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Synopsis

The goal of the project was to develop a model predictive controller that can be applied to
milling circuits. In order to achieve this, a simulator was written which could be used to
design and test the controller. Both the simulator and the controller were developed using

Microsoft Visual C++.

Milling circuits are known to be difficult to control, some of the reasons being the
multivariable nature of the process, the many unmodelled disturbances and the changing
nature of the process. Multivariable control techniques such as the inverse Nyquist array
method have been applied to milling circuits, but most of these techniques are difficult and
time consuming to design. Since model predictive control (MPC) can handle most of the
difficulties associated with the control of milling circuits extremely well, it was decided to

use this technique to develop a controller.

A controller was initially developed using only a basic simulator comprising of an input-
output transfer function matrix. Due to the large number of tuning parameters for a MPC
controller, an optimising algorithm was written to automatically tune the controller. Excellent
control was obtained. The complexity of the simulator was then increased by adding
difficulties such as limits on the variables, drift rates, nonlinearities, noise and disturbances.
This caused the controller efficiency to deteriorate. The controller was adapted at cach stage

to accommodate these difficulties.
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The limits on the input and output variables were included in the controller by means of two
approaches. Firstly, the weighting on the movement of the manipulated variables was
increased to prevent them from violating the constraints. Secondly a quadratic programming
technique was used, which uses an advanced algorithm that explicitly ensures that the

variable limits are not violated.

Drifting of the disturbance variables caused an integrating error effect on the outputs. This
was handled in three ways. The first method was to assume that a portion of the error is
caused by an integrating error. The second method was to use the disturbance variable in a
feedforward control mechanism and the third method was to include the disturbance variables
as part of the manipulated variables. The feedforward controller showed the best results, but

would be the least robust.

Addition of noise caused severe movement in the manipulated variables. This was overcome
by using a region of uncertainty around the setpoint within which the controlled variable was

allowed to deviate.

The robustness of the controller was also tested using a 20 % and a 50 % modelling error.
When a region of uncertainty was used, good control could be obtained, even with a 50 %

modelling error.

The throughput of the milling circuit is a parabolic function of the load in the mill. The
throughput was maximised by developing an optimisation controller that keeps the

‘throughput at its optimum value by changing the setpoint of the mill load.

Lastly, MPC was compared with normal Pl-control. The MPC controller achieved better
control with less interaction. It has therefore been shown that good, robust control for a
milling circuit can be obtained using model predictive control and that the controller can be

designed easily and quickly using the simulator and the optimiser.

Keywords: model predictive control, milling circuit, quadratic programming, region of

uncertainty, feedforward control, step response coefficients, integral error
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Sinopsis

Die doel van hierdie projek was om ‘n modelgebaseerde beheerder te ontwikkel wat vir die
beheer van maalkringlope gebruik kan word. 'n Simuleerder is ontwikkel om die beheerder te

ontwerp en te tocts. Beide die simuleerder en die beheerder is geskryf in Microsoft Visual
it

Maalkringlope is bekend daarvoor dat hulle moeilik beheerbaar is. Die redes hiervoor is
onder andere dat hulle multiveranderlik van aard is, dat 'n verskeidenheid van versteurings
die proses beinvloed en dat die proseseienskappe veranderlik van aard is. Multiveranderlike
beheermetodes soos die inverse Nyquist metode (INA) is al toegepas op maalkringlope, maar
die meeste van hierdic metodes is moeilik en tydrowend om te ontwikkel. Aangesien
.modelgebaseerde beheer die meeste van hierdic probleme van maalkringlope goed kan

hanteer, is daar besluit om dié tegniek te probeer vir die beheer van maalkringlope.

'n Beheerder is aanvanklik ontwikkel deur slegs gebruik te maak van ‘n basiese simuleerder
gebaseer op 'n inset-uitset oordragsfunksiematriks. Weens die groot aantal
instellingsparameters van modelgebaseerde beheer, is 'n optimiseringsalgoritme geskryf om
die beheerderparameters outomaties in te stel. Uitstekende beheer is verkry. Die simuleerder
is toe uitgebrei deur die volgende elemente by te voeg: limiete en wegdryftempo’s vir die
veranderlikes, nie-lineariticite, geraas en versteurings. Al hierdie faktore dra daartoe by om

beheer te bemoeilik. Die beheerder is toe aangepas om hierdie probleme te akkommodeer.




Deur die gewigte wat die verandering in die gemanipuleerde veranderlikes penaliseer te
vergroot, is die probleem van die beperkings op die veranderlikes oorkom. 'n Alternatiewe
metode wat ook gebruik is, is kwadratiese programmering. Hierdie metode gebruik 'n
gevorderde beheeralgoritme wat eksplisiet verseker dat die bedryfslimiete nie oorskry word

nie.

Die wegdryftempo’s van die vragveranderlikes het 'n integrerende effek op die uitsette
veroorsaak. Die probleem is op drie maniere opgelos. Die eerste was om aan te neem dat 'n
gedeelte van die fout deur integrale aksie veroorsaak word en dan hiervoor te kompenseer.
Die tweede metode was om die versteurings in ‘n vorentoevoer beheerder te gebruik en die
derde was om die versteurings as gemanipuleerde veranderlikes te inkorporeer. Die

vorentoevoer beheerder het die beste resultate getoon, maar dit was ook die minste robuust.

Byvoeging van geraas het uitermatige beweging van die gemanipuleerde veranderlikes
veroorsaak. Dit is oorkom deur gebruik te maak van 'n gebied van onsekerheid rondom die
setpunt waarbinne die beheerde veranderlike toegelaat is om te beweeg. Die robuustheid van
die beheerder is verder getoets deur 'n 20 % en 'n 50 % modelfout te inkorporeer. Toc die

gebied van onsekerheid gebruik is, is goeie beheer verkry selfs met 'n 50 % modelfout.

Dic deurset van diec maalkringloop is 'n paraboliese funksic van die lading in die meule. Die
deurset is geoptimeer deur ‘n optimeringsbeheerder te ontwikkel wat die deurset by 'n

optimum waarde hou deur dic setpunt van die lading te verander.

Laastens is die modelgebaseerde beheerder met Pl-beheer vergelyk. Met modelgebaseerde
beheer is beter beheer met minder interaksie verkry. Daar is dus’ aangetoon dat goeie,
robuuste beheer vir ‘n maalkringloop met modelgebaseerde beheer verkry kan word en dat
diec beheerder vinnig en maklik met behulp van die simuleerder en parameter-optimeerder

ontwerp kan word.

Sleutelwoorde: modelgebaseerde beheer, maalkringloop, kwadratiese programmering,

gebied van onsekerheid, vorentoevoer beheer, trapverandering koeffisiénte, integrale fout
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Nomenclature
Symbol Description
a Step response coefficient

MV, m

HQ—*

® o

<

Wa

X

Greek

Dynamic matrix of step response coefficients

Dynamic matrix of step response coefficients of associated variables

Controlled variable

Predicted output

Corrected output prediction

Error

Transfer function

Steady state gain

Manipulated variable

Time (s)

Model horizon

Input variable

Control horizon

Associated variable

Prediction horizon

Weighting matrix on predicted error
Weighting matrix on movement of controlled variables
Fraction of error contributed to integral action

Output variable

Change in value

Time constant
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Superscripts

Sp

Subscripts

Sp

Corrected value
Future value

Setpoint

Controller
Disturbance
Integral action
Measured value
Current value
Process

Setpoint
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