show a peak to peak error just 

in excess of 25 nan. This residual error was due in part to the 

accuracy of the survey. The mimimum error which should be 

attainable with the measurement system as described is plus or 

minus 6.5 ran, giving a peak to peak error of 13 ran. This minimum 

measurement error is due to the limited resolution of the CCF 

which covers 128 points over the drum diameter (see section 6.2).

§ 4,̂  Shears Ro, 9 & 9

The control algorithm was unchanged for both these shears. The 

survey results are presented in figures 6.10 and 6.11 and these 

can be seen to be simi lar to those of shear 7. The peak to peak
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error in both cases was approximately 25 mm. The fingerprints are 

given in appendices 25 and 26. The same mechanical fault in the 

AFC prevented the shears at the multi-layer end of the face being 

conpleted in both cases.

6,5 Çojiçlusiong

The quality of the control obtained was gradually improved over 

the course of the trial as the algorithms were refined, and at 

best the steering gave results within a 25 mm peak to peak range 

of the horizontal. The maximum possible accuracy of the 

measurement system employed would give a peak to peak error of 

13 mm. The additional error experienced was due in part to the 

survey. A photograph showing the cut face after one of the early 

control shears is presented in figure 6.12.

An accuracy investigation on the measurement system enployed here 

showed that averaging of the raw surface trial data was necessary 

to avoid spurious results. Data from a minimum of three drum 

revolutions %fas averaged for use in the measurement software and 

this was, as predicted, sufficient to ensure relatively error free 

results. The accuracy study was also used to predict the minimum 

acceptable signal to noise ratio which could be used by this 

measurement algorithm, ie. before the measurement lags became 

unêtcceptably large. The minimum figure was found to be 

a^roximately -12 dB, (or 0.25).
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7 CONCLUSIONS,

Automatic control of the of the modem longwall coal mining 

process is desirable for reasons of productivity and safety.

Control of such a system is complex as it involves a three 

dimensional steering problem. An operational control system 

(System 70,000), developed by the NCB, meets the steering 

requirements specified. However, System 70,000 is dependant upon 

measurements made in the plsuie of the previous shear, and on the 

presence of natural radiation in the over-bearing rock of the coal

seam. Previous sheaur sensing is becoming undesirable for

operational reasons, and natural radiation is only present in the 

over-bearing rock of 60% of production coal seams. The development 

of an alternative measurement and control system is therefore 

necessary, %/hich if possible should make measurements in the 

present shear, ie. as the coal is cut.

Coal is a non—homogeneous substance Which contains horizontal 

(relative to the seam) layers of various types of material with 

different physical and chemical properties. These layers may 

extend for many miles along the seam. The forces experienced by a 

cutting pick on the periphery of a shearer drum vary therefore, as

it cuts through the layers of material in the face. Comparison of

the force patterns as the machine moves along the face may 

therefore reveal emy movement of the drum relative to the seam, 

and so provide a measurement of position with which to control the 

shearer. Previous work has shown similar techniques to be viable 

for the detection of the rock / coal interface but no work has 

been carried out on force pattern con^>arison within the coal
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itself. The viability of this concept therefore needed to be 

proved, and so a surface trial was conducted. An eurtificial 'coal' 

face was constructed %ifhich contained bcuids of materials of various 

haurdness, similar to those encountered in a real coal seam. A 

shearer, aidapted to measure pick force patterns was used to cut 

this face.

Examination of the resultant pick force patterns revealed that the 

hardness details of the face were clearly reproduced. The 

bandwidth of the signals produced was found to be < 40 Hz, and the 

signal to noise ratio of the data was estimated to be in the rëuige 

of -3.0 to +0.5 dB. Comparison of force patterns using 

cross-correlation showed that it was possible to measure the 

movements of the cutting drum within an accuracy of plus or minus 

30 mm or better. It was therefore concluded that pick force 

analysis is a viable position measurement technique.

A simple pick force analysis measurement and control system was 

developed to prove that on-line control of a shearer could be 

achieved. Ohis was used to automatically control the shearer to an 

accuracy of plus or minus 13 mm. Some of this error is thought to 

be due to the survey of the cut face. The maximum accuracy of the 

measurement system used was plus or minus 6.5 mm, due to the 

resolution of the CCF employed.

