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A new approach to the problem ofdesigning a control system for a run-of-mine

-(ROM) milling circuit is described. The ROM mill control problem is formalized in terms

or a general.linear system synthesis and analysis framework. Using this framework, }t-

synthesis and analysis is applied to a model of an industrial ROM milling circuit. The

milling circuit uncertainty structure is obtained from plant perturbation tests. Correlations

ot' plant parameter uncertainties and the choice of the location of uncertainty weights within

the plant transfer function matrix structure, are discussed. Some comments are made as to

possible sources of the plant uncertainties, and practical measures that can be taken to

minimize them. The choice of performance weighting functions is discussed with regard to

the economic and process-related importance of each plant output and issues of

implementation such as the sampling rate to be used. A p.-controller is obtained which

provides robust performance in the face of significant model uncertainties. This controller

is tested on a real industrial ROM milling circuit It is shown that the u-controller could be

made to work on an industrial plant. Practical problems encountered are discussed, and

reasons are given as to why the behaviour of the physical system differs form that observed

in computer simulations.
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CHAPTER 1

~NTRODUCT~ON

1.1 ()vervievv

1.1.1 Motivation and background

In the mineral processing industry, milling is normally the first stage of a

metallurgical extraction pi ocess. Milling is not only the most expensive unit operation of

such a process, but the quality of the milling circuit product is crucial to the ability of the

downstream processes to separate the valuable material from the gangue. Improving milling

efficiency could lead to a reduction in the cost of milling, but even larger financial benefits

are obtained through the beneficial effects that better milling has on downstream extraction

processes.

The selection of the structure of a milling circuit, and the selection ana sizing of

equipment are very important in determining the quality of the product produced. In addition

once these factors are fixed, process control is needed to aid plant personnel in operating the

milling circuit in an optimum manner, as disturbances that do inevitably occur are of such

a nature that they cannot be eliminated by good plant design alone.
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Feedback control systems thus play an important role in the operation of a milling'

circuit. For example, large economic benefits can be obtained by reducing fluctuations in

importan, plant variables, and feedback can be used to reject disturbances which cause these

process fluctuations [1]. A concol system can also provide a basis for process

optimization, so that resources can be utilized in an optimum manner. The plant can be

open-loop unstable, in which case feedback can be utilized to provide stability. However,

one of the most important factors which hampers the implementation (Jffeedback control and

optimization schemes on milling plants, is the uncertain nature of the underlying

metallurgical proc{', ,.

In order to synthesize a controller for the real plant, a dynamic model which describes

the interaction between important plant input and output variables is needed, There is,

however, an inherent discrepancy between this mathematical model and the plant, as no

physical system can be modeled exactly. Thus in order to completely describe a physical

system, the model should also include an uncertainty description which describes the set of

all possible plant variations that can occur in practice. The uncertainty description should

captivate plant parameter variations, neglected high frequency dynamics, neglected time

delays, and approximations made during the modelling process. The uncertainty description

must be mathematically tractable, in order to fit into the controller synthesis and analysis

framework.

Given a plant model plus an uncertainty description, the control engineer can design a

control system for the plant, such that some performance criterion is satisfied. Nominal

stability is obtained automatically in most modem controller synthesis methods. A possible
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controller design approach is then to use suitable analysis tools to determine. whether or not

the plant-controller combination is robust (in terms of stability and performance), to the plant

uncertainty. Thus the analysis test tells the designer if the controller is able to stabilize the

plant, and deliver the required performance, in the presence of the plant. uncertainty.

Maintaining closed-loop stability and performance in the presence of uncertainty has

been the driving force behind the development of control theory for most of the twentieth

century (e.g., [2] and [3)). The concepts of gain and phase margin were developer] by

classical designers to quantify stability robustness for single-input-single-output (SISO)

systems. More recentl v. criteria have been proposed for multi-input-multi-output (MTh10)

systems in which closeo-ioop stability is maintained in the presence of a single unstructured

norm-bounded uncertainty. 'ihese criteria were formulated in terms of a singular value

frequency-domain inequality on the closed-loop transfer function [4]. This work was

extended to include multiple model uncertainties appearing at different locations in the plant

and feedback loop. Such structured uncertainty can arise from multiple unstructured

uncertainty blocks and parameter uncertainty. Doyle developed an analysis framework based

on the structured singular value to asses the stability and performance of linear-time-invariant

(LTI) feedback systems in the presence of structured uncertainty [5]. Numerous attempts

to develop a robust synthesis methodology which utilizes the u-analysis framework (e.g.,

[6] and [7]) have been made. These developments paved the way for addressing the

run-of-mine (ROM) milling controller synthesis and analysis problem in a formal framework,

and will be elaborated upon later in this thesis. (ROM milling is autogenous or semi-

autogenous (SAG) milling of ore that has not been sized or crushed, except perhaps in regard

to very large rocks.)
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Milling circuits used in the mineral processing industry, grind ore to a fine product,

and the quality of this product determines the ability of the down-stream processes to extract

the maximum possible benefit from the processed ore, A milling circuit can thus be said to

operate in an optimized manner when it is producing a high-quality product at the maximum

possible rate and efficiency, Producing a high-quality product implies that some form of

product-size control is required, whereas maximizing the rate at which this product is

produced requires a form of grinding media control.

A flrst step toward the optimization of a milling circuit was the introduction of an

instrument to continuously measure the quality of the milling-circuit product on-line. This

was made possible by the development of an ultrasound-based particle-size estimator (PSE)

in the 1970's [8]. The next step in achieving optimized milling-circuit operation was the

control of the milling-circuit product, utilizing. the measurements provided by a PSE.. Milling

circuits are inherently multivariable due to the highly interactive nature of the process

dynamics, and multivariable controller design techniques have to be applied to effectively

control the product size to a setpoint. Various successful attempts were made during the

early 1980's at product-size control for conventional milling circuits ([9],llO]). These

multivariable product-size controllers are reported to have been taken into continuous use on

the milling circuits for which they were designed.

Since the introduction of ROM milling in 1958 [11], most of the mining

industry's efforts have been directed towards grinding-media control, rather than product-size

control (e.g. [12]). Product-size control of ROM milling circuits is more difficult than

for conventional milling since the main grinding medium and the feed rate of the ore to the
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mill are not independent. Due to the ROM nature of the feed material, there is also very

little or no control over the size and hardness of the grinding medium. 'This results in

significant uncontrolled disturbances entering the circuit. Hulbert et al, [13] showed that

product-size control of an industrial ROM milling circuit is possible. For this

implementation the inverse Nyquist array (INA) method [14] was used to design a MIMO

controller for the milling circuit.

In the hands of an experienced control engineer who has. a good understanding of the

process to he controlled, the INA synthesis method (and other MIMO synthesis techniques

derived from classical methods, for e g., (15) and [16]) can result in useful

controllers for MIMO systems. Considerable skill, intuition, and effort is however required

on the part of t.hedesigner when using synthesis methods That are currently applied to ROM

milling circuits, as they do not accommodate performance specifications or the significant

model uncertainties that are present in ROM models in a rigorous manner. Great care has

to be taken to ensure that the resulting closed-loop system is robust to model un .anties,

as the way in which the uncertainties impact on the system is not transparent [4].

Considerable time is required, using current methods, to establish a control sysesm

on an industrial ROM milling circuit, It can take anything from three to twelve months for

such a system to materialize. As time is money, the resulting control system could he very

expensive.

In view of the above, it is worthwhile to consider an alternate MIMO synthesis and

analysis technique for ROM milling circuit controllers. Such a technique should address the
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weaknesses of methodologies that are currently applied to ROM roilling circuits.. i.e., it

should

- deal with model uncertainties in a formal manner

-. deal with performance specifications in a formal manner

- provide necessary and sufficient conditions for robust stability and performance

- formalize the intuitive design decisions of the experienced control engineer

A formal ROM milling controller synthesis and analysis framework that address the

issues raised above could reduce the time and skill required, and thus also the cost, to

establish a controller on an industrial ROM milling circuit. It would thus make advanced

control and optimization strategies more affordable by the mineral processing industry. It

is for these reasons that such a framework is developed in this document.

1.1.2 Contribution of the thesis

The main contributions made in this thesis are as fellows: fer the first time, the

ROM milling circuit control problem is formalized in terms of a general synthesis and

analysis framework, and a It-controller which results from the proposed approach is tested

on an actual industrial ROM milling circuit.

The dynamics of a ROM milling circuit exhibit large uncertainties which are mainly

due to size distribution and hardness changes in the feed material. A simple, practically
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'liable method is proposed for obtaining a milling circuit uncertainty description from plant

perturbation tests. Correlations of plant parameter uncertainties are discussed together with

the location of uncertainty weights within the plant transfer function matrix structure;

Specific attention is given to motivating the choice of uncertainty and performance weights

from a practical point of view. The choice of performance weighting functions is discussed

"lith regard to the economic and process-related importance of each plant output, and issues

of implementation such as the sampling rate to be used.

An approach for applying the wmethodology to the resulting finite-dimensional and

linear-time-invariant (FDLTI) model of an industrial ROM milling circuit is demonstrated,

Given the plant model, a model uncertainty description, and performance specifications, the

jL-methodology results in a closed-loop system that is guaranteed to achieve nominal stability

and performance, and stability and performance robustness with respect to the model

uncertainty, The order of this controller is reduced to make it suitable for implementatiort.

Experimental implementation of the resulting ,u-controller on an industrial ROM

milling circuit is discussed. The results show that such a controller could be made to work

on an industrial plant. Practical problems encountered during tests are analyzed, and reasons

are given as to why the behaviour of the physical system differs form that observed in

computer simulations.
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1.1.3 Organization of the thesis

This thesis is. organized into six chapters. -In the remainder ofthe first chapter

previous work done in the area of mill' rg control and robust control. is reviewed.

Chapter 2 provides the theoretical background required for the rest of the thesis. The

structured singular value is introduced, and a formal structure for controller synthesis and

analysis is established.

The ROM milling circuit under consideration is described in Chapter 3. It is ill this

chapter, together with Chapter 5 inwhich the main contribution of this thesis carr be found.

The objectives of milling control are discussed, and the plant model with its uncertainty

description are given. The selection of uncertainty weights and performance specifications

are motivated from a practical point of view. Finally, the ROM milling circuit model with

its uncertainty description is put into a general synthesis and analysis framework.

