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ABSTRACT

Intelligent control techniques, such as
fuzzy logic, have been successtully applied to
the control of a semi-autogenous (SAG) grind-
ing circuit at the Leeudoorn Gold Mine. Bench-
marking showed that circuit performance was
enhanced by the control system. Benefits
included & significantly more stable circuit,
improved power efficiency, a reduction in the
amount of steel grinding media required, as
well as more consistent throughput. A software
system, Grind-ACE, based on the intelligent
autonomous agent-blackboard paradigm, was
developed as an implementation platform. This
approach has proved successful and flexible,
allowing both intelligent and traditional control
techniques to be integrated. The control system
has been implemented in a unique manner
with both stabilizing and optimizing capabili-
ties, which has resulted in a flexible and adapt-
able system.

Introduction

There are a number of advantages associ-
ated with semi- or fully-autogenous (SAG/FAG)
grinding, such as lower capital and operating
costs, as well as easier operation due to
reduced circuit complexity. However, SAG/FAG
circuits do have some disadvantages, such as
their sensitivity to feed conditions, i.e. changes
in size distribution and mineralogy/"hardness.”
Feed variations result in product variations
(throughput and product size distribution) that
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may adversely affect downstream recovery

processes, such as leaching and flotation. These

variations may lead to significant losses in rev-
enue over the operating life of a grinding plant.

When compared to the more robust two-
stage SAG, ball mill circuit traditionally used in
other parts of the world, the typical South

African practice of single-stage SAG milling is

particularly sensitive to feed conditions. There-

fore, a significant incentive to develop appro-
priate and effective automatic control
strategies for SAG/FAG grinding circuits exists.

Possible benefits associated with such control

strategies would be:

e Operating costs associated with grinding
often represent a significant proportion of
overall processing cost. An automatic con-
trol system provides opportunities to save
on both power and media costs.

e Variation in product size from the grinding
circuit may influence downstream recovery
processes in a detrimental manner. Reduc-
ing such variations may result in significant
recovery improvements,

e Improvements in throughput may result in
an increase in revenue, assuming that
increased throughput does not result in sig-
nificant losses in recovery in other sections
of the plant.

Grinding Circuit Control

The objective of an automatic control sys-
tem is site dependent. Objectives are typically
stabilization of circuit operation, improved con-
sistency of operation, maximization of through-
put as well as the stabilization of the product
size distribution. In this work an attempt was
made not only to meet such objectives, but to
do this in @ manner which results in optimum
economic performance.

The automatic control of a SAG/FAG cir-
cuit is difficult as the process is non-linear,
multi-variable and non-stationary (short and

longer term). Measurements are diffices =

make, may be noisy, and significant =

needs to be put into maintaining instrumems
effectively. |

Despite these difficulties many repem= &
the literature (Herbst and Lo, 1994; Bo= =
al., 1994; Meriluoto and Jarvensivu, 1992 =
bert et al., 1990) demonstrate that mill o=
can be successfully achieved using a var=2 &
technical approaches (model-based, mumuas
able and rule-based). Therefore, seleccnz &
appropriate route from the various comastae
approaches should be judged by businesz=+
ented criteria such as:

e time and cost taken to develop and ==+
ment the system;

e case of use of the system for plant coss
tors and technical staff;

e ease with which the system can be mazra
to incorporate changing circuit conc=
Ideally, the system should be adepz= =
ensure that changes in operating conc ==
are dealt with without the requirem== =
controller re-calibration or modificatiom

o system flexibility in terms of the man== =
which the system can be evolved to ==
porate other factors, not necess=
included during the original corz=i&
design, e.g. the automatic control o= ==&
addition for a SAG mill;

e ease of maintenance of the system — T
system should be designed in a@ mamme
which minimizes maintenance requirsm=
so that the system can be easily adec=z =
new circumstances. '

e technological adaptability — Comzoos
based control systems evolve very rap= &
present. What may be state-of-tn=2=
today, could be redundant in three y=== =
mill control system contains a sign=e=
amount of knowledge and is the resut &
significant effort. It should, therefore, 2= =
atively easy to adapt the system to =
logical changes in the underlying ==+
control system. At present, plant au==
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tion is dominated by Microsoft™ technology
with Windows NT™ making significant
inroads. This trend could be expected to
continue for some time. The mill control sys-
tem should, thus, be compatible with this
technology base.

* mainstream technology — If the mill con-
trol system is not based on mainstream
technology (i.e., Microsoft Windows®) it
will not integrate into the plant control and
information system effectively, making it
much more difficult to obtain information
and to transfer this into the plant informa-
tion system.