The signal to noise ratio (SNR) of the pick force data affects the 

accuracy of the measurement of drum position. Wiis was studied 

using simulated pick force data of known SNR, with the measurement
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system employed in the trial. Results of this work revealed that a 

SNR of at least 2 dB in the input data was required to ensure 

relatively error free results (< 1.5% serious errors). Averaging 

of force patterns from three drum revolutions was therefore 

necessary, to improve the SNR of the surface trial data, prior to 

correlation. Averaging of data introduces a time lag into the 

measurement system, and this is an important consideration in the 

design of an underground control system.

The incorporation of pick force measurement into an underground 

control system was studied using an NCB developed, simulation 

package. Simulation comparisons of a proposed pick force 

measurement based control system and System 70,000 control were 

made. The results for each system were shown to be very similar 

under ideal operating conditions. The effects of pick force 

measurement lag, due to signal averaging, were also examined. This 

work showed that it was possible to averagpe data from up to 24 

drum revolutions, under normal operating conditions, before 

measurement lag became large enou^ so as to seriously degrade 

control. Averaging data from 24 drum revolutions corresponds to an 

improvement in SNR by a factor of V( 24 ), assuming that only random 

uncorrelated noise is present. The minimum SNR which would 

therefore be uBable by the control algorithm employed is -12 dB.

The signal to noise ratio of data obtained in an underground coal 

cutting environment is therefore the critical factor in the 

performance of an operational pick force control system. Prior to 

em underground trial no data is available to estimate the SNR of
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underground pick force signals. The data obtained from the 

Baddersly underground trial is not of any use here as the 

conditions of its acquisition Eire largely unknown, and it is 

likely that the pick force transducers employed produced a large 

correlated noise component.

The horizontal homogeneity of coal seams has been assumed to be 

consistent over large distances throughout this work, such that a 

single 'master' force pattern should remain useable for a shear, 

or perhaps the whole of the life of a coal face. Apart from verbal 

assurances on the validity of this assumption no 'hard' data on 

this subject can be found. If the hardness pattern of the face is 

found to be very variaüsle with position a method of updating the 

'master' force pattern must be found.
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8 REÇPMMBNPflTIQKS,

1. It should be possible to improve the accuracy of the pick 

force measurement system developed here. Therefore a study 

of the effects of low signal to noise ratio on the accuracy 

of various algorithms will result in the development of an 

improved measurement system.

2. An improved simulation model of the cutter conveyor 

system will be better able to reveal the operational 

characteristics of the pick force measurement based control 

system proposed here. Simulation of pick force control using 

such a model would therefore be a useful step prior to an 

underground trial.

3. An underground trial should be conducted to investigate,

a. The extent of the horizontal homogeneity of the 

coal seam to determine how often a 'master' force 

pattern might require adaptation.

b. The signal to noise ratio of the pick force data 

obtained, in order to determine the degree of 

averaging of the data required to give relatively 

error free drum position measurements.
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4. If the horizontal homogeneity (see 3a above) of the seam 

is poor then work should be undertaken to develop a method 

of updating the ' master ' force pattern as the machine moves 

along the coal face. This could be done by using the 

’current* force patterns measured by the machine, while the 

drum is on 'horizon* . Care would have to be exercised in the 

use of this type of technique as cumulative steering errors 

could result.

5. Consideration of the results of this work êmd of that 

proposed in reccxnmendations 1 to 4 should assist in the 

design and implementation of a production underground pick 

force cmalysis measurement and control system. This could be 

evaluated as a second part of the underground trial 

recommended in 3.
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Algorithm for 'AOUI' program.

1. Initialise data arrays, perform dialogue with user.

2- Read calibration information from data file ’CALIB.DAT’.

3. Create table of amplitudes and signs of slope of the DRP

signal for each pick force sampling point, at the

calibration along face tilt, and boom angle.

4. Initialise the auxiliary data file ’DALOG.DAT’

5. Call the 'SAMPLE' routine to sample 1024 points of pick 

force data over a half drum revolution.

6. Write the sampled data to data file 'CUTnnn.DAT'.

7. Log auxiliary data and write to file.

8. Repeat frcxn item 5 until have sanpled the required number of

drum revolutions of data.

