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Abstract

This paper describes successful industrial re-
search and development in the area of under-
ground coal mining equipment automation. A
brief background to underground coal mining is
given, and the process of longwall mining is de-
tailed. Some of the major limitations and issues
impacting on the productivity and safety of the
longwall mining process are highlighted, which
serve to motivate the automation development.
The solution developed integrates high perfor-
mance inertial navigation, signal processing,
communications and control technology to de-
liver a robust, production grade automation
system. The benefits of this automation system
have been recognised and strongly adopted by
the Australian mining industry.

1 Introduction

The underground coal mining industry is constantly
driven by the need to improve mining productivity, in-
crease personnel safety, and secure environmental sus-
tainability. Mining automation technology has shown
significant potential to meet these needs by providing
more accurate mining methods, supporting predictive
maintenance, delivering hazard monitoring systems, in-
corporating sensing to optimally control equipment and
increasing personnel safety through remote process op-
eration.

This paper describes the key research technology out-
comes of a ten year research project referred to as LASC
Technology!. The success of the research is evident
through the strong industry adoption and utilisation at
multiple Australian longwall sites [LASC, 2010]. LASC
Technology is now being supplied by all the major long-
wall equipment manufacturers under international li-

"Longwall Automation Steering Committee (LASC) —
http://www.lascautomation.org/

censing agreements with the Commonwealth Scientific
and Industrial Research Organisation (CSIRO).

2 The Longwall Mining Process

The longwall mining process is generally regarded as the
most efficient method of underground coal extraction
[Tasman Asia Pacific Pty Ltd, 1998] [Mitchell, 2005]. An
overview of a typical longwall mining scenario is shown
in Figure 1. Parallel roadways (known as gate roads)
are driven into the coal seam typically several hundred
metres apart and several kilometres long. In this full
extraction mining process a mining machine called a
shearer travels back and forth between the roadways.
The shearer moves along a rail which forms part of an
armoured face conveyor (AFC) and typically cuts a 1m
wide slice of coal from the exposed face. The coal is
then conveyed to one of the gate roads where it is trans-
ported to the surface. Large hydraulically powered sup-
ports (chocks) prevent the roof from collapsing onto the
shearer and immediate work area. As the shearer ad-
vances through the seam, the supports follow, allowing
the remnant seam to collapse into the void behind the
roof supports. This area previously mined is no longer
supported by the roof supports and is known as the goaf.
Figure 2 shows a longwall shearer in operation under-
ground.

2.1 Challenges for Longwall Automation

Underground longwall mining presents many hazards in-
cluding personnel proximity to machinery, hydraulic and
electrical power, roof falls and exposure to explosive
mine gases and dust. In the absence of advanced au-
tomation, miners have been required to work in this haz-
ardous environment and manually control the equipment
at close range to ensure the efficient operation of the min-
ing process. The environment is also extremely harsh for
electrical equipment and even industrial-quality control
hardware and electronics are unlikely to survive without
additional field hardening.
Three issues are critical for longwall development:



i

ey

e "

e >

el
glarﬂ

Figure 1: Typical longwall panel configuration showing the shearer, goaf, coal block, roof supports, AFC, conveyor
belts and gate roads. The straight arrow indicates the direction of mining (Image courtesy of the United States

Securities and Exchange Commission).

1. Automated Face Alignment: In simplest terms, in
plan view, the longwall face should be straight and
should be perpendicular to the gate roads. If the
face is straight, both mechanical stresses on the
AFC and roof support issues are minimised. This is
know as face alignment.

. Automated Horizon Control: In the vertical plane,
the automation situation is more complex. The goal
of longwall mining, similar to any mining opera-
tion, is to maximise extraction of product and min-
imise extraction of waste. This means the longwall
shearer should operate so that roof and floor cutting
horizons are entirely within the seam. Achievement
of this goal is known as horizon control.

Automated Creep Control: As the longwall mining
system progresses, the assembly of supports should
not creep towards either of the two gate roads. To
achieve this result in practice often the face line is
adjusted away from the perpendicular to compen-
sate for sloping seams. Managing the lateral posi-
tion of the longwall equipment in the panel is called
creep control.

2.2 Previous Longwall Automation
Research

Previous automation attempts had been largely hin-
dered by a fundamental inability to accurately deter-
mine the three dimensional path of the longwall shearer
as it progresses through the coal panel. [Sammarco,
1993] [Palowitch and Broussard, 1977] [Zimmerman et
al., 1998]. Without this information there is no abso-
lute reference for either short or long term control of the
equipment and as a consequence reliable, sustained au-
tomation can not be achieved. It was also apparent that
previous efforts had achieved limited success due to the
reliance on single sensor technology and stand alone sys-
tems that failed to sufficiently integrate with the existing
longwall control systems.