* support — There will always be a need for
technical and operational support for a mill
control system, to ensure that the system
continues to operate in the most effective
manner possible. Close contact with plant
staff is required to allow identification of
potential control system problems which
could be caused by planned plant modifica-
tions, as well as to identify further opportu-
nities for improved plant control.

The Leeudoorn Grinding Circuit

Production at Leeudoorn commenced
zround December 1991 (Williams et al., 1996).
Throughput is currently around 120 000 tons
oer month, through two Polysius 5 m by 11 m
single-stage SAG mills, each equipped with
Siemens variable speed gearless ring motor dri-
ses. Classification is achieved by two-stage
nydrocyclones, with a final product size of 80%
oassing 75pm (Fig. 1). The grinding circuit is
well instrumented (Fig. 1) and is followed by
conventional thickening, cyanide leaching and
carbon-in-pulp (CIP) circuits.

The plant control system consists of a
number of Siemens 150H PLCs (distributed
according to functional plant area) connected
0 a Wonderware InTouch supervisory control
system via a Siemens H1 bus.

Figure 2 and Figure 3 show typical oper-
ating data (30 second averages) acquired on
=he circuit before the commissioning of the mill
control system. Large variations in circuit per-
“ormance can be seen clearly, particularly in the
sinal product size distribution. Of particular
nterest is the effect of feed chute chokes on
drcuit performance. Figure 3 shows how a mill
choke leads to a rapid fall in mill mass, with
consequent effects on operational efficiency.
Due to the highly non-linear nature of the rela-
Zonship between mill load and feed flow rate,
e operators find it difficult to keep the mill
mass in a narrow operational band. Due to the
relatively fast dynamics associated with cyclone
oerformance, operators have little chance of
<eeping the final product size distribution rea-
sonably constant.

Fig. 1. Leeudoorn grinding circuit.
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A Hybrid Control Framework: Grind-ACE
Intelligent Control System Architecture

MacLeod and his research group (Lun
and Macleod, 1991, 1992; Macleod and
Stothert, 1994) have developed a framework
for distributed real-time intelligent computing.
This approach provides for multi-agent, multi-
paradigm, distributed intelligent controllers
and is acknowledged to be appropriate for the
control of large, complex systems, such as
plant-wide intelligent contral. The agent-based
paradigm for intelligent control appears to be
gaining rapid popularity due to the relative
ease with which complex control systems can
be developed. The approach of multiple dis-
parate, intelligent agents, interacting in order
to solve a complex prablem, is a key concept
currently being broadly exploited by the com-
puting fraternity.

In this approach, the problem is decom-
posed into tasks where each task is solved by
an intelligent agent. The core elements mak-
ing up an agent-based approach are a black-
board, agents and algorithms. The blackboard
is a repository for data, and allows data items
required by various agents to be easily
accessed. Data items are identified by a struc-
ture tagging convention. Each agent can be
considered as an executable 'sub-program’
and encapsulates the logic required to fulfil its
particular task and is executed at the fre-
quency required by the natural dynamics of its
control task. This may be once every few sec-
onds for fast control (e.g. particle size con-
trol), once every few minutes (e.g. mill load
control), or once every few hours (e.g. eco-
nomic optimization).

Each agent may use one or more of the
standard algorithms available in the algorithm

library. High level complex algorithms such as
fuzzy logic and neural network algorithms exist,
as well as lower-level algorithms such as filtering
and averaging are also available as required.

The agent-hased approach was adopted
as a basis for the mill control system, as it was
judged to be sufficiently flexible to support all
of the potential control technologies that
would be required. For example, this approach
could easily support the development of a con-
trol strategy that mixes intelligent algorithms
such as fuzzy logic and classic control tech-
niques, such as MVC.

An appropriate agent-based software sys-
tem, Grind-ACE (Advanced Control Engine for
Grinding Control), based on the model pre-
sented by Lun and Macleod (1991, 1992), was
developed and operates under Windows 95™
and NT™. This system has operated on-line at
Leeudoorn since October 1995, has proved to
be robust and flexible as well as computation-
ally efficient and has been able to operate
effectively on low-end computer hardware,

Grind-ACE is interfaced to the plant con-
trol system via the Siemens H1 PLC network
allowing Grind-ACE to read information from
the PLCs, as well as to write setpoint changes
to the local controllers in the PLCs via Wonder-
ware InTouch™. This architecture also allows
Grind-ACE to control other parts of the plant as
it is able to access the other PLCs on the plant
control network. The InTouch supervisary sys-
tem is used as a man-machine interface for the
mill control system.