The ROM milling circuit controller synthesis and analysis is done in Chapter 4. In

this chapter the ,u-synthesis and analysis procedure is applied to the milling circuit with its

uncertainty and performance weights as established in Chapter 3. 'Veight iterations are done

in order to meec the performance robustness requirement. The order of the controller that

results nom the ,u-~ynthesis process is reduced to ease its practical implementation. The

reduced order controller is analyzed for robustness using ;.t-analysis and linear time

simulations.
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Chapt. 5 describes the practical implementation of the J.I.-coIitrolleron an industrial

ROM milling circuit. The platform on which the controller was implemented, is discussed.

Results of initial plant tests are presented which indicate that the JL-controUerdesign needs

to be modified. One set of plant identification tests, which led to a redesign of the JL-

controller, are described. Results achieved with this final controller are also presented and

discussed.

Conclusions and recommendations are given in Chapter 6. In this charter a summary

of the most important results of this thesis is. given. An assessment of the study is done

where the significance and limitations of the work are discussed. Finally some suggestions

are made for future research.

1.2 Previous Work and Related Literature

1.2.1 Milling control

The control and optimization strategies for ROM and SAG milling reported ill the

literature concentrate their efforts mainly on grinding media control. These methods are

essentially based upon adjusting the mill feed-rate (and possibly composition) i'l. order to

achieve a certain power draw from the mill rooter. _':llookand Plasket [17] propose the

use of a 'Williamson-type controller [18] to control the mill feed-rate to maximize power
..

demand, as they claim that this maximizes both throughput and fineness of grind. Pauw et

al. [19] report a multivariable peak-seeking controller which maximizes power by
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utilizing the addition of water and pebbles to pebble mills. They state that this strategy

optiraizes the pebble load and bulk density of the load so that the mill operates at maximum

efficiency. Herbst et al. [20] use Kalman filtering techniques to estimate certain milling

parameters on-line, from which the feed-tate necessary to achieve a desired power draw is

determined. Mular [21] reports on an attempt to the control product size of a SAG

milling circuit using single variable techniques, but it appears that these efforts have been

abandoned.

Hulbert [1] reports on the state of the art in milling control. He states that the most

appropriate control strategies for milling are those that not only stabilize the milling process,

but are also aimed at optimizing the economics of the plant as a whole. This damting task

is perhaps best approached by defining a series of sub-objectives which are compatible with

the overall aim of optimizing the plant's economic performance. The particle size of the

product of a milling circuit and the throughput of solids are of major importance when

specifying sub-objectives. This is because these two variables are closely related to the

quality of the product, and the efficiency of operation. Towards this end, Hulbert et al. [13]

pioneered the control of product particle-size for ROM milling in 1987. The ocess

dynamics were found to be highly interactive, which necessitated the use of multivariable

controller design techniques. This controller was subsequently optimized to combine particle-

size control with grinding media control in order to maximize the efficiency of the milling

circuit [22]. Efforts were also made to extend the range over which particle size can be

contro!led. For this purpose the inlet water feed to the mill was used as an additional

"steady-state" control action, and a hydrocyclone underflow angle meter was used to extend

the range of the feed flow to the cyclone [23].
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Milling circuit models, and ROM models in particular, generally contain significant

uncertainties which complicate the controller synthesis process. Various attempts have been

made to address this problem by using real-time recursive filters to estimate uncertain plant

parameters ([24],[25]). More recently, Metzner and Macleod [26] Investigated

the application of multivariable adaptive control to ROM milling, in order to accommodate

the time-varying nature of a ROM mill's dynamics.

1.2.2 Robust linear control

The problem of designing a feedback system that is robust with respect to model

uncertainties has received considerable attention in recent times. In fact, robustness has

become somewhat of a buzzword in the control community with thousands of papers having

been published on the subject of' robust control (e.g, [27] and [28] and the references

cited therein). Two types of model. uncertainties are usually singled out, l.e., parametric or

structured uncertainty, and U' narnic or unstructured uncertainty. Synthesis and analysis

techniques can be categorized according to which type of uncertainty they address.

As far back as 1945 Bode [2] at sued that the inclusion of plant uncertainty is a

fundamental aspect of feedback theory. This aspect was also addressed by Horowitz in his

1963 book [3], and led him to develooed the so-called quantitative feedback theory (QFT)

which utilizes templates that represent, at a particular frequency, the gain and phase changes

associated with parameter variations as a region on a Nichols chart (see [29] and

references cited therein). From these templates a loop-transfer function is derived via
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graphical +chniques, This procedure has been shown to provide closed-loop stability and

specified performance over the possible range of parameters, Although 5180 QFT seems

to be a reasonable synth~sis method, it would appear that QFT cannot be easily generalized

to the MIMO Case in order for it to be a practical MIMO design tool [30].

Laughlin et .al. [311 proposed a 81S0 controller design technique that can be

applied to a process described by a transfer function with real parameter variations. AU the

possible variations of the transfer function are pictured as model uncertainty regions on the

complex plane. The internal model control (!Me) method [32' is then used to map the

uncertainty regions to the Nyquist plane for stability and performance analysis. This method

can unfortunately not be generalized to the MIMO case, as more than one element in the

MIMO loop-transfer function matrix can be influenced by a common source of uncertainty.

This method is impractical for MIMO controller design because arbitrary conservativeness

is introduced if elements are considered to have independent uncertainties when they are in

fact correlated.

Robustness measures such as the MIMO stability margin [33] and the structured

singular value [5] have been proposed to deal with both parametric and unstructured

uncertainty. These measures can potentially be conservative in the case of real parametric

uncertainty, as real parameters are essentially replaced with complex ones when they are

calculated.

Various attempts have been made at dealing with systems that contain both real

parametric and unstructured uncertainties. Wei and Yedaval1i [34] propose a method for
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the robust stabilization of minimum phase S180 plants having both parametric and

unstructured uncertainty. Hollot et al. [351 use Kharitonov-like results to treat

parametric uncertainty and unmodeled high frequency dynamics for S180 systems in a unified

framework. Kharitonov's theorem provides a necessary and sufficient condition for the

stability of a polynomial whose coefficients vary independently in given bounded intervals.

One only needs to check the stability of four vertex polynomials to guarantee the stability of

the entire family. The results of this theorem have generated significant interest in the

control community since it was introduced to the Western literature by Barmish in 1982 (see [36]

and the references cited therein). Fan et al. [37] compute the structured singular value

in the case of mixed real parametric and complex uncertainty for MIMO systems, Sanches

Pefia and Sideris [38] propose a stability and performance analysis meti.od which

determines the robustness of a !VUMQsystem with possible related real uncertain parameters

and structured complex uncertainty. These efforts discussed above mainly address the

analysis of control systems uncertain systems, and should be encouraged as they broaden the

type of uncertainty structure that can l"1eaddressed. However, the problem of synthesizing

controllers for MIMO plants with real parametric and structured uncertainties, remains

largely unsolved.

Adaptive control has been proposed as a solution to the robust control problem, as

such controllers are designed to overcome parameter uncertainty. The idea of identifying the

plant uncertainties on-line is certainly very appealing, but unfortunately, adaptive controllers

have great difficulty in dealing with unstructured model uncertainty [39]. Significant

advances have been made in the field of robust adaptive control (adaptive control in the

presence of unstructured model uncertainty) in recent times [40], but it would appear that
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a theory which provides general robust stability and.performance guarantees in an adaptive

control context, is still a long way off.

1.2.3 The IL-methodology

For Lie time being, the f.L-mf,thodologydeveloped by Doyle ([5], [6], [41], and

[42]) appears to be the most promising approach to the controller synthesis and analysis

problem for application to a ROM milling circuit. Several application studies, inwhich this

methodology was used, have been reported in the literature. Doyle ei al. [43] designed

a lateral axis flight control system for a space shuttle during reentry. Smith et at [44]

apply u-synthesis to a laboratory sc.te two-tank control problem, 'andexperimentally compare

the resulting I-£-control! . to a loop shaping controller. Skogestad et al. [45] designed

a control system for a nigh-purity distillation column. They show that an acceptable

performance/robustness trade-off cannot be obtaine-; for this ill-conditioned plant by using

simple loop-shaping techniques, Steinbach et al. [46] apply J.L-analysisto a five degrees

of freedom electromechanical positioning device to be used in optical recording.

A technique currently available to solve the J.t-synthesisproblem is referred to as PK

iteration [42]. This technique exploits the fact that the structured singular value is a scaled

version of the singular value with a block structured scaling matrix. The aim of the DK

iteration scheme is to find a stabilizing controller K and a diagonal seating matrix D such that

the H",,-norm of the scaled close.d-loop transfer function is less than or equal to unity r

the condition for robust performance is satisfied). This is accomplished by alternately
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minimizing the scaled closed-loop transfer function with. respect to either. K or D while

holding the other constant. For a fixed scaling D, a standard Hco control problem results

which can be solved for K using the techniques discussed in [47j• For a fixed controller

K the minimization with respect to D is a convex optimization problem at each frequency.

The result is a real diagonal matrix D(Ca))of which the magnitude frequency response is fitted

with a stable, minimum phase rational transfer function. The process is repeated until it

converges.

Until fairly recently, the solution of the J-t..synthesis problem using DK iteration was

cumbersome due to the computational complexity of solving the associated Reo synthesis

problem [48]. Glover and Doyle [49] introduced a solution to the Reo synthesis

problem that involves only two algebraic Rieatti equations. This advance greatly improves

the efficiency of the DK iteration technique.

The major problem with this J-t-synthesis method is that the DK iteration is not

guaranteed to find th. Jlobally optimal K and D, as individual convexity in the two

parameters D and K do not imply joint convexity.
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CHAPTER 2

BACKGROUND THEORY

This chapter provides the theoretical background required for the rest of the thesis.

The structured singular value f.t is defined and its use as an analysis tool is discussed in terms

of stability, performance and robustness. The chapter is concluded with a discussion of the

tt-synthesis procedure.

2.1 The Structured Singular Value

The structured singular value 11 was developed by Doyle [5], and plays an important

role in the analysis of feedback systems with structured uncertainty. Referring to the

feedback structure in Figure 2.1, f.£ can be seen as a function of a complex matrix M which

essentially "measures" the distance to singularity of M with respect to a set of complex

structured perturbations a, f.t Can thus be thought of as a tool to analyze the "stability" of

the closed-loop system in Figure 2.1. When I - M.6. remains nonsingular for all frequencies

and for all A under consideration, the only solutions to the loop equations,

d=M«

z=Ad
(2.1)
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are z = d = O. The system could then be considered to be listable". However if 1 ., MA

is singular, .theu there are infinitely many solutions to (2.1), and the norms Udll, IlzDof the

solutions can be arbitrary large. The system can then. -)e called "unstable",

M

Figure 2.1: Feedback Structure

The positive real-valued function p, satisfies the following condition

det u-«A).;.O V so; a(A;) <y

iff V/.L(M)~l
(2.2)

where X is the set of all complex perturbations with a specific block diagonal structure and

spectral norm less than y, i.e.,

(2.3)

The function p. depends on the structure of a, but this dependency is typically not

represented, for notational convenience. The function fJ could thus be defined such that its
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inverse is equal to the .smallest maximum singular value of L\. needed to make (I - MA)

singular, i.e.,

1.1. .. 1(M) = min {i'ldat(l~MA)=O for soma AEX}
'Y

(2.4)

If no 11 exists such that det(I ..MLi) := 0, then ~£(M) == O. Unfortunately the definition of

It does not satisfy the mathematical definition of a norm because it does not satisfy the

triangle equality. This greatly complicates the feedback synthesis problem as the rich

mathematical structure and results which accompany a norm are not available.