9. Close auxiliary data file.

10. Stop.

-Al.l-



Aiqprithm fpr ' SAMPLE

1. Measure current along face tilt and boom angle.

2. Find differences between current angles and calibration 

values, and sums to give a total angular change.

3. Apply angular shift to DRP sanpling table calculated by

'AÇUI ' to give current sampling table. This gives the sign of 

slope and amplitude of the DRP signal at each of the 1024 pick 

force sampling points.

4. If the sign of slope of the DRP signal for the first saaple is 

negative then go to item 10, or if positive proceed to item 5.

5. Wait until find a positive slop# of the DRP signal.

6. Wait until amplitude of the DRP signal exceeds that of the 

first point in the table, and immediately sample pick force 

ADC channel.

7. Rep*eat item 6 for each sample on the positive slop# of the DRP 

signal.

8. For each sample on the negative slop# of the DRP signal wait 

until the amplitude is less than that in the table before 

sampling the pick force channel.

9. Return sampled force pattern to main program.

10. Wait until find a negative slop# of the DRP signal.

11. Wait until amplitude of the DRP signal is less than that of 

the first point in the sampling table, and immediately sample 

the pick force ADC channel.
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12. Repeat item 11 for each sample on the negative slope of the DRP 

signal.

13. For each sample on the positive slope of the DRP signal wait 

until the amplitude of the DRP signal is greater than that of 

each point in the table before sampling the pick force channel.

14. Return sampled force pattern to main program.

15. End.
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APPENDIX 2

Algorithm for 'SPECT' program.

I. Reads data on sample timing from data file ’DALOG.DAT’.

2- Performs user dialogue.

3. Calculates the X-axis of the transformed data using the sampling 

interval, read in item 1, for later use by the plot routines.

4. Reads pick force data from file.

5. Performs FFT, and calculates power spectrum form results.

6. Adds individual power spectrum into mean.

7. Plots individual power spectrum if required.

8. Repeats from item 4 until required number of force patterns 

have been analysed.

9. Plots mean power spectrum.

10. Stop.
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APPENDIX 3

Algorithm for 'TRAN' program.

1. Reads conversion pattern from data file 'MAST2.DIT'

2. Reads data file 'DALOG.DAT' to determine number of pick force 

data files to tramsform.

3. Reads pick force data file.

4. Performs linear interpolation to convert the equi-angular samples 

to equal height.

5. Writes new pick force data file.

6. Repeats from item 3 until all files are transformed.

7. Stop.
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APPENDIX 4

Algorithm for 'CORGR' program.

1. Performs dialogue with user to determine : correlation 

algorithm requirements, which pick force data to be 

used to form 'master' and 'current' force patterns, the 

degree of averaging of data required, and output 

requirements.

2. Forms 'master' pattern by reading pick force data files 

specified by user, and averaging.

3. Forms 'current' force pattern by averaging pick force data 

as specified by user.

4. Stores 'master' and 'current' pick force patterns in upper 

memory for later plotting.

5. Normalises both patterns by subtraction of the mean.

6. Performs correlation using the selected routine, either;

a. FFT cross-correlation using DEC proprietary program

b. Veltman cross-correlation.

7. Stores resultant cross-correlation function in upper memory 

for later plotting.
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8. Repeats from step 3 until all required correlation functions 

have been calculated.

9. Runs 'GRAFCR’ program to plot results.

Algorithm for 'GRAFCR' program.

1. Reads data about correlation analysis performed down from 

upper memory.

2. Prints textual correlation data on the screen.

3. Plots 'master' pick force pattern, if required.

4. Plots 'current' pick force pattern, if required.

5. Plots cross—correlation function of the master', and 

'current’ pick force patterns.

6. Repeats from item 4 until all the data has been plotted.
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APPENDIX 5

Algorithm for 'RASCAN' program.

1. Initialise 'grey scale' of characters,

2. Perform user dialogue, and print heading on line printer.

3. Read pick force data file.

4. Average and scale data to a range of 1 to 6, (integer).

5. Form output line of characters using the above data.

6. Repeat from item 3 for each pick force pattern, as recfuired

7. Stop
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APPENDIX 6

Algorithm for 'SYNPFP' program.