2.3 Proposed Solution

In an attempt to address these issues, the Australian
Coal Association Research Program (ACARP) made
available longer term “Landmark” funding for CSIRO.
The project was to undertake an ambitious research and
development program to develop new automation capa-
bilities to deliver an advanced longwall automation sys-
tem. This activity commenced with a detailed analysis
of what aspects of the longwall mining process could be
realistically automated, as well as an investigation as



Figure 2: This image shows a typical shearer in the pro-
duction environment of an underground longwall instal-
lation. The coal seam can be seen on the left and the
roof support modules are visible above and to the right.

to what could be learned from previous automation at-
tempts.

Fundamental to each of the three automation goals
mentioned in section 2.1 is the need to accurately deter-
mine the absolute position and orientation of the shearer
throughout the mining process. This information allows
the shearer and roof support systems to be controlled
both in response to large scale coal seam geological infor-
mation and fine scale incremental adjustments between
successive shear cycles.

During the 1990s, the CSTRO demonstrated the use of
inertial navigation techniques for the guidance of under-
ground equipment in a very specific mining application
[Reid et al., 2000]. In this case the motion of the min-
ing equipment was largely constrained and the required
navigation performance could be achieved using a con-
ventional INS and standard processing algorithms. This
provided the basis for further enhancements to imple-
ment the navigation solution.

The longwall shearer automation project identified
that the required system level performance and reliabil-
ity could only be achieved by combining the complemen-
tary advantages of multiple and diverse sensor technolo-
gies with inertial navigation as the central enabling tech-
nology. The resulting automation system also needed to
closely integrate with the proprietary control systems
provided by each of the longwall equipment manufactur-
ers.

2.4 INS-based Shearer Localisation

In the longwall mining application the motion of the
shearer is somewhat constrained by the motion along the
AFC, yet additional sensing technologies were required

to reduce the inherent position drift of the INS.

It is well known that inertial based navigation is sub-
ject to time increasing positional drift, [Honghui and
Moore, 2002] which mainly arises as a result of the nu-
merical double integration required to compute three di-
mensional position from three axis acceleration. Dead
reckoning techniques using external odometry can be
used to improve short term position stability but sys-
tematic drift can still occur if the incremental motion of
the vehicle mounted INS is not exactly along the mea-
sured geodetic heading [Savage, 1998].

High performance INS, such as the military grade
units used in this project, typically use GPS aiding to
correct this inherent drift (bias). This integrated ap-
proach combines the short term accuracy of the INS with
the long term stability of GPS to provide accurate and
stable position measurement. The integration of multi-
ple sensors is a large and active field, with most work
focussing on Kalman Filters. Traditional INS stabili-
sation techniques generally rely on externally available
position or velocity sources such as GPS, vehicle odom-
etry or zero velocity updates (ZUPTs). [Titerton and
Westaon, 1998]

In the underground mining application GPS is obvi-
ously not available and so other bias correction strategies
were required. Without effective bias correction the INS
derived shearer path may diverge (or converge) in both
the horizontal and vertical components. Figure 3 shows
an example of the position divergence for a few cycles
of longwall shearer travel under full production condi-
tions as measured by the INS without compensation. In
reality the path of the shearer for each successive tra-
verse across the longwall face is nominally parallel in
the horizontal and collinear in the vertical planes. In
this project, long term INS stability was achieved by
recognising the (almost) closed path travel of the shearer
throughout each shear cycle. In normal mining opera-
tions the horizontal closing distance for each cycle can
be considered constant as a first approximation or alter-
natively it can be independently measured. This infor-
mation is used in the automated face alignment system
to back correct the shearer path at the completion of
each shear cycle. Using similar techniques to Simultane-
ous Localisation and Mapping (SLAM) [Durrant-Whyte
and Bailey, 2006] this process builds up a map of the
path travelled by the INS on the shearer. Accurate real-
time odometry is known from the Original Equipment
Manufacturer (OEM) control systems, which provides
path distance travelled by the shearer to aid the inertial
navigation solution.

By exploiting knowledge of the mining process, e.g.,
shearer position constraints at the end of travel and
change of shearer direction, a closed path loop can be
formed which constrains the error in vertical, horizon-
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Figure 3: The uncompensated 3D path of the shearer as
measured by the inertial navigation system during two
full cycles of the shearer in shown in the left plot.

tal and altitude estimates. An example of this approach
is shown in Figure 3 (unprocessed path) and Figure 4
(closing path algorithm), indicating that uncompensated
data can be effectively back corrected. This correction
strategy yields an accurate measurement of the three di-
mensional path of the shearer at the completion of each
shear cycle and ensures the long term stability of the
navigation solution.