In what follows, ./i, will be restricted to consist of block diagonal, complex matrices.

Real parameter variations will not be treated directly, but can be incorporated into this

structure by treating the variations as complex perturbations.

The definition (2.4) is in itself not useful for computing ~, as the implied optimization

problem is nonconvex, Several properties of p, (see [5] for a detailed discussion) can

however be proven which lead to methods for computing It. The following choices of Ii

show p, to be a generalization of the spectral radius and the spectral norm.

A ={;'IIA.€C } ~ Jl(M)=p(M)::: 1;1.(114) I

A=CNltN = 1l(M)=o(M)
(2.5)

thus (2.6)

The bounds of (2.6) are not sufficient on their own, as the gap between p and CJ can be
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arbitrary large. They can however be relined by transformations on M that do not affect

J1{M), but do affect p and u. Suppose that U and D are sets such that for any A € X ,

UeU "'* u(UA) = '0(1.\)

DeD "'* D-1Il.D = A
(2.7)

Then from the definition of j.t it follows that,

-UeU "'* !J.(MV) = v.(M)

DeD =- J.L(DMD-1) ::: jJ.(M)
(2.8)

Based on (2.6), (2.7), and (2.8) it is shown in [5] that,

sup- p(MU) ~ iL(M) ~ inf_ (i(DMD-')
UeU DED

(2.9)

For the case of nonrepeated complex blocks. the following sets can be defined,

!={diag(Ll1,L\2 ••••,iln) IAJ-€Cmrmi}
~={diag(U1'U2'· .. ,UJ IVJ*UJ=l}
D={diag(dl,d;l, ...,dj) I~ER)

(2.10)

The bounds in (2.9) provide a means of computing J1.. The lower bound can be

shown to be an equality for all M and fl. However, the optimization problem posed by the

lower bound is not cor vex and therefore it might have multiple local maxima. A power
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algorithm is described by Packard et al. [50J which can be used to calculate this lower

bound. 'I'll 'Jrmulation used is slightly different from (2.9), and the algorithm is apparently

quite effective, even though convergence cannot be guaranteed.

It can also be shown that the upper bound in (2.9) is an equality for three of fewer

blocks, or if M is real. The upper bound can be found more easily since the associated

optimization problem has only global minima. The upper bound is thus useful for computing

/.L, and numerical evidence suggests that this bound is reasonably tight for four or more

(complex) blocks. The worst known example has a ratio of J,L over tlle bound of about 0.85.

Doyle [5] proposed a generalized gradient search procedure to minimize the upper

bound in (2.9). This bound call also be calculated using a generalization of Osborne's

routine [51]. Osborne's algorithm minimizes the Frobenius norm rather that the

maximum singular value, and produce scalings that can be used to approximate the upper

bound [52].

2.2 Analysis: Stability, Performance, and Robustness

The general framework for studying methods aimed at analysing performance and

robustness properties of feedback systems, is shown in Figure 2.2. This framework has

become standard in the H""control community [42). Any linear interconnection of inputs,

outputs, commands, perturbations, and a controller can be arranged to fit this diagram. P
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is a FDLTI operator and is referred to as the design plant model. It consists of a nominal

plant model, and uncertainty and performance weighting functions. The selection of

weighting functions Ionna an integral part of the design process, and will be elaborated upon

later in this sequel. K is the controller that has to be designed, and A is a FDLTI operator

representing a perturbation on P due to uncertain plant dynamics. The vector time signals

in Figure 2.2 are defined as:

v - exogenous inputs (reference signals, disturbances, and noise)

e ,..errors to be made smaIl

u - controls

y - measurements

z - outputs from perturbation operator

d - inputs to perturbation operator

The block-diagram in Figure 2.2 contains the relationships shown in equation (2.11), where

Pij are transfer function matrices of appropriate dimensions,

(2.11)

with

u = Ky
z :::A.d (2.12)
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Figure 2.2: <Genem11Prnrnework

For the purpose of analysis, the controller can be thought of as just "another system

component, and can be incorporated with the plant P via a lower linear fractional

transformation to yield the closed-loop transfer function matrix M (Figure 2.3), Le.,

with

and

(2.13)

(2.14)
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Figure 2.3: Analysis Framework

The analysis problem involves determining whether the error e remains in a desired

set for sets of inputs v and perturbations 11. Analysis methods differ on the assumptions

made on the interconnection structure M in Figure 2.3, and the description of the sets to

which the signals v and e belong. In the discussion followed here, M is assumed to be a

FDLTI system represented by a rational transfer function. The transfer function froia v to

e can be expressed as the upper linear fractional transformation,

(2.16)

It is worth noting at this stage that uncertainty modeled 3S Iihas a different effect on system

performance from that of v, as for e.g., A can cause a nominally stable syste.n to become

unstable, whereas v cannot.

The remainder of this section concentrates on the conditions nnder which the system

in Figure 2.2 will achieve nominal stability (NS), nominal performance (NP), robust stabi1i:y

(R;;), and robust performance (RP). Nominal refers to the C3S': when the particular systen.
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attribute (stability or performance) is satisfied when .6.=0, and similarly, the term robust is

used when l~ is present. The main result in each section will be expressed in terms of

Doyle's General Analysis Theorem.

General Analysis Theorem (GAT) [42]

tor all

if and only if

The focus is thus on necessary and sufficient conditions for performance in the:presence of

uncertainty. In this context, uncertainty can be a combinatio= of input signals, perturbations,

and parameter variations, whereas performance is taken to be stability or stability plus a

bound on the error e.

2.2.1 Nominal stability

A basic requirement for any controller is that it stabilize the nominal closed-loop

system (.1. = (3). Stability here will be taken to mean that the closed-loop system has no

closed right-half plane poles, Nominal stability can be verified either in the time or the

frequency-domain. In the time-domain, a closed-loop system is stable if and only if,



(2.17)

where Act is the" A" matrix of the standard state-space description o;f the closed-ioop system,

and A.i its eigenvalues. This time-domain stability test is easily performed on a computer,

and is therefore often used.

A standard frequency-domain test f(~rnominal stability is the MIMO Nyquist

criterion. This test is rather cumbersome to perform in practice, but does playa key role

in the development of a stability-robustness theorem (e.g, [4]). The MIMO Nyquist criterion

relies on Cauchy's integral theorem and the Principle of the Argument to determine if any

closed-loop poles are in the right-half of the s-plane. For a given controller, the stability of

the closed-loop system can be established by plotting the Nyquist diagram of the loop-transfer

function matrix, and examining the number of encirclements of the critical point.

Most modern synthesis methods make the nominal stability problem trivial in that

stability is guaranteed. 'These methods are based on the parameterization of all stabilizing

controllers conceived by Youla et al, [53]. For example, the standard Heo synthesis

method finds a stabilizing controller to minimize the H..,-norm of the (nominal) transfer

function from exogenous inputs v to errors e (Figure 2.2).
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2.2.2 Nominal performance

Nominal performance (.&. ::; 0) is considered in this section in terms of bounds on~

in the presence of uncertain bounded inputsv, Having defined the bounds QU.V and e, the

nominal performance test boils down to a norm test applied to the appropriate transfer

function matrix. Consider three different types of rounds on the signals v andi e, i.e., that

they are bounded in "average power", "total energy", or magnitude. If v is assumed to be

a function. of time such that it is square integrable on any finite interval, then the bounds on

v can be obtained in terms of:

Power: BP = {v lIi.m _!_f T Iv(t) 12 dt<1}
T.....ee 2T -·T

BL2. == {vi llvli~= L: Iv(t)j2 dt<1} (2.18)Energy:

Magnitude: BL.. = {v 11M.. '" sss sup I.v(t) I<i }
t

where B denotes the unit ball. To simplify comparisons of different tests on M implied by

alternative assumptions on v and e, these signals are temporarily assumed to be scalars.

These bounds are scaled to 1 since any other scaling can be absorbed into the interconnection

M. The use of scaling and weighting functions are of prime importance in the synthesis

process, and will be elaborated upon later in this document.
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For nominal performance the GAT can be stated as:

for all

if and only if

The performance and input sets are taken from (2.18). and the Heo-norm m be used in the

norm test. Table I summarizes the ·::rAf for nominal performance for input and performance

combinations where the Ho:)"norm is applicable.

Table I: Norm Tests for Nominal Performance

[ J e
v

Power Energy

Power 11M 1100 00

Energy 0 11M II""
Magni.tude 11M II.., 00

In each case e is guaranteed to be an element of the performance set for any v in the input

set if and only if the H""-norm is less than or equal to 1, e.g. for v and e of bounded power

(BP),
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Nominal performance theorem (powerlPower) [42]

e e BP V' 'Ii IE: BP iff IIM22II..<1 (2.19)

The Heo-norm is applied to M2Z, which is the transfer function matrix connecting v and e.

The 0 entry in Table I occurs because for any stable M~ V € BLz yield e of zero average

power. The 00 entries occur because the indicated combinations allow for unbounded outputs

for bounded inputs when M '* O. When measuring performance in terms of the Heo-norm,

frequency dependent weights can be used to shape the spectral content of signals and to

implement performance specifications such as command following, disturbance rejection and

insensitivity to sensor noise. The real payoff for using the H",,-norm however is that it allows

for direct treatment of robust performance using IJ.

2.2.3 Robust stability

In this section plant perturbations will be considered, and as they can destabilize a

normally stable system, the issue of robust stability must be addressed. Perturbations are

assumed to be complex so as to conform to current J.t-synthesis theory. Real perturbations

such as those arising from parametric variations in model coefficients can be covered by

complex perturbations, at the expense of possible conservativeness [38].