1. Defines an artificial pick force signal in 'IDAT" array.

2. Normalises artificial signal by subtracting mean.

3. Calculates the RMS amplitude of the artificial signal.

4. Sets the RMS amplitude of the artificial signal.

5. Performs user dialogue.

6. Calculates the RMS amplitude of the noise to be added to the

signal to give the selected SNR.

7. Calls the ’NOISE' subroutine to generate noise of the required 

aunplitude and form.

8. Adds signal to noise and writes resultant data to file.

9. Repeats from step 7 until the required number of data files 

written.

10. End
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for.INpISg' .gubyqatipgi

1. Creates an array of 2048 random numbers in range of 0.0 to 1.0

2. Filters random numbers through rectangular window of specified 

width, and multiplies to give an integer range of 0 to 1000.

3. Normalises noise by subtracting mean.

4. Finds RMS amplitude of noise.

5. Sets RMS amplitude to that required by calling program.

6. Returns integer array INOISE containing noise.

7. End
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APPENDIX 7

Algorithm for '5IGNRP' program.

1. Performs user dialogue, and zeros averaging array.

2. Reads pick force data from data file and finds me cm.

3. Adds data into averaging array and at the same time subtracts 

mean to normalise.

4. Repeats step 2 until the selected number of pick force patterns 

have been averaged.

5. Calculates average of force patterns.

6. Reads each pick force data file again, and normalises by 

subtracting me am.

7. Calculates the RMS amplitude of the averaged and the raw pick 

force data.

8. Calculates the ratio of the aunplitudes.

9. Adds ratio into mean, and prints.

10. Repeates from step 6 for selected number of data files.

11. Calculates and prints mean ratio of amplitudes.

12. End
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APPENDIX e

Simulation Model Description

The simulation model employed was developed by the National Coal 

Board, and is made up of three sub-models representing; the AFC, 

the shearer, and the control system. These are described here 

separately. A full explanation of the operation of the model is 

given by Louden [5.2], and of the conveyor sub—model by Bogdadi 

[5.4].

Conveyor Sub-Model

The actual conveyor consists of stationary rigid steel pans, each

1.5 m in length and 0.61 ro in width. Adjacent pans are loosely 

joined with the following restrictions:

(a) maximum possible twisting angle +/- 0.5 degrees

(b) maximum possible bending angle +/- 3.0 degrees

The floor profile at the back and front edges of the conveyor may 

represent the system input; and the resulting profile in the 

conveyor the system output.

Given the floor profile, each conveyor pxan is initially assumed to 

'sit' in its most gravitationally stable orientation on the cut 

floor, and is therefore considered to be coinpletely loose from the 

adjoining pans. A correction is then applied to this initial 'fit' 

to correct for constraint (a) above, ie. to limit the angle of 

twist between adjacent pans. Until this stage pan ends may not

- A 8 .1-



be conceptually attached to one another as they have been 

considered separately, and so a further correction is applied to 

join the adjacent pan ends. Finally a last correction is used to 

apply constraint (b) above, ie. the limitation of the along face 

bending angle between adjacent pans. This process is illustrated by 

figure A8.1.

Using this process it is possible to calculate the profile of the 

simulated conveyor, given the floor profile at the trailing and 

leading edge of the conveyor.

Shearer Sub-Model

The path of the shearer may be calculated geometrically, using 

constants for the machine, frcnm the conveyor profile. If the 

position of the cutting drum relative to the shearer is known then 

the profile of the newly cut roof and floor may also be calculated, 

A detailed analysis of the machine geometry is provided by Louden 

[5.2]. The position of the drum relative to the shearer is set by 

steering demands produced by the control sub-model. The details 

of the calculation of floor and roof profile from the conveyor 

profile and boom position inputs are shown in figure A8.2.

Control Sub-Model

The shearer orientation, at each along face position on the 

conveyor, relative to the coal seam is calculated by the shearer 

sub model. Given this information it is possible to directly 

calculate the simulated outputs of emy appropriate transducers.
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such as coal thickness, face advance tilt, roof follower, or 

pick force drum position measurement. These simulated transducers 

outputs are then used by the control system model being evaluated, 

to calculate the boom demand. This is returned to the shearer 

sub-model to calculate the profile of the newly cut roof and floor

The algorithm and computer programs using the model described here 

are presented below.
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1. Initialise data arrays and perform operator dialogue by calling 

'VRBS' subrout ine.