Development of the Mill Control System

From the initiation of the project, much
attention was paid to defining the objectives
that the mill control system should meet. It was
ultimately found that four categories of control
are required:
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Fig. 2. Product size (before mill control).
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Fig. 3. Load and feedrate (before control).
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Fig. 4. Control of circuit product size distribution.
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1. Stabilizing Control — operate the dresm =
a pre-set mill load while producing =
specified product size distribution.

2. Primary/Secondary Cyclone Interaction —
regulate the interaction between the =
mary and secondary cyclones to ensure ==
the circuit parameters are such that ==
specified dircuit product size distribe=as
can be attained.

3. Mill Load Optimizer — manipulate the =
load setpoint to drive throughput to ==
required value.

4. Operating Cost Optimizer — use additam=
manipulated variables, such as mill so===
and the rate of steel addition to ensure ==
the circuit operates in the most cost-e7=
tive manner.

The stabilizing control algorithms w==
implemented, tested and fine-tuned bso=
embarking on the development of the oz
mization algorithms.

o

-t W T

a ot N 0B o By A 0 el

Development of Stabilizing Control

The agent-based approach requires ==
the overall control system problem be decom
posed into a number of sub-tasks, eact =
which can be solved or controlled by a pa=«
ular agent. After spending a signifi==
amount of time observing the dynamic ben=
iour of the plant, as well as studying ==
response of the plant to various manipuz==
variables, the following decomposition w=
developed:

e Mill Load Control Agent — Uses a ==
logic controller to control the mill loac = =
specified setpoint by manipulating the ===
rate. It was found that rate of change iro
mation (i.e., rate of change of mill loac, ==
of change of feed rate) was importans =
incorporate into the agent in order =
obtain effective control.

e Primary Cyclone Agent — Uses a ==
logic controller to control the primz=
cyclone feed pulp density at a specifiec ==
point by manipulation of dilution wz=
thus stabilizing the circulating lozz
Although it should have been possible =
principle, to implement this control as 2 =2
loop, the non-linear interactions dus =
two-stage classification made this impass
ble to achieve.

e Secondary Cyclone Agent — Final proce—
size distribution is controlled by manipuz
tion of secondary cyclone dilution water =
a fuzzy logic controller.

Other agents were also required ===
implemented. For example, a supervisory ag==
ensures that realistic setpoints are entered, ==
ordinates changes to data and so on. There ==
several other agents in the system used to o=
form various computational tasks (such as =
tering, moving averages, rates of charz=
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Jifferences, and so on), as well as general tasks
such as logging status reports to disk and read-
1g and writing data to and from the PLCs.

uzzy Logic

2lthough there is claimed to be a deep philo-
sophical basis for this technology (Kosko,

9
=i
=D
<
o
T3

94), a more pragmatic view was taken for
s project. Fuzzy logic is merely seen to be an
propriate manner in which to represent
owledge about the manner in which a
nding circuit can be controlled and is essen-
lly a rules-based approach. It has an implicit

zdvantage over the use of more traditional

n

owledge Based Systems (KBS) approach, in

“nat:

Fuzzy rules are a more natural and less
complex means of expressing the dynamic
relationships between controlled and
manipulated variables in a grinding circuit.
The approach also deals with contradiction
in a more pragmatic manner.
Significantly fewer rules than those which
would be required in a KBS with similar
capability are typically required.
Rule execution is more deterministic from a
real-time computing perspective, making it
easier to use mainstream computing tech-
nology, rather than a sophisticated real-
time  operating system, as the
implementation platform.
The fuzzy rules also allow the multi-variable
nature of the grinding system to be dealt
with explicitly by structuring the rules in an
appropriate manner.

The fuzzy rules developed in this project

were based on a generic understanding of the

i
ap
L ]

nding circuit behaviour that had been devel-
ed by:

the use of a detailed dynamic simulation of
the circuit to develop deeper insight into
circuit dynamics;

the observation of plant behaviour by
studying dynamic plant data, as well as by
spending time on the plant and observing
the operation of the circuit; and
knowledge gained about grinding circuit
performance acquired through several
grinding circuit audit and modelling
studies.

* Throughput Optimization — A fuzzy logic
controller was designed to ensure that the
average throughput required on a longer
term (shift, daily) was achieved. This agent
manipulates the mill load setpoint at a fre-
quency of about 30 minutes in response to
the difference between the actual through-
put obtained over the 30-minute period
and that required.

e Operating Cost Optimization — Lowest
cost circuit performance can be achieved by
manipulating the mill speed and rate of
steel addition to respond to changing ore
characteristics. The power and steel media
cost of producing a unit of product is calcu-
lated by the optimizer which then uses a
minimization routine to manipulate mill

Fig. 5. Control of mill load.

speed and steel addition rate to keep oper-
ating costs as low as possible.