The robust stability theorem for unstructured perturbations (ll is assumed to be

bounded but otherwise unknown), is given as,
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Theorem (ro!>ust stability, unstructured) [4}

FufM.ll) .is stable \:I A I o(1l)<1

iff liMn II.. .~ j
(2.20)

The Reo-norm thus yields necessary and sufficient conditions for robust stability. Equation

(2.20) is Iimited in the assumption that no structural Inrormation is available for A. In

practical problems it is often preferable to represent uncertainties with multiple norm-

bounded perturbations, occurring at different locations in the plant to be controlled. This

'could be accomplished by choosing I.l to be a member of a set such as,

(2.21)

or its bounded SUbset,

EX = { AeX!'a(a)<1} (2.22)

With 11defined as in (2.22), (2.20) can be used to obtain sufficient conditions for robust

stability, but the test could be arbitrarily conservative. In order to obtain a precise

generalization of (2.20) to handle structured uncertainty, the structured singular value J,J, is

needed. The robust stability theorem with structured uncertainty then becomes,
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Theorem (robust stability, structured) [42]

Fu(M,A) is stable 'II A E BX

iff IIJt(M11)I[.. ~ 1

where 11lJ.(M)II." ~. sup p,[M(j<a>}]
(s)

(2.23)

2.2.4 Robust performance

The closed-loop transfer function from exogenous inputs v to errors e, Fu(M, A), must

be small for all possible A for the robust performance requirement to be satisfied.

Performance is thus considered with both noise and perturbations occurring simultaneously,

The robust performance requirement can be stated as,

Vii E BX (2.24)

This requirement can be interpreted as a stability condition on the perturbed system shown

in Figure 2.4, and will be satisfied if and only if,

* Fu(M,A) is stable

* the system in Figure 2.4 is stable for all Ap € BX
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The robust performance problem can thus be recast as a robust stability problem with the

performance specification represented as a "performance perturbation" AlP"

The analysis framework shown in Figure 2.3 can be combined with Figure 2.4 to give

the general block structure fer (-,-analysis shown in Figure 2.5.
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Robust performance is achieved if and only if the system in FIgure 2.5 is stable for

theorem can be stated as follows:

Theorem (robust performance) [42]

all perturbations with the 2x2 block diagonal structure as indicated. The robust performance

Pu(Moh.) ~s$~abfeand ~FDl(MDl\)O .. ~1 'if Il ~JlJX

iff DJJ.(M}~... s 1

where p. is taken with respect to the structure,

XP = ( diag(A,A) lAteX}

(2.25)

(2.26)

This theorem gives necessary and sufficient conditions for simultaneous stability and

performance robustness in the presence of a block structured perturbation. Performance is
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thus guaranteed over a whole set of possible plants, This is made possible by the equivalence

of performance and robust stabiHty when using the Reo-norm. The use of j1. is essential in

this theorem as a block structured perturbation is required regardless of the model uncertainty

structure A.. Note that jt is computed for the full matrix M.

2.2.5 Concludingremarks

The analysis results presented here can be summarized as shown in Table Il,

Table TI: Analysis Results

]IPerturbation Performance

Stability~ i e £ SP
-,
. I

A =0 No C+ poles IlM2Zlioo ~ 1

a{A) < 1 (unstructured) IIMl1II"" s 1 IIJlOO !!"" s 1

Ii € BX (structured) IIJl(1vf11) Ii"" ~ 1 1IJ.4(M) II"" ~ 1

One might well ask why one shou'< bother with J,I.-basedanalysis methods when there

are powerful simulation packages on which a wide variety of plant models and performance

specifications can be tested. The problem with using a simulator for analysis is that the

system inputs and perturbations can only be considered one at a time. The j.£-basedmethods

focus on describing sets of signals and perturbations and drawing conclusions on worst-case

performance on the entire set at once. However, in applying J,1.-basfJmethods restrictive

assumptions have to he made about the interconnection structure "M, such as linearity.
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Nonlinearities can only be treated as perturbations.

2.3 ",-Synthesis

This section addresses the problem of r' .signing' a feedback system that is robust with

respect to modelling uncertainties. The synthesis problem is to specify a controller K to

- achieve nominal closed-loop stability

- satisfy nominal performance specifications

- provide stability and performance robustness with respect to all possible fl..

In the tL-analysis framework described in the previous section, the synthesis problem reduces

to finding a stabilizing controller K such that,

(2.27)

with F1(P,K) given in (2.13), and J1. taken with respect to the structure In (2.26). The design

plant model P as shown in Figure 2.6 is a real-rational, proper transfer function matrix, and

is not necessarily stable. P must of course be stabilizable and ..;p-..tectablefor a stabilizing

controller K to exist, It is assumed that P 12 has at least as many rows as columns, and vice

versa for P21' This is sufficient to ensure that the controllers are proper.
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The Il-synthesis problem can be solved using DK iteration which exploits the fact that

the structured singular value is a scaled version of the singular value with a block structured

scaling matrix. Theaim of the DK iteration scheme is to find a stabilizing COd troller K and

a diagonal scaling matrix D such that the R",,-norm of the scaled closed-loop transfer ~unction

is less than or equal to unity. (The scaling matrix forces the H",,-minimization to concentrate

on p, across frequency rather than the maximum singular value @).) Thus the condition for

robust stability and performance is satisfied when,

(2.28)

One method to achieve this aim is to alternately minimize equation (2.28} for either

K or D while holding the other constant, For a fixed scaling D the left-hand side of equation

(2.28) is a standard H..., control problem which can be solved for K using well known

techniques [47]. For a fixed controller K the minimization with respect to D is a convex

optimization problem at each fr~uency. The W.,5uIt is a real diagonal matrix D(~) at each
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frequency of which the magnitude frequency response is fit with a stable, minimum pha~

rational transfer function. Note that-the phase of D does not effect the norm in (2.28). Th'

process is repeated until it. converges, ('IT until the condition for robust stabiliry and

performance in (2 28) is satisfied. Unfortunately, individual convexity in the two parameters

D and K does not imply J')int convexity, and thus the DR iteration scheme is not guaranteed

to converge to the global optimal K and D. The DK iteration precess can be broken down

into the steps shown in Figure 2.7.

After an initial Hco~designis done, J.£(.t11(P,K» is computed and the optimal scaling

matrix D is determined at each frequ- ley r ~~ 'he robust performance condition in (2.28) is

met, the process is terminated. If not. to ;' of ~¥ .ch element of D(<a»is fitted to :;t

stable and minimum-phase transfer . problem is then scaled with a

stable minimum phase transfer matrix D 1; '.-.' ,:ture. Another Roo-designis

done WhICh yields a controller K whicn minimizes the left hand side of the expression in

(2.28), and the whole process is repeated until the robust performance condition is met.

Other stop criterions, such as those proposed by Lundstrom et al. [64], can be used when

robust performance cannot be met for the specific choice of weighting functions. They

propose two stop criterions, an iteration and a "flatness" criterion. The iteration criterion

suggests that the iteration he stooped when the difference between the current and previous

ts values is smaller than a certain tolerance. The flatness criterion states that the iterations

~e stopped when the u-versus-frequency plot is "flat" over the bandwidth of interest.

p.-Synthesis will not be of much use to the control engineer without the necessary

software to solve (2.2~). Fort.marely a Matlab toolbox [54] has recently appeared which
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makes the DK iteration procedure executable without extensive programming;

state-spaceL descriptiollil of P

calculate H1
obtain D...scann

Yes
">---l3;> StOlP

ifi! D..scales
append ftc)) P
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CHAPTER 3

ROfi\~M~ll. Co~rrROl

This chapter introduces the ROM milling circuit under consideration. The milling

circuit is described, and the objectives of milling control are discussed. The plant model

with uncertainty description is given, and the selection of uncertainty weights and

performance specifications are motivated from a practical point of view. Finally the ROM

milling circuit model with its uncertainty description is put into a general synthesis and

analysis framework.

3.1 ROMMilling Circuit Description

A Run-of-Mine circuit with single-stage classification, as shown in Figure 3.1, is discussed.
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The circuit grinds about 100 tlh of gold-bearing ore to give id product containing 70 to 75%

particles with size smaller than 7SJjm. The )ROMmill is operated in closed-circuit with a

hydrocyclone, and the product is pumped to thickeners. The gold is subsequently extracted

by a leaching process. The mill is 9 m long and 5 m in diameter. and is supported by

pressurized-oil circumferential bearings. It is operated at 90% of critical speed [55], and

has .lifter bars and solid white-iron liners. Pulp flows out of the mill through an end..

discharge grate and is discharged into a sump, where it is mixed with dilution water. The

diluted pulp is pumped to a hydrocyclone with an internal diameter of 1. m, The underflow

from the cyclone, additional water, and fresh ore are fed into. the mill.

The plant output variables to be controlled are the level of slurry in the sump (SLEV),
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the mass of material in the mill (LOAD), and the product particle-size (PSE). These

variables are controlled by manipulating plant input variables. such as the feed rate of water

to the sump (SFW), the feed rate of solids to the mill (MFS), and the flowrate of slurry to

the cyclone (CFF). An additional input, the feed rate of water to the mill inlet (MIW), will

not be used in the design of the dynamic controller. It can> however, be used as a steady-

state control action to extend the range over which the PSB can be controlled [23].

3.2 Objectives in Mill Control

An appropriate control strategy for milling should not only stabilize the milling

process, but should also be aimed at optimizing the economics of the plant as a whole [1).

This task can be approached by defining a series of sub..objectives which are compatible with

the overall aim of optimizing the plant economic performance. Possible sub-objectives

related to milling circuit performance are:

(i) to improve the quality of the product

(il) by increasing the fineness of grind

(i2) by decreasing product size fluctuations

(ii) to maximize throughput

(iii) to minimize steel consumed per ton of fines produced

(iv) to minimize power consumed per ton of fines produced, etc.

The size of the product (or grind) of a milling circuit and the throughput of solids are of
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major impc. AIlee when specifying sub-objectives. A combined measure of th~

variables gives a gQOd indication of milling circuit performance, as they are closely related

to the quality of the product and the efficiency of operation. A typical throughput/grind

relationship is illustrated in Figure 3.2. This relatlonship shows for example that a fine grind

is accompanied by a low throughput, i.e., there is a trade-off between objectives (it) an~ \1&).
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Figure 3.2: Typical! Throughput/Grind! Trade-off for a ROM Milling Circuit

The size of the milling circuit product is crucial to Zhedownstream extraction process.
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In general, more gold will be extracted at a finer product size (objective (H». In fact, it is

not only the average size that is important, but also the standard deviation of the size. The



economic importance of this f~ctor of product-size control is often overlooked, possibly due

to the experimental difficulties in obtaining a grind versus residue relationship. Craig et al.