2. Set geometric constants for shearing machine and AFC.

3. Input initial conditions from operator, and set up in floor 

profile array.

4. Input ramdom disturbance requirements and set up ’PANLIFT* 

array.

5. Initialise data files.

6. Calculate the 'fit' of the conveyor to the floor profile.

7. Calculate the position of the machine on the conveyor at 

each along face position,

8. Calculate the face cu3vance tilt auid coal thickness at each 

along face position.

9. Calls the 'NEWROF* subroutine to find the response of the 

System 70,000 control algorithm to face advance tilt and coal 

thickness inputs. Routine returns a boom demand.
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10. Calculate the new roof profile from the boom position.

11. Finds the floor profile using the boom position at each 

along face position in the roof shear.

12. Effect pushover onto the new floor by rearranging the profile 

arrays.

13. Output shear data to files.

14. Repeat from step 6 for each shear to be simulated.
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1. TWISTING ANGLE CORRECTION

2. JOINING ADJACENT PAN ENDS

3. BENDING ANGLE CORRECTION

;
FIGURE A8.1 AFC FITTING
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YS

ALONG FACE ELEVATION

MACHINE

Y2Y1YO

k4 k3

FACE ADVANCE ELEVATION

DRUM
MACHINE

kl k2

EQUATIONS TO FIND OUTPUTS (YO AND YS) FROM INPUTS (Yl, Y2, Y3, and B)

k4 kfiYO = Yl + 3 ^  (Yl - Y2) + — (Yl - B3) + B

YS = Yl + ^ ( Y l  - Y2) + ^ ( Y l  - Y3) + B + YREF

WHERE YREF = DESIRED COAL EXTRACTICW THICKNESS 
B = BOOM POSITION RELATIVE TO MACHINE

FIGURE A8.2 SHEARER GEOMETRY
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APPENDIX 9

Algorithm for 'PFMOD* program.

1. Initialise data arrays and perfozrm operator dialogue by calling 

'VRBS' subroutine.

2- Set geometric constants for shearing machine and AFC.

3. Input initial conditions from operator, and set up in floor 

profile array.

4. Input random disturbance requirements and set up ’PANLIFT' 

array.

5. Initialise data files.

6. Calculate the 'fit' of the conveyor to the floor profile.

7. Calculate the position of the machine on the conveyor at 

each along face position,

8. Calculate the face advance tilt and coal thickness at each 

along face position.

9. Calculates the error in drum position and uses as a bocan 

demand. Calculates resultant step in roof and limits demand 

appropriately.
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10. Calculate the new roof profile from the boom position.

11. Finds the floor profile using the boom position at each 

along face position in the roof shear.

12. Effect pushover onto the new floor by rearranging the profile 

arrays.

13. Output shear data to files.

14. Repeat from step 6 for each shear to be simulated.
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APPENDIX 10

Algorithm for 'PIKFOB' program.

1. Initialises data arrays, and read sampling pattern to convert 

equi—angular to equal height samples from data file 'MASTER.DAT',

2. Performs user dialogue and read calibration information from 

calibration file ’CALIB.DAT’.

3. Creates saunpling table containing the sign of slope and amplitudes 

of the DRP signal at each of the 128 pick force sampling points, 

at the calibration AFT and boom emgle, using the calibration data.

4. Calls the ' SAMPLE ' routine to sample 128 points of pick force 

data over a half drum revolution, and then calls the 'TRANS’ 

routine to convert the equi-angular to equal height samples.

5. Repeats item 4 ten times in totail and average the resultant force 

patterns on each occasion to produce a 'master' force pattern.

6. Calls the 'SAMPLE' routine to sample 128 points of pick force 

data over a half drum revolution, and then caills the 'TRANS' 

routine to convert the equi-angular to equal height sanç)les.
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7. Repeats item 6 three times in total, and averages the resultant 
force patterns to produce a 'current' force pattern.

8. Calculates the mean of the 'master ' and 'current' force patterns, 
and subtract to normalise the data.

9. Calls 'CORREL' routine to perform FFT cross-correlation of the 
'master' and 'current' force patterns, and scales the 
correlation results.