A number of validation campaigns were conducted at
key Australian coal mine sites in NSW and Queensland
(Beltana, Broadmeadow and Grasstree Collieries). In
these campaigns, the computed three dimensional path
was compared to the actual surveyed path. These re-
sults indicated that the LASC navigation system could
deliver sustained centimetre position accuracy over the
long term. This new capability not only provided vi-
tal information for real-time control, but also provided a
new means — for the first time — to cross validate seismic
seam models with actual at-scale seam information. Fig-
ure 5 compares the predicted seam model with the actual
as-cut seam. As can be seen, the LASC-generated seam
map is in close agreement with the predicted model,
but also provides much more detailed seam information.
This new information is now being used by mine sites to
feedback into modelling packages to enhance the accu-
racy of broad seam models.

The following sections highlight key implementation
solutions for face alignment, horizon control and creep
control. Obviously, localisation of a robot or machine
is an important step, but using that data intelligently
to perform a real task is at the heart of a real-world
automation system.
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Figure 4: The compensated 3D path of the shearer as
measured by the inertial navigation system during two
full cycles of the shearer.

2.5 Face Alignment System

The LASC system provides the key automation capabil-
ity for aligning the face of the longwall panel, which was
previously an entirely manual task. Prior to the imple-
mentation of longwall shearer automation the method of
straightening a face was a manual process using string
lines, resulting in many hours of down time per week:
a significant loss of productivity over the life of a coal
mine.

The three-dimensional position measured by the
Shearer Position Measurement System (SPMS) which in-
corporates the INS and compensating odometry system
is stored to a database and further processed into an in-
tegrated seam model (as seen in Figure 5), representing
current and historical information of the shearer’s posi-
tion. At the end of each shear this data is processed and
a set of recommended position corrections are generated
based on the deviation from a desired profile. This pro-
file can be generated automatically, or adjusted manually
to account for tailgate offset (lead or lag) in the profile.
The corrections are then transmitted to the OEM Roof
Support control system. Figure 7 is a snapshot of an op-
erator’s user interface showing the real-time path profile
in plan view.

2.6 Horizon Control System

The integrated seam model generated by the LASC nav-
igation solution is also used as an input to control the
mining floor and roof horizons. This system maintains
the shearer in the required (vertical) seam position at
any point across the face. During each shear cycle, the
LASC system uses the real-time SPMS information to
continuously refine the seam model. This horizon in-
formation is then provided to the OEM horizon control



Figure 5: Comparison of modelled seam vs seams measured from LASC.
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Figure 6: Block diagram showing the horizon control control system. The diagram describes the process of predicting
the desired floor and roof extraction horizon for the next shear cycle.
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Figure 7: Screenshot of the LASC operator’s display
screen showing a shearer path profile in plan view.

system as a single set of offsets corresponding to a sin-
gle along-face position, which provides the closed loop
control. Figure 6 is a block diagram showing the com-
ponents associated with the closed loop horizon control
system. This control strategy takes into account both
linear and higher-order seam trends in the face-advance
direction based on the evolving seam map.

2.7 Creep Control System

To improve the reliability of the LASC system, a scan-
ning laser arrangement was developed and installed on
the gate road conveyor structure which is rigidly linked
to the AFC to actively measure the per-cycle closing
distance. The summation of successive closing distances
represents the total distance that the mining process has
progressed along the gate road which is referred to as the
retreat distance. Lasers are used to scan in a horizontal
plane in the panel and roadway directions. A particle
filter algorithm similar to [Ryde and Hu, 2010] was im-
plemented to estimate the rotation and translation of
the (rigidly mounted) lasers that provide the best match
of the current scan to the global map. As the longwall
moves, the global map is updated with the newly de-
tected features.

The creep information is provided to the longwall
shearer automation processing system and generates cor-
rections in the face profile in the form of a lead to either
of the gate ends as required to correct for any creep.

3 Active Development

Longwall mining technology is constantly evolving and
the need remains to enhance the overall mining process.

Figure 8: An image showing optical marker band in the
coal seam, the white line is the computed marker band
position.