[22] showed that the relationship between grind and residue is nonlinear, with the implication

that the increase in residue by grinding coarser is not balanced by the decrease in residue that

result from grinding finer. Such a relationship is shown in Figure 3.3, and Implies that

decreased product size fluctuations will result in increased gold reoovecy.. As undergrinding

can result in significant gold lasses, a milling control strategy should have as one of its goals

to reduce the fluctuations in the product particle-size (objective (i2».
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In general the throughput ofa ROM mill is maximized when the mill draws maximum

power from the mill motor. Given the value oithe milling circuit product versus the cost

of electricity, objective (iv) is generally not considered. important. Objectives (i) to (iil) are

all interrelated. Steel is added. to the ROM mill feed 'r. l}.det to increase throughput, and

to partly stabilize the grinding conditions inside the mill. A controller which reduces product

particle-size fluctuations will improve the quality of the milling circuit product, and could

at the same time reduce the need for steel to stabilize the grinding conditions. If throughput

is not of overriding importance, objective (iii) will be acaressed When objr.:ctive.(i2) is met.

For a particular set of operating conditions, the process will operate along the line

shown inFigure 3.2. It is however possible by operating under different conditions, to move

the line in the direction of more efficient process operation. A possible control strategy

could be to Co\' the product size to a setpoint, and to maximize the throughput at that

particular su.\.. ...~.~oint by optimizing the process operating conditions [22]. Such a strategy

addresses b~tl;tnDbjectivi (.i) t~nd (ii)~The effect of Li.is strategy ic-'11Iusttatt'.din P'iguf'e 3:~.

This figure shows that the throughput/grind operating line is shifted by the control strategy

in the direction of more efficient plant operation.
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Figure 3.4: Control Strategy Improving Operating Bfficiency

The particle-size se[point can be chosen to_correspond with throughput targets set by'

plant management, or if throughput is not a consideration, to achieve the finest possible

grind. Throughput maximization could possibly be achieved by adjusting the mill load

setpoint to a point where maximum power is drawn from the mill motor [22]. The search

for this optimal load setpoint needs to be dynamic as the optimal setpoint changes with, for

e.g., changing ore characteristics.

The objectives discussed in this section will be used as a basis for choosing milling

circuit performance specifications in Section 3.6.
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3.3 Obtaining a Plant Model for Controller Synthesis

For control purposes a.plant model is required that predicts, with reasonable accuracy,

the dynamic responses of' the milling circuit. Such a. model is usually required to have a

specific structure that conforms with the synthesis method to be used. For example, the

milling circuit is inherently multivariable, as anyone of the plant inputs has an effect on

more than one plant output. A MIMO controller thus has to be designee to control tbe plant

outputs. As MIMO controller design methods such as tJ.-synthesis are only readily available

for FDLTI systems, a FDLTI model for the.milling circuit is needed.

A nominal FDLTI model of the milling circuit is however not enough. It should be

accompanied by an uncertainty description which describes the set of all possible plant

variations that can. occur in practice. The structure of plant uncertainties is an issue in

MThIO systems, where the location of uncertainties (flJf e.g., plant input vs. plant output),

and the internal structure of the uncertainty blocks, can have a major influence on the-» ~ IJ' ~ q.

effective set of plant variations used for controller synthesis.

There are two basic ways of obtaining plant models, i.e., from the laws of nature,

or from experimental data. These will now be discussed in more detail.

3.3.1 From the laws of nature

The process of obtaining plant models from the laws of nature is referred to as
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modelling, and the resulting models are called mechanistic models. The development of

mechanistic models which.describe milling processes, have received considerable attention

in the literature [56]. Such models usually describe .the milling process with selection

and brea1cagefunctions, with the concept of breakage formulated as a stochastic process

[57]. Modelling the behaviour of an autogenous miil is considered to be difficult for the

following reasons Two-breakage functions must be determined, as two mechanisms of

breakage, i.e., abrasion and crushing breakage, are considered to occur in autogenousmills

[58]. In additioht the rates of breakage of particles change because the mill load changes as

the ore changes. Also the mill load is dependent on the breakage rates, the breakage

functions, and the discharge rates. The griading capacity of autogenous mills is thus

dependent on the feed ore characteristics, unlike for example a ball mill for which the

grinding capacity is almost constant.

Mechanisticmodelswhichattempt to describe thebehaviour of ROMmills are usually

nonlinear and involve~hundreds of variables. Their success in describing a ROM ~llill's

dynamics depend to a large extent on functionalforms given to functions that describe rates

and distributions of breakage. It is not practical to measure such model inputs on an

industrial millingcircuit, with the result that they are normally chosen through intuition. It

is therefore not surprising that even complex:mechanisticmodels are unable to describe the

nominal dynamics of a ROM milling circuit adequately enough such that it is suitable for

controller design.
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3.3.2 From experimental plant data

The process of obtaining plant models from ~xper1menta1plant data is referred to as

system identificatlon. Such models are called black-box models, and are derived to fit

measured responses of milling circuits. These models are made sufficiently complex to

accurately describe important plant inputs/outputs relationships in the bandwidth of interest.

The system .identification process can be broken up into four stages: experiment

design, choice of model structure, selection of criterion of fit, and model evaluation [59].

The outcome of such a process is usually a nominal plant model which can predict what the

plant outputs will be, given the plant inputs. Such a model comes with a "quality tag" which

describes the estimated deviations from the true mode description in the parameter or

frequency domain, The deviations can be used to construct an uncertainty description for the

plant, which can then he used for controller synthesis. This quality tag might however not

be enough, as it is derived under the assumption that the truth model is available in the..
model set, which for an ROM milling circuit it is not. The actual milling circuit is nonlinear

and time-vat:' 'g, which implies that the model uncertainty description must be (;...ijusted in

order to accommodate these pnenomena,

In the case of an ROM milling circuit, the nonlinearities that occur are largely

unknown, and will manifest themselves as linear model parameter variations. The effect of

such nonlinearities could be kept small by performing identification experiments in the

operating reLlon where the plant is approximately linear.
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The dynamics of milling circuit change over time due to factors such as the ageing

of measurement and actuating equipment, cyclone spigot wear, liner and griu wear, and

unmeasured disturbances acting on the circuit in the form of changing feed ore

characteristics. Time-varying behaviour is also induced by routine maintenance actions such

as relining or cyclone spigot changes.

The degree to-which a milling circuit's dyr nnics changes with time, can be captured

by performing identification· experiments over an extended time period, in order to coverall

possible plant operating conditions. The parameter variations of an average model which

best describe all the data sets derived from such experiments could then be used to construct

an uncertainty description which captures. the time-varying rature of the milling circuit.

3.4 Plant Model and Uncertainty Framework

From the discussion in the previous section it is evident that milling circuits ate in

general nonlinear aud time-varying systems. Research has however shown that it is possible

to represent such systems with FDLTI models for controller design purposes [13]. The

nonlinear and time-varying nature of a milling circuit can be accounted for in the uncertainty

description that accompanies the linear model [60]. Optimization schemes could also be

employed to exploit the nonlinear circuit behaviour in order to achieve certain economic

objectives [22].

The model used in this study was derived from perturbation tests done on t_1-teplant
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[13]. At least five perturbations tests were conducted for eacfi plant input, and th e respon~s

of the plant outputs were observed. The results from these tests were used for tm n:lerivatioil

of linear dynamic models for each plant input/output pair. Model structures Wf re assumed

for each input/output pair that best describe its behaviour. Each model was then given 'a

weighting according to the quality of the fit and the conditions under which the relevant

perturbation test was performed. All the model parameters were then averaged,.w )6

parameters of the "better' models weighted more heavily according to the releva at weighting

factor. From this process. the following model resulted:

r APSE g11 g12 g'l3 &'sFwl

l~LsOLEADV= gg2s··.11 g22 g2S AMFSI
J.). 0 g3:~ aCFFJ

(3.1)

(3.2)

(3.3)
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Using the standard .eviation of each model parameter derived from the plant perturbation

tests, the. relative uncertainty in each transfer fun..tion element can be described as;

rS% 14% 31%]
ki}: 16% 11% 65% (3.4)

19% - 18%
60% - 40% (3.5)

- 21%
43% - (3.6)

The dashes indicate that for the particular parameter in question, the relative uncertainty is

insignificant, or the parameter itself is zero.

There is no douot that changes in .he ROM feed size distribution and hardness are the

major cause of the sizeable parameter uncertainties shown in (3.4) to (3.6) [61]. From

a control point of view, one should be careful to distinguish between the MFS~ which refers

tl'~mill feedrate of ROM material, and the composition and hardness of the feed, Bven

though the feedrate could be constant, a change in feed size distribution COUld cause drastic

changes in the operation of the milling circuit. Such unmeasured disturbances partly manifest.

themselves as the parameter variations shown above.

50



A typical Witwatersrand ROM feed has a top size or about 300 mm square mesh [55],

and in ROM nilling such large rocks are essential for efficient grinding to take place. It is

however nor uncommon for feed ore to consist mvstly of fines (smaller than about 10 rom

square mesh). In such cases what little grinding media that thereis, is supplemented with

ferrous media such as steel. balts. In fact, it is common practice for plant personnel to

periodically add steel balls to the ROM feed at a fixed rate such as. 0.8 kg/t of fresh feed.

Steel addition has the effect of smoothing out the variations in the ROM feed, and prevents

the model parameter variations from becoming even larger than .hey are already.

The Bond Work Index, which is a I e of are hardness, can possibly range

between 17 and 20 kWh/t for ore from the same shaft [62]. Work index variations can

be even more pronounced at large mines where are from different shafts (at which different

reefs are mined) are sent to a specific mill in order to fully utilize milling capacity. Such

variations can also contribute to model parameter variations.

Another source of uncertainty in the linear milling circuit model is the fact that an

essentially nonlinear system is approximated by a ilm:ax model. For example the different

models for the PSE/CFF relationship from which the aggregate model gI3 is obtained, exhibit

classical nonlinear behaviour such that the gain and time constant are linearly related to the

base-level of the PSE from which the perturbation step was made. For the. other models,

however, there is no simple relationship between the perturbation step base-levels and the

model parameters,
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3.5 The. Selection of Uncertamty Weigbts

In the It-synthesis framework, model uncertainties are represented by norm bounded

perturbations and weighting functions. For example, uncertainty is often reflected at the

plant output, The set of all possible plants Os is then described by a nominall~lant model

On' and a frequency dependent output uncertainty weightW, i.e.,

Such a description is referred to as a multiplicative output uncertainty description and is

shown in block-diagrarn form in Figure 3.5.