Control System Performance

Figure 4 and Figure 5 show the tight con-
trol achieved with stahilizing control active. Fig-
ure 6 shows how the primary cyclone density
setpoint is manipulated in order to achieve
tight control in the secondary cyclone dlassifi-
cation control block.

Williams et al. (1996) have published a
summary of the benefits associated with the
implementation of Grind-ACE, based on the
extensive validation of Grind-ACE performed
after commissioning. These results are illus-
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trated in Table 1. It was also found that the
addition rate of grinding media could be
decreased by some 15%, from 0.88 kg/ton to
0.75 kg/ton. These improvements translate into
significant economic benefits.

Conclusions

The use of intelligent control techniques,
such as fuzzy logic, for the control of SAG/FAG
grinding circuits has been investigated at the
Leeudoorn Gold Mine. It was found that this
approach results in a robust, reliable and
adaptable control system which has improved
the performance of the grinding circuit signifi-
cantly. A unique feature of the approach is that
an economic optimization capability has been
incorporated into the control system, such that
the circuit is optimized economically while
being controlled in a stable manner.

During this project, a hybrid control plat-
form, Grind-ACE, has been developed as an
implementation platform for intelligent control
systems. This system is not restricted to SAG/FAG

NEWS IN BRIEF

CFI Funps CERM3

r, David Strangway, CEO of the

Canadian Foundation for Innova-
tion (CFI), has announced approval of
funding for the Centre for Environmental
Research in Minerals, Metals and Materi-
als at The University of British Columbia
Out of 30 submissions te CFEI, UBC
received support for 19 projects totalling
41 million dollars. Together with the CFI
award for the BC Cancer Research Centre
($28 million), UBC received the highest
CFI support of any university or institu-
tion in Canada. Of the 363 million dollars
in this round of awards, 20% of the total
funding was allocated to British
Columbian institutions.

CEFIs contribution to CERM3 is 1.25
million dollars which is matched by sup-
port funding from the British Columbia
Knowledge Development Fund and an
internal wniversity grant from the Stew-
art Blusson Endowment Fund. The total
funding available to launch the CERM3
initiative is 3.4 million dollars which
will be used to create five interdiscipli-
nary research laboratories to work on
environmental problems in the mining
industry: It is indeed fitting that a por-
tion of the generous gift made by Dr.
Blusson to UBC ($50 million) be used to
address fundamental problems associ-
ated with mining and the environment.

grinding control and it is envisaged that it can be
effectively applied to many other process systems.
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Available Soon!
Special Volume 49
Canadian Milling Practices

The on-going research will be spon-
sored by Canadian mining companies
through corporate membership in
CERM3 with matching funds derived
trom both levels of government —
Canada and British Columbia. For infor-
mation about corporate membership,
contact Dr. John A. Meech at: jam@min-
ingubc.ca, or by phone at (604) 822-
3984.

CERM3 will be housed in the depart-
ment of Mining and Mineral Process
Engineering at UBC. The MMPE depart-
ment was tecently selected by The
Princeton Reviews Gourman Report as
the top mining engineering program in
Canada and mumber two in North Amer-
ica. Led by Dr. Malcolm Scoble, the
department has taken on the visionary
role to lead the mining industry into the
21st century in the area of sustainable
mining — a concept which places equal
importance on environmental, social-
political, economic, and techmical issues.
CERM3 will develop solutions to a num-
ber of environmental problems faced by
the mining industry. Over 25 faculty
members and 50 graduate students and
post-doctoral scientists from 10 UBC
departments will work together in
CERMS3 to find innovative solutions for
environmental problems in mining and
related industries.

Dr. John A. Meech has been
appointed as the first director of
CERMS3.

The five research facilities that make
up CERMS3 include: Environmental
Quality Lab, Bioremediation and Recla-
mation Lab, Environmental Technologs
Lab, Mine Health and Safety Lab, and
Mine Automation and Environmental
Simulation Lab.

The Canada Foundation for Innova-
tion (CFI) is an independent corpora-
tion established in 1997 by the Canadian
federal government to strengthen Cana-
dian capacity for research. Its mandate is
to increase the ability of Canadian uni-
versities, colleges, hospitals, and other
not-for-profit institutions to catry out
world-class scientific research and tech-
nology development. The CFI promotes
innovation by investing in research
infrastructure, jointly with institutions
and their funding partners. The CFI has
been entrusted with an investment bud-
get of $1.9 billion directed at research in
health, the environment, science, and
engineering. The Foundation con-
tributes 40% of the eligible project costs.
On this basis, total investment funding
by the Foundation and its partners will
exceed $5.5 billion by 2001. In February
2000, the federal government extended
the mandate of the CFI to 2005.
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