10. Calls the 'ANAL' routine to emalyse the cross-correlation 

function and return the position of the significant peak.

11. Calculates the error in drum position from the significant peak 
position and calls the 'CCWTRL' routine to initiate control 
action.

12. Calls the data-log subroutine 'DALOG' to store pick force, 
the cross—correlation function, and auxiliary ADC data.

13. Tests for program termination request and if positive then 
calls 'TERMIN' routine to terminate program.

14. Repeats from step 6.

15. End
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APPENDIX 11

Algorithm for "SAMPLE' routine

1. Measures current along face tilt and boom angle.

2. Finds differences between current angles and calibration 
values and sums to give a total angular change.

3. Applies angular shift to DRP sampling table calculated by 
•PIKFOR" to give current sampling table. This gives the sign 
slope amd amplitude of the DRP signal at each of the 128 pick 
force sampling points.

4. If the sign of slope of the DRP signal for the first sample is 
negative then go to item 10, or if positive proceed to item 5.

5. Wait until find a positive slope of the DRP signal.

6. Wait until anç)litude of the DRP signal exceeds that of the 
first point in the table, and immediately sample pick force 
ADC channel.

7. Repeat item 6 for each sample on the positive slope of the DRP 
signal.

8. For each sample on the negative slope of the DRP signal wait 
until the amplitude is less them that in the table before 
sampling the pick force chêmnel.
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9. Return sanç>led force pattern to main program.

10. Wait until find a negative slope of the DRP signal.

11. Wait until amplitude of the DRP signal is less than that of 

the first point in the sampling table, and immediately sanç>le 
the pick force ADC channel.

12. Repeat item 11 for each sample on the negative slope of the DRP 
signal.

13. For each sample on the positive slope of the DRP signal wrait 
until the amplitude of the DRP signal is greater than that of 
each point in the table before sampling the pick force channel.

14. Return sampled force pattern to main program.

15. End.
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APPENDIX 12

Algorithm for "TRANS’ routine.

1. Calculates the linear interpolation coefficients for each 
equal height pick force sample point in terms of the 
equi-angular array index.

2. Calculates the value of each equal height pick force sample 
using the linear interpolation coeffs. and the equi-angular 
samples,

3. Returns transformed data to main program.
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APPENDIX 13

Algorithm for 'ANAL' routine

1. Rearranges the cross-correlation function array into one 
containing only the 16 central points of interest.

2. Differentiates data by subtracting successive terms in the 
array.

3. Finds the peaks in the CCF by looking for the +ve to -ve 
transitions of the differentiated data.

4. Orders the peaks on their amplitude.

5. Finds the position of the highest amplitude peak and returns 
to calling program.

6. End
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APPENDIX 14

Algorithm for 'CONTRE' routine.

1. Calculates the delay between calls to boom actuation routines 
from control actuation time limit (set by user) and amount of 
control action requested.

2. If upward movement required call the 'BUP' routine repeatedly 
with a delay of the magnitude calculated in item 1 between calls

3. If downward movement required divides the amount of control 
action by a factor of three, and repeatedly calls the 'BDOWN' 
routine with a delay of the magnitude calculated in item 1 
between calls.

4. Return to main program.

5. End.
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APPENDIX 15

Algorithm for 'BUP' and 'BDOWN' routines.

1. Selects the serial line port into which the bocxn arm controller 
is connected.

2. Sends the control character to move the bocsn:
a) an ASCII "A" to move the boom up ('BUP'), and
b ) an ASCII to move the boom down ( 'BDOWN').

3. Receives reply character from boom controller.

4. Clears any error condition in controller by sending a further 
control character.

5. Receives reply, and returns to calling routine.

6. End.
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APPENDIX 16 

Function of Error Handling Routines.

1. 'ERINIT' initialises the error counter array, and reads the 
maximum error count and textual information for each error 
condition.

2. ’ERROR' is called when an error occurs in ciny of the subroutines 
or the main program. It increments the total number of errors, 
and increments the counter for the called error condition. If 
the maximum error count of any error is exceeded then calls the 
'ERRPT' routine v^ich prints the errors and terminates the 
program.