Anot.ier useful uncertruuty description is the inverse multiplicative perturbation where

(3.8)
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In block-diagram form this system cart be represented as shown in Figure 3.6.

w

J

Figure 31,6: Inverse .MoltipliCiltlve Output Uncertainty

The milling circuit model contains gain, time constant and time delay uncertainties.

These uncertainties can be reflected in numerous ways. The simplest way would be to

account for the each uncertainty independently. However, the ricO framework is a worst-ease

approach, and in g, .eral one should not include too many sources of uncertainty as it
, lSI '0 O<ll (J:l

becomes highly unlikely for the worst-case to occur in practice.

In the case of a milling circuit there its undoubtedly some correlation between the

parameter uncertainties, especially when these parameters depend directly upon the rheology

of the slurry inside the mill. For example one would expect the uncertainties in the

LOAD/SFW mildLOAD/CFF models to be correlated, The time constants for these models

are more or less equal to the hold-up time of the mill given by



"C = RC (3.9)

Where C is the volume of material inside the mill, and R the inverse of the slurry discharge

rate. In regard to (3.5), it would thus make sense to group these two time constant

uncertainties (g21(60%)and g23 (40%) into one LOAD output uncertainty. Similarly the

time constants for the PSE/SFW and PSE/CFF models are in the order of the sump ,~",t<;1·",p

time. The uncertainties for these time constants (gl1 (19%) and gIg (18%» could thus b~

lumped together as a PSE output uncertainty.

A time constant uncertainty for a first-order transfer function such as gu, can be

expressed as an inverse multiplicative uncertainty ss shown in Figure 3.6 [52]. Assume that

T is the nominal time constant and that r'J;is the relative uncertainty of r such ttlat,

(3.10)

"
r can then be written in terms of a norrn bounded perturbation 2.3,

(3.11)

Referring to (3.2), r can be expressed. as an inverse multiplicative perturbation on the "plant"

(as shown in Figure 3.6), with

1 1 1
"C$ + 1 = t=;-;i 1 + w fl

1: 't'

with ".,$
11.41 =
""'t'

$ + 1ft
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'The gain uncertainty associated with the MFS (g12 (14%) and g22 (11%» can be

accounted for as an input uncertainty for this input. ~or the rest of the parameter

uncertainties, there are no clear physically motivated guidelines as to where and how they

should be represented in the uncertainty framework. For these uncertainties the most

convenient representations are chosen without being overly conservative. The gain and time-

delay uncertainties of the LOAD/SFW (k 16% and 8 43%) and PSE/CFF (k 31% and a
27%) are grouped together to form one uncertainty representation per model, using the

technique developed by Laughlin et al, [63]. This technique translates variations in

transfer function coefficients into an approximate equivalent complex J:1ane uncertainty

representation. Using the transfer function described in (3.2), the real valued gain and t):·""e-

delay uncertainty can be aggregated into a single complex valued multiplicative output

uncertainty description with weighting function

(3.13)

with (k - Ale) S k :::;(k + !.lk}, k = nominal gain

(8 - AS) :::;e :::;(8 + LH1); '8 = nominal time-delay

Note that if the exponential term in (3.13) is approximated by a Pade approximation, the

resulting weight will be unstable. The unstable pole can however be removed by multiplying

the weight with the appropriate all-pass function.

The gain uncertainties in the PSE/SFW and LOAD/CFF models, and the one

associated with the MFS, can be accounted for using multiplicative weighting functions
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(Figure 3.5) of the form

(3.14)

with k% ~gain uncertainty in per cent

(J)b - the frequeney at which the gain uncertainty becomes larger than k%

'Ihebandwidth of these weighting functions ate chosen to conform with the sampling interval

(10 sec.): used in the plant identification process, The block-diagram of the resulting plant

with uncertainty description is shown in Figure 3.7. The gain weighting functions in

Figure 3.7 are,

11(8 + wJ
W = ----.-.
S 8 + 100*Qhl

(3.15)

and the combined gain and time-delay weighting functions,
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(3.16)

The time constant weighting functions are,

0.19*$we ;7. --~-

S + c..)b

O.4*s
w =---
7 S + <..> b

(3.17)

1..1the weights wI; W4' and w5' 15% uncertainty in the gains were used, instead of 35%,

31 %, and 65% respectively. As discussed in Chapter 4, this was done in order to achieve
t:I .". .e~ \l> '"'

robust perforrifance, Robust stability is however guaranteed when the gain uncertainties

associated with these weights are 27%, 31%, and 65% respectively.
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Tile frequency response of the weighting functions are shown in Figure 3.8.

For example the gain uncertainty weight w3 in (3.15), shows that the gain uncertainty is up

10-&L--'-- ..........u..u~__._-'-_.!....L! ......H-:L'"-'-::.--1'->-' .L.'......'-':"I.":''':::--.L.._.'_. .......'..LJf 'UJIt':'::' :-''--L' ......' ........1..J...J..i.L.__...1...._.J~
10~ 1(},5 1~-4 10-J 10-2 10'1 1(}J

frequency (fad/sec)

Figure 3.8: Prequency Response of the Weighting Functions

The uncertainty description shown in Figure 3.7 concentrates on the low-frequency dynamics

of the milling circuit. Unmodeled high-frequency dynamics, such ac those resulting from the

actuators or the rotation of the mill, are not addressed specifically. They can however be

"taken care of", from a robustness point of view, by constraining the bandwidth of the

closed-loop system with carefully chosen performance specifications. In fact the uncertainty

weights described in this section also playa role in constraining the closed-loop bandwidth.

to 11% at low-frequencies, but can increase to 100% or more at frequencies beyond 0.5
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tad/sec. With such band-limiting weighting functions, a controller designed. to achieve robust

stability and robust performance, will naturally linht the bandwidth of the closed-loop system.

3.6 PecJrmance Specifications and Weight Selection

In the 11or H",tsyniliesis framework performance specifications are expressed in. the

frequency {{emain as weighting functions on relevant transie,: functions. As explained in

Lundstrom et ale [64}, there are three basic approaches to the selection of performance

weights, i.e., the loop shaping approach (e.g. [65], [66], and [67]), the

frequency-by-frequency approach [43], and the power spectrum approach [42}. These

approaches differ mainly on the physical interpretation given to the Roo-norm of M in

Figure 2.3. The interpretation of the Hoo-normwhich leads to the power spectrum approach,

is illustrated in Table 1. Here it is shown that the H",,-normis, for e.g., the induced norm

from bounded-power spectrum inputs to bounded-power spectrum outputs in the time-domain.

This approach considers the entire frequency spectrum, and the performance weights chosen

can be interpreted as shaping the spectral content of the relevant input and output signals.

The loop shaping and frequency-by-frequency approaches can best be illustrated in

terms of the singular value decomposition (SVD) [68]. An SVD can be done at each

frequency of interest to provide a singular value gain-band for a system as a function 01

frequency. It also provides directional information in the form of the left and right. singular

vectors. In fact, the complex directions of the singular vectors, which correspond to

sinusoidal vectors with relative phase shift among their elements, can be used to determine
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minimum and maximum input and output amplification directions. For example, a unit input

sinusoid at a particular frequency, which is in the direction of the right sing-ular vector

associated with the maximum singular value, will at sinusoidal steady-state result in an cutput

sinusoid, with maximum possible amplitude, in the direction of the left singular vector

associated with the maximum singular value.

The loop shaping approach utilizes the definition of the Reo-norm, and essentially boils

down to choosing performance weighting functions which bound the gain-band (minimum and

maximum singular value) of the transfer function in question. With this approach the

performance weighting functions are chosen. as direct bounds on important transfer functions

such as the closed-loop and sensitivity transfer function matrices, Thus "classical"

performance specifications such as bandwidth and disturbance rejection specifications can be

set in a multivariable framework.

The frequency-by- frequency approach considers the sinusoidal system response,

thereby exploiting the gain information provided by the singular values as well as the

directional information contained in the singular vectors. Although the two SVD-type

approaches differ in concept. the distinctions between them tend to become somewhat vague

when they are applied in practice.

The performance weights chosen in this document can be interpreted using all three

approaches described above. Performance weighting functions Wyand Wu are chosen as

bounds on the error and control signals respectively. This could be taken as a loop shaping

~)proach, but in fact th~approach used here goes beyond conventional singu' . value loop
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shaping, as the controller will be designed to minimize p. over the bandwidth of interest [69j.

Using f.k conditions for robust perfo~J:ii':~tJ,ceavoid overstating actual requirements that could

occur when singular value cenditiens'are used.

The inverse of the error weight Wy can be thought of as bounding the maximum

singular value of the sensitivity transfer function matrix S(s), and similarly t the inverse of

the control weight WU' acts as a bound on the transfer function R(8)=K(s)S(s). Tne NP

condition (2.19) then becomes,

11M2211 ... s 1

where M-a" [~l (3.18)

lWyCju»1 can 'be thought of as determining the degree of disturbance attenuation at each

frequency o, whereas IWuO (J)I can be interpreted as reflecting the largest anticipated

additive plant perturbations [65].

Performance specifications for aROM milling circuit are determined by the economic

and process-related importance of the outputs PSE, LOAD, and SLEV. The specifications

for each of these outputs will be expressed in terms of a scalar weight wyi [64] with

structure:
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1 ; i=i,2,3 (3.19)=-

with A ~ disturbance rejection. factor, or steady-state offset less than A

(!)B - closed-loop bandwidth higher than UlB

M - amplification of high-frequency noise less than M

The weights on the errors can then be combined in a single diagonal weight such as,

(3.20)

3.6.1 PSE error weight

Objective (1) in Section 3.2 gives an indication as to how PSE performance

specifications should be chosen. This objective states that t is important to control the PSE

to a certain average size (the finer the better), and to reduce the product size fluctuations,

The reduction of size fluctuations is important because even though two grind time records

may have the same mean, the one with the larger standard deviation will result in higher gold

losses. From an economic point of view, it is thus important to keep the standard deviation

of the PSE as low as possible.

Product particle size is very difficult to measure on-line, and the best resolution that

can be expected from a PSE is in the order of 5% of the range of measurement, As there

is no point in controlling the PSE to less than the resolution of the instrument, it is
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reasonable to require that the PSE loop (both nominal and perturbed) should reject output

disturbances by a factor of 20.·+0-1 (at least at low frequencies). This specification also

implies t'iat the normalized steady-state tracking error due to a reference step input should

be less than 0..0.5. The frequency up to which this specification must hold is limited not only

by me aampling frequency and the speed of the actuators' response, but also by averaging

that occurs within the instrument itself. However, as discussed in the following chapter,

model uncertainties tum out to be the limiting factor on the achievable band w'idth of the PSE

loop. For the PSE error weight (wyl) the following parameters are chosen,

A ::::0.0.5, M = 2, and Tel;::: 900

Note that these specifications account for noise but not for bias.