3.1 Tracking Seam Features

When mining, the coal seam may not be fully removed,
so that a thin layer is left on the floor and roof to pro-
vide a buffer from the rock strata above and below. In
coal seams it is well recognised that human operators fol-
low visual cues to remain within the coal seam [Strange
et al., 2005]. These features are commonly known as
marker bands and are formed by layers of sediment accu-
mulation occurring between coal deposits. These bands
are generally parallel with the roof and floor of the coal
seam, providing a deterministic measure of offset. A
camera mounted on the shearer provides a video stream
of the face as the shearer traverses the panel. The cam-
era is mounted such that it is protected from debris
and falling material but with a clear view of the marker
band as shown in Figure 8. This video stream is pro-
cessed with standard machine vision techniques of edge
detection and thresholding [Davies, 2005] to identify the
marker band. This feature extraction process can then
be used to generate a line of best fit that represents the
current vertical position of the marker band relative to
the camera coordinate frame. This information can then
be provided to existing OEM Roof and Shearer control
systems to deliver an automated horizon tracking capa-
bility.

In an analogous manner, thermal infrared information
can also be used as a means to identify the relative po-
sition of the coal seam. The concept is based on heating
of the various strata by the cutting action of the picks.
Different materials have different thermal reactions ac-
cording to their mechanical properties, which leads to
the strata attracting different thermal values. A thermal
infrared camera provides an image that can be processed
using very similar vision techniques to provide relative



Figure 9: Diagram showing shearer path responding to
different horizon control inputs.

measure of the coal seam boundaries across the face.
Figure 9 shows how the horizon control information can
be used to steer the shearer in the vertical plane.

4 Discussion

The ten year longwall automation project has yielded
novel inertial navigation solutions for the guidance of un-
derground mining equipment. This technology is covered
by international patents [Hainsworth and Reid, 2000].
Practical systems have been developed that integrate the
sensing and processing components which provide real-
time three-dimensional position measurement of a long-
wall shearing machine with centimetre accuracy. Impor-
tantly, the design of the system is such that it is not
subject to the usual time dependent drifts associated
with conventional inertial navigation systems. The long-
wall automation project also involved the development of
laser-based SLAM to improve navigation performance by
independently measuring the closing distance (retreat)
of the shearer and sideways lateral creep of the longwall
mining system. The research outcomes thus provide a
good example of how automation and robotic sensing
technologies can be usefully adapted to real-world prob-
lems, operating robustly in largely unsupervised modes.

4.1 Open Standards

Validation tools have also been developed and made
freely available to mining clients and OEMs to provide
a turn-key means to validate system compliance to the
LASC automation system standard. The commercialisa-
tion model has involved deep engagement with the major
global OEMs to undertake supply and maintenance, with
CSIRO providing capability and consultancy as required
for each customer’s specific need. It has also allowed
longwall manufacturers to undertake OEM-specific de-
velopment and modification of the LASC technology to
optimise and improve it in the context of their partic-

ular equipment to provide product differentiation and
enhancement.

4.2 Commercialisation

The practical and robust outcome of this research activ-
ity has attracted strong industry adoption and utilisa-
tion by the underground coal mining community. This
effort has been greatly facilitated through the generation
of open specifications, both in terms of communications
protocols and system interoperability.

The technology outcomes of the longwall shearer au-
tomation project, referred to as LASC Technology, have
been available to the Australian coal industry as a pro-
duction quality automation system for a number of years.
LASC Technology is now operating at six Australian
longwall mines with strong interest and/or commitment
from many others. Beltana Mine (Hunter Valley, NSW),
the first and longest LASC operating mine site reported
a marked improvement in productivity and operational
consistency associated with the introduction of LASC
Technology under full production conditions. Beltana
Mine remained the highest producing longwall mine in
Australia for many years [ILN, 2007]. LASC Technology
is now being supplied in Australia and internationally
through the major longwall original equipment manu-
facturers. Each of the OEMs has entered into a tech-
nology licensing agreement with CSIRO which ensures
the commercial availability and ongoing development of
LASC Technology.

5 Summary

With the support of the Australian coal industry, CSIRO
has successfully undertaken a major longwall automa-
tion research and development project. This effort has
delivered a production grade automation solution which
employs high performance inertial navigation technolo-
gies coupled with novel aiding strategies. The resulting
system achieves centimetre position accuracy which is
not subject to the integration drift usually associated
with inertial based systems. Scanning laser mapping is
used to further enhance the performance and functional-
ity of the system. The outcomes of the project are now
being supplied to the industry as LASC Technology in
Australia and internationally through the major long-
wall OEMs. Research continues in the development of
improved horizon sensing strategies, particularly in the
application of thermal imaging techniques for coal seam
tracking which will further improve the performance of
the automation system.
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