3. 'ERRPT' called either by the 'ERROR' routine or by the 'TERMIN' 
routine. Prints a table of all the error conditions occurring 
during the program run, and chains to the 'STORE' program which 
stores the upper memory data to a file on disk for later analysis
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APPENDIX 17

Algorithm for 'DAUOG' Routine.

1. Samples auxiliary ADC channels and writes data to upper memory.

2. Writes correlation function to upper memory.

3. Writes 'current' pick force pattern to upper memory.

4. Returns to roam program.

5. End
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APPENDIX 18

Function of 'TERMIN’ routine.

1. Prints verification of progreun termination request on VDU screen

2. Calls 'ERRPT' routine to print errors and terminate program.

3. End
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APPENDIX 19

Algorithm for 'SNRACC program.

1. Defines artificial 'master' pick force patterns, amd applies a 
shift to it to define a 'current' pick force pattern.

2. Normalises both patterns by subtracting mean.

3. Calculates the RMS cunplitude of both signals.

4. Sets the RMS amplitude of both signals.

5. Performs user dialogue, and initialises data output files.

6. For the selected SNR calculates the RMS amplitude of the 
noise to be added to the signals.

7. Calls the 'NOISE' routine to form noise of the required 
amplitude and adds to the 'maister' force pattern.

8. Calls the 'NOISE' routine to form noise of the required 
amplitude amd adds to the 'current' force pattern.

9. Correlates the two sets of noisy data, and scales results.

10. Calls the cross-correlation function analysis routine 'ANAL' 
to analyse the CCF.
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11. The position of the significant peak returned by 'ANAL' is
recorded. If the position is in error then an error counter is
incremented, and if the peak is more than one correlation

increment from the correct position then a serious error counter 
is incremented.

12. The process is repeated frcan item 7 until the required number 
of repeated trials (normally 1000) are completed.

13. Data on the mean peak position, the steindard deviation of the 
peaüc position, % errors, and % serious errors is calculated.

14. Results are output to data file.

15. SNR is incremented to next value and program repeates from 
step 6 until all values of SNR investigated,

16. Stop.
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APPENDIX 20

Survey Results and 'Fingerprints' for Shear No.4

SURVEY RESULTS

Bard Band End Multi-Layer End

Along Face 
Position. 

(M)
Height of Cut 
Above Datum. 

(M)
Along Face 
Position. 

(M)
Height of Cut 
Above Datum. 

(M)

15.0
14.0
13.0 
12 .0

11.0 

10.0

9.0
8.0

7.0
6.0

5.0
4.0
3.0
2.0 

1.0

N/A
0.487
0.487
0.491
0.490
0.487
0.486
0.496
0.505
0.515
0.509
0.472
0.457
0.456
N/A

1.0

2.0

3.0
4.0
5.0
6.0

7.0
8.0 

9.0
10.0

11.0

12.0

13.0
14.0
15.0

0.269
0.263
0.259
0.254
0.281
0.280
0.260
0.239
0.243
0.231
0.212

0.263
0.271
N/A
N/A

All heights measured to underside of newly cut surface from datum

on face.
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APPENDIX 21

Algorithm for 'ANAL' routine.

1. Recirranges data into array containing centre 32 points of CCF

2. Differentiates CCF by subtraction of successive terms.

3. Finds peaks in CCF at the +ve to -ve transitions of the 

differential.

4. If no peaks present call error handling routine.

5. Sorts peaks on amplitude.

6. Finds the shift of all the peaks from the last known peak 

position,

7. Sorts the peaks on the magnitude of the shifts from the last 

known peak position.
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8. For each peak, starting with the closest to the last known peak 

position :

a. If it is not within 4 CCF increments of the last known 

position then call the error routine, set the fail flag , and do 

not return a peak position to the calling prograun.

b. If it is within 4 CCF increments of last known position

and it has the greatest amplitude then return new peak position

to calling program.

c. If it is within 4 CCF increments of last known position

and it has the 2nd or 3rd greatest amplitude then return new

p>eak position, but call error routine.

9. If peak is not 1st, 2nd, or 3rd greatest in amplitude then repeat 

from item 8 for next closest peak.

10. End
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APPENDIX 2.2

Survey Results and 'Fingerprints' for Shear No. 5

SURVEY RESULTS

Hard Band End Multi-Layer End

Along Face 
Position. 