3.6.2 LOAD error weight

The LOAD loop does not have such a clear-cut economic criterion in terms of

disturbance rejection or steady-state tracking error. What is important however is the time

this loop takes to settle after a setpoint step-change. The steady-state relationship between

the LOAD and the solids throughput is approximately parabolic. There is thus an optimum

LOAD operating point at which the milling circuit throughput is maximized. This optimum

operating point changes with time, largely due to changes in tt ~feed ore hardness and

composition [22]. Thus in order to keep the milling circuit operating at the optimum load,

a "steady-state" throughput optimization strategy is needed to step the LOAD in the "right"

direction in a peak-seeking fashion. The speed of response of the LOAD loop limits the time
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interval between LOAD setpoint changes, as requested by the throughput optimizer, 'the

longest practicaUy viable time interval that can be tolerated by the optimizer, isinthe region

of one hour. It is thus required of the LOAD loop to settle within an hour after a setpoint

step-change has been made. The steady-state tracking error specification for the LOAD loop

is not that critical, and can be of the order of 10%. With reference to equation (3.19), a

LOAD error weight {Wy2J with the following parameters will suffice,

If the LOAD loop can adhere to the specifications described above, a throughput

optimization strategy will be able to move the process in the direction of more efficient

opel' .•ion, as shown in Figure 3.4.

3.6.3 SLEV error weight

The absolute level of the slurry in the sump, SLEV, is not important as long as it lies

between safe operating limits, i.e., it should not be close to overflowing or funning dry. If

the sump is close to empty, the sump pump can suck air which will result in erratic CFF

behaviour. If the sump overflows, the result will not be disastrous, but this could lead to

lengthy clean-up sessions. In addition, the operating staff might lose confidence in the

control system being used. In these extreme cases the linear plant model will of course not

be valid.
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Mill sumps come in all shapes and sizes, but they usually ~l have an inclined floor

to prevent the build-up of "sandbanks". The linear plant model only holds as long as the

SLEV does not go below the level at which the floor incline starts. In some mill sumps this

level could be at 50% of capacity. The level of such sumps should then be controlled

between 50 and 100% of capacity.

The mill sump can be seen as a buffer which can absorb milling circuit disturbances

such as surges in the mill discharge. In fact, Hulbert et at. [13] used error squared control

on the SLEV loop, i.e., significant control action is only taken when the difference between

the SLEV and its setpoint becomes large. Such large errors could possibly occur due to

spillage pumping which occur at irregular intervals.

The point is that the SLEV control does not have to be tight, and thus reasonable

steady-state tracking er-ors can be tolerated, With reference to equation (3.19), this

discussion indicates that a SLEV error weight (Wy3) with the following paramet~s can be

chosen,

A :::;0.2, M :::;2, r cl :::; 1800

The frequency response of the inverses of the three error weights are shown in

Figure 3,9.
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inv(wy3)

inv(wy2)lO-11--~ --

inv(wyl)

frequency (rad/sec)

Figure 3.9: Inverse of Error Weighting Function

3.6A -$;ontrol weight

The weight on the controls Wu was not chosen with the idea of making the closed-

loop robust to some additive plant uncertainty, but rather to limit tile rate of change of the

control inputs. This is done such that the digital implementation of the controller does not

become an issue. Fast actuator movement is thus inhibited by the weight WU' which is small

at low frequencies whilst increasing at higher frequencies. 'Ibis weight is chosen to reach

its maximum about a decade below the sampling frequency. This ensures that the controuer

do not request control input changes which are faster than what the implemented system can

deliver. With a sarrpling interval of 10 seconds, this weight is chosen as,
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(3.21)

The frequency response of the control weight 'Wu»is shown in Figure 3.10.
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]Figure 3.10: Frequency JResponse Qf the Control Weight

It is of course possible to weight some of tile controls heavier than others. For

example one could allow the CFF to change much faster than the MFS by specifying

different bandwidths f'}f the appropriate weights. This will however not be done here.
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3.6.5 Other possibilities

Other sources of disturbances such as measurement noise, although they do exist, ate

not considered to be of sufficient importance, when compared to. disturbances caused hy

changes in ore feed composition and hardness; to warrant the inclusion ofasscziated weights.

The mote weights there are, the more states the final controller will have, and the longer it

will take to compute. Also, by including too many sources of disturbances and noise, it

becomes very unlikely in an Reo-norm setting for the worst case to occur in practice.

3.7 ROM Milling Circuit and the General Synthesis and Analysis Prameworls

The error weight (!Wy) and control weight (Wu) can be superimposed on the plant

with its uncertainty description (Figure 3.7), to form the general synthesis and analysis

framework of Figure 2.2. The result is shown in Figure 3.11. In this figure, A represents

the norm bounded perturbations that form part of the model uncertainty description. The

perturbation inputs and outputs are represente t by Z 'lid d respectively. e Represents the

weighted controls and errors, whereas v represents the setpoints,
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The vector time signals in Figure 3.11 can be represented as,

(3.22)
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with

The perturbations are given by,

(3.23)

u = [SFW MFS CFFJ.T

PSE
y:: V - WAD

SUV

(3.24)

(3.25)
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CHAPTER 4

MILLING C~RCUIT CONTROLLER DES~GN

'In tP:~schapter the I-'-synthesis and analysis procedure IS applied to the milling circuit

with its uncertainty and performance weights as shown in Figure 3.11. Weight iterations are

done in order to meet the performance robustness requirement. T:le order of the controller

that results from the J£-synthesisprocess is reduced to ease its practical implementation. The

reduced order controller is analyzed for robustness using I-'-analysis and linear time

simulations.

4.1 Controller Design

The controller design process described here is illustrated in Figure 2.7. Before the

start of the design process, one needs to conduct the laborious but straight-forward task of

obtaining a state-space descrlption for the block P in Figure 3.11. In order to do this, the

erne-delays were approximated by first-order Pade approximations in order to make P a

rational transfer function matrix, (These delays can be approximated arbitrarily well in the

low frequency region, but at higher frequencies some additional model uncertainty is

introduced [70]). The result is a system with 13 inputs, 16 outputs, and 26 states. The
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26 states are made up of the states of the plant (13), the uncertainty weights (7), and the

performance weights (6).

An initial Hoo-controller design was done without any scaling. This design provides

a controller, with the same order as tha•.of the plant plus weights, which: minimizes the Hcq-

norm over a set of stabllizing.controllers, of the transfer function matrix between a 10 J{ 1

vector of inputs and a 13 x 1 vector of outputs. The input vector consists of perturbation

inputs (7 xl) and setpoints (3 xl), whereas the output vector consists of perturbation outputs

(7 x 1), weighted control signals (3 x 1), and weighted errors (3 x 1). Thus with refer-nee

to (2.14), the HIiO-desig~yields a stablllzing controller which min;';'1l1zes.1IMil "'" where M

is the closed-loop transfer function matrix from inputs,

(4.1)

to outputs,

(4.2)

The minimum r value achieved for this initial design is shown in Table m.
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Table ill:Design Results

IWeight Orders

Initial

]

1:3: 1: 1:1:2:2

1.78

1.095 1:3: 1;1:3:2:2

2nd iteration 4.54 1:3: 1: 1:3:2:2

3rd iteration 1.161 1:3:3:1:3:2:2

5th iteration

1.038 1:3:1:1:1:2:2

The next step in the design process consists of a JL-analysisof the closed-loop system

F)(p,K) with respect to the block structure of Figure 2.5. This uncertainty block has 8

complex sub-blocks of which 7 are scalars arising from the plant uncertainty, and one 6

input, 3 output "performance block". Fer a fixed controller K, the calculation of JJ. pmvirlr>i

the frequency dependent D scaling matrices (one scaling for each of the uncertainty weights)

1.038

which minimizes the norm,

(4.3)

At this stage the performance and robustness properties of the closed-loop transfer function

M were evaluated. Nominal performance (2.19) and robust stability (2.20) were achieved,

but the robcst performance criterion (2.25) was not met. It is not surprising that robust

performance was not acceptable at this stage, as no JL-minimization has yet been done.

The D-scales were thus fitted with staole, minimum phase rational functions, after

which they were absorbed into the generalized plant P. The scaled version of P was then
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used in a subsequent Heo-design. The Reo-designwas now tricked into minimizing JL(M) over

frequency instead of a(M) because the D-scaling matrix that WRS absorbed into P, forces the

Roo-minimization to concentrate on 11 across. frequency rather than the maximum singular

value @). A!) shown in Table III, this design iteration resulted in a reduction in Ymin'Le.,

form 1.78 to 1.095. (The number of significant figures for 'Yint and 'YttJ.in is determined by

the tolerance used in the :Hoo-minimization. Typically, larger tolerances are used for the

initial Hoodesign.)

A-Analysis of the closed-loop system showed that nominal performame and robust

stability were achieved, but that robust performance was. not satisfactory at this. stage (NP

test IlM2zIIoo<O.85, RS test IIJL(Ml1)1100<0.4, and RP test ILu(M) 11<»<1.78). In fact, it was

only after another three design iterations that robust performance of the closed-loop system

was considered to be acceptable. (For the purposes of this thesis robust performance is

considered to be acceptable when JL(M)is smaller than 1.05.) The DK iteration process was

repeated five times, resulting ill the minimum 'Y values shown in Table m. The fifth

iteration was done to ensure that Ymin achieved in iteration four was indeed the minimum that

could be reached.

The second and third iterations show that the DK iteration, as implemented in the

Matlab toolbox, does not always converge monotonically. This phenomenon was also

observed by Lundstrom et al. [64]. After the fourth and fifth iterations, the condition in

(2.28) was (approximately) met, and the process was terminated. In fact it was found that

there no change in the Ymin value resulting from the fourth and fifth iterations. Also, after

five iterations the JL-versus-frequency plot was more or less flat up to 0.01 rad/sec, in line

75



with the "flatness stop criterion" discussed by Lundstrom et al, [64].

It is interesting to note that the numerical calculations to compute the design described

above take about 50 minutes to perform on a 33 MHz 486 PC.

4.2 Weight Iterations

The design discussed above is the end result of an extensive process in which designs

were done with different combinations of uncertainty and performance weighting functions

and parameters. Itwas necessary to iterate on the weights in order to "~hieve acceptable ;t-

values for performance robustness. Care was however taken not to reduce the plant

uncertainty description such that it becomes an unrealistic description of the real plant.