(M)

Height of Cut 
Above Datum. 

(M)

Along Face 
Position. 

(M)

Height of Cut 
Above Datum. 

(M)

15 .0

14.0 

13 .0

12.0 

11.0 

10.0

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0 

1.0

N/A

0.470

0.470

0.470

0.470

0.476

0.469

0.500

0.492

0.470

0.464

0.465

0.454

0.454

N/A

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0 

9.0

10.0

11.0

12.0

13.0

14.0

15.0

0.285

0.285

0.275

0.272

0.224

0.280

0.288

0.279

0.288

0.297

0.304

0.310

0.297

0.269

N/A

All heights measured to underside of newly cut surface from datum

on face.
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APPSMPZX ?3

Survey Results and ’Fingerprints* for Shear No.6

SURVEY RESULTS

Hard Band End Multi-Laver End

Along Face 
Position. 

(M)

Height of Cut 
Above Datum. 

(M)

Along Face 
Position. 

(M)

Height of Cut 
Above Datum. 

(M)

15.0

14.0

13.0 

12 .0

11.0 

10.0

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0 

1.0

N/A

0.482

0.472

0.467

0.470

0,459

0.473

0.506

0,488

0.463

0.465

0.487

0.449

0.449

0.449

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0 

9.0

10.0

11.0

12.0

13.0

14.0

15.0

0.239

0.219

0.226

0.237

0.225

0.222

0.213

0.213

0.242

0.237

0.250

0.268

0.238

N/A

N/A

All heights measured to underside of newly cut surface from datum

on face.
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AgPoroix 24

Survey Results and 'Fingerprints' for Shear Wo.7

SURVEY RESULTS

Hard Band End Multi-Laver End

Along Face 
Position. 

(M)
Height of Cut 
Above Datum. 

(M)
Along Face 
Position. 
(M)

Height of Cut 
Above Datum. 

<M)

15.0

14.0

13.0

12.0 

11.0 

10.0

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0 

1.0

N/A

0.402 

0.412 

0.402 

0.398 

0. 403 

0.421 

0.421 

0.414 

0.414 

0.423 

0.413 

0.412 

0.416 

0.413

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0 

9.0

10.0

11.0

12.0

13.0

14.0

15.0

0.187

0.186

0.197

0.209

0.205

0.198

0.210

0.208

N/A
N/A
N/A
N/A
N/A
N/A
N/A

All heights measured to underside of newly cut surface from datum

on face.
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APPENDIX 25

Survey Results and 'Fingerprints’ for Shear No.8

SURVEY RESULTS

Hard Band End Multi-Laver End

Along Face 
Position. 

(M)

Height of Cut 
Above Datum. 

(M)

Along Face 
Position. 

(M)

Height of Cut 
Above Datum. 

(M)

15.0

14.0 

13 ,0

12.0 

11.0 

10.0

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0 

1.0

N/A

0.420

0.425

0.435

0.437

0.433

0.422

0.416

0.423

0.439

0.440

0.440

0.431

0.436

N/A

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0 

9.0

10.0

11.0

12.0

13.0

14.0

15.0

0.191

0.188

0.177

0.198

0.202

0.197

0.202

0.203

0.202

N/A

N/A

N/A

N/A

N/A

N/A

All heights measured to underside of newly cut surface from datum

on face.
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Survey Results and 'Fingerprints* for Shear No.9

SUR'vTTi' RESULTS
Hard Band End Multi-Laver End

Along Face 
Position. 

(M)
Height of Cut 
Above Datum. 

(M)

Along Face 
Position. 

(M)
Height of Cut 
Above Datum. 

(M)

15 .0
14.0

13.0 

12 .0

11.0 

10.0

9.0
8.0

7.0
6.0

5.0

4.0

3.0

2.0 

1.0

N/A
0.466

0.457

0.449

0.440
0.442

0.454

0.441

0.441
0.452

0.450

0.459

0.454

0.458

0.451

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0 

9.0

10.0

11.0

12.0

13.0

14.0

15.0

0.171

0.175

0.192

0.192

0.199

0.191

0.191

0.188

0.199

N/A
N/A
N/A
N/A
N/A
N/A

All heights measured to underside of newly cut surface from datum

on face.
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