The weight iteration process is summarized in Table IV. This table shows the

uncertainty and performance weighting parameters that were changed in order to achieve

robust performance. It also indicates whether nominal performance (NP), robust stability

(RS), and robust performance (RP~ were achieved for a particular design. The weighting

parameters arrived at in the final uesign are the same as those given in Chapter 3. Only the

parameters that were changed in the design process are shown. The other parameters can

be found in Sections 3.5 and 3.6. The ;'<;tramete~'Yinit indicates the minimum y value that

was achieved after the initial Roo-design. Ihe end result of the u-synthesis process (DK

iteration) is Ymin' and the value in brackets underneath 'Ymin indicates the number of DK

iterations that were attempted. For some designs no DK iterations were done as the initial

H",,-design indicated that a particular parameter(s) will not playa significant role in achieving
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Table IV:Weight Iterations

I Design I wI I W3 I W4 I Ws IWp I !clt I Two INP IRS IRP
~

No.

1 k%=35 k%=11 k%=31 k%=65 1"cl=1800 3.43 3.23 No No No
in 6%=27 M=3 (1)

2 k%=l 3.43

3 1.:%=11 1.."%=10 3.36 2.57 No Yes No
(1)

4 k%=31 3.43
6%=10

5 k%=10 6%=27 I -;.10 2.44 No Yes No
(1)

6 k%=35 k%=10 1.85 1.65 No Yes No ,
(1)

7 out 1.."%=65 j 3.43 1.85 Yes No No
I

(2)

8 1.."%=15 k%=15 1.33 1.128 Yes Yes No
(4)

9 k%==15 1.19 0.997 Yes Yes Yes
- (1)

10 Tcl=900(wy1) 152 1.038 Yes Yes Yes
M=2 (3)

final in 1.78 1.038 Yes Yes Yes
(5)

RS test k%=27 k%=31 k%=t:'5 1.7 { Yes Yes No
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robust performance.

The uncertainties represented by the uncertainty weights in design 1, are as shown in

(3.4) to (3.6).. FOr this design, 'Ymin of 3.23 was achieved after one DK iteration. NP, RS,

and RP were not achieved. The RS measure tt(Mll) peaked below 1.2. This design

indicated that other combinations of uncertainty weighting parameters had to be chosen in

order to achieve RP.

For designs 1 to 9, the bandwidth of the PSE loop was made 111800 in order to make

it easier to meet the robust performance specification. The parameter r cl in the error weights

Wyi was thus made 1800 as indicated. The high frequency noise amplification factor M in

the error weights Wyi (3.19), was made 3 for all three the error weights up t'J design 9, after

which is was decreased to 2 in design 10.

The effect of the gain uncertainties on robust performance were investigated in

designs 2, 3, 5, and 6, Design 2 shows that a substantial reduction in the gain uncertainty

associated with weight w3 does not reduce the 'Yinit value found in design 1. In design 3 a

reduction from 31% to 10% in the gain uncertainty associated with weight w4 reduced Yinit

from 3.43 to 3.36t and i'min from 3.23 to 2.57 after one DK iteration. For this DK

iteration, NP and RP were not achieved. RS was achieved as I-t(Ml1)peaked below 0.85.

Design 5 shows that a reduction from 35% to 10% in the gain uncertainty associated with

weigh.t w1 reduced 'Yinit from 3.43 to 3.10, and 'Yrnin from 3.23 to 2.44 after one DK

iteration. NP and RP were not achieved, whereas RS was with P·(Mll) peaking below 0.6.

Design 6 shows that a reduction from 65 % to 10% in the gain uncertainty associated with
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weight Ws reduced "firtit from 3.43 to 1.85, and l'tnin from 3,23 to 1.65 :after one DK

iteration. NP and RP Were not achieved, whereas RS waa with /l(Mll) peaking below 1.0.

Design 4 shows that a reduction in the time delay uncertainty associated with weight w4 does

not reduce the 'Yinit value found in design 1.

For design 7 the input uncertainty weight w3 was. removed from P in Figure 3.11.

This change in the uncertainty structure was not detected by the initial Heo design, as it does

not take the structure of the uncertainty into account, The DK iteration however shows that

this change to the uncertainty structure caused a substantial reduction in "(min from 3.23

(design 1) to 1.98 (1st iteration) and 1.85 (2nd iteration). This design illustrates the

conservativeness that can result ~Vht.Jlusing unstructured uncertainty blocks. Also this input

uncertainty has a substantial effect on RP, whereas the two output uncertainties w6 and w7

have a very small effect O~ RP. This confirms to some extent the findings of Skogestad et

al. [45], which state that: »ut uncertainties put much more constraints 011 controller design

than does output uncertainties.

Designs 5 and 6 illustrates that the weights wI and w5 have a substantial influence on

RS and RP respectively. With w3 removed, the gain uncertainties associated with these

weights were reduced to 15% in design 8, and four DK iterations resulted in a "(min value

of 1.128. NP and RS were achieved. In design 9 the gain uncertainty associated with w4

was also reduced to 15%. This resulted in a 'Yinit value of 1.19, and a "(min value of 0.997

after one DK iteration, Le., NP, RS, and RP' were achieved. The ease with which RP was

achieved in this design (only one DK iteration), suggested that the performance

specifications, that of the PSE loop in particular, could be made tighter.
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In design 10., the bandwidth of the PSE loop was increased to 1/90.0., and the high

frequency noise amplification factor M was reduced to 2 for all three error weights. A 'Ymin

value of 1.0.38 was acl......ved in this design, i.e., NP, RS, and RP were achieved.

J,I."Analysiswas performed using the controller that resulted from design 10. Instead

of using the six uncertainty weights on which the controller design was based, all seven the

uncertainty weights (w3 included) were used in the analysis. This analysis suggested that RP

could be achieved when all seven uncertainty weights are included in the design process.

The final design shown in Table IV includes all the uncertainty weights, and is also the

design that is described in Section 4.1.

RP can thus only be guaranteed for a subset of the uncertainty set described by the

wo.ights used in design 1. As the Boo framework is a worst-case approach, the final 11M

controller will achieve RP in most cases as it is highly unlikely for the worst case to occur

in practice. RS is guaranteed for a larger subset of uncertainties, as shown in the last entry

in Table IV. RS is guaranteed for the full gain uncertainties of w4 and ws, and for 27%

(nstead of 35%) gain uncertainty in wJ• In this case .'t(Ml1) peaked at 0..99 whereas the RP

.reaeure JL(M) peaked at 1.7.

4.3 ControllerReduction

The design process: discussed in section 4.1 results in a controller with 48 states. The

number of states of the controller is dependent on the number of stat :,of the plant (13), the

80



uncertainty weights (7), the performance weights (6), and the rational functions fitted to the

D-scales (11). The 48 controller states thus result from the 26 states ofP (plant plus

weights) and the 22 states of the D and 0-1 scaling realizations. There is one scaling

realization for each of the seven uncertainty weights. The orders of the realizations of these

weights are 1, 3, 1, 1, 1~ 2, and 2 respectively, and the total order of these weighting

realizations make up the 11 D-scale states.

A 48 ~ te controller is unsuitable for implementation, as it would tie up too :nany

computing resources. There are a few options that can be followed wben a controller of

reduced order is required. The design plant model P can be reduced before the actual

controller design is done. Such a design would then yield a reduced order controller. The

other alternative is to use the full order design plant model in the controller design. The

resulting full order controller is then reduced after the design has been completed [71].

This approach will be followed here.

The order of the controller was reduced as much as possible without losing the

achieved level of robust performance. A model reduction routine, which calculates the

optimal Hankel norm approximation of a balanced controller realization [72], reduced

the 48 states of the controller to 13 (equal to the number of plant states) without a significant

change in the level of performance robustness achieved.

Singular value plots of the full and reduced order controller are shown in Figure 4.1.

The singular values of the reduced order controller are indicated with *'s. Two JJ. plots of

M (both upper and lower bound) are shown in Figure 4.2. In the one case 1\1 contains the
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48 state controller, and its It-plots are indicated by a solid and a dashed line. In the other

case M contains the 13 state controller, and its p..plots are indicated by ¢ts. The. controller

singular value plots show that the singular 'Valuesof the full and reduced order controllers

only differin the smallest two singular 'Values,particularly at low and higb frequencies. The

~-plots show that this difference has a slight influence on robust performance, particularly

in the low frequency region. Robust performance is however still acceptable.

L

10.5 , .. , 'i(j.4 I , • '·l'i)..3 ' J.'" 'i(fi'-. _._ .......~~__._ .................1~(VJ

!frequency (md/sec)

Figure 4.1: Full mid Reduced Order Controller Singular Value Plots
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The effect of the controller reduction is illustrated in the time-domain by a linear simulation

of the dosed-loop system as shown in Figure 4.3. This figure shows the response of the

system to a unit step in the LOAD setpoint. There are no visible differences in transient

responses of the PSE and LOAD. A slight but insignificant difference can be observed in

tile SLEV response. No difference can be observed when comparing the plant input

transients generated by the reduced and fun order controllers. The reduced order controller

is thus used in the analysis that follow.
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4.4 Performanceand RobustnessAnalysis

In this section, JL-analysis. as discussed in Section 2.2J i~applied to the closed-loop

system M. M is thus analyzed for nominal performance, robust stability, and robust

performance. Nominal stability is. guaranteed by the JL-synthesis methodology. Nominal

performance is achieved when the singular values of the transfer function between v and e

(M22) ate below unity for all frequencies, Robust stability is achieved when i" of the transfer

function between z and d (Ma), with respect to the block structure A of (2.26), has a peak

value below one for all frequencies. Robust performance is achieved when. the JL-versus-

frequency plot of M, with respect to the block structure in Figure 2.5, peaks below unity.

Figure 4.4 shows the plots of J.t{Fl(P,K)) (both upper and lower bound), as wen as

the f.£ plot of Mu for robust stability and the (j plot of M22 for nominal performance. The

controlled system achieves nominal performance and robust stability as indicated. Robust

performance is almost achieved, with the JL plot of M, with respect to the block structure in

Figure 2.5, peaking at a value of L038. This peak value is "(min that was achieved! after the

fourth DK iteration. The bounds on Jl(M) shown in Figure 4.1 and Figure 4.4, are slightly

higher than "{min found after the fourth DK iteration. This phenomenon was also encountered

by Lundstrom et al. [64] when using the J.t-Analysis and Synthesis Toolbox [54].
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4.4.2 Linear time simulations

I'-Analysis draws conclusions as to the worst-case performance for the entire sets of

input signals and perturbations at once. Figure 4.4 can thus be thought of as a summary of

linear simulations responses that result from all possible co.nh' -stions of input signals and

perturbations defined earlier. Of all these combinations, one ~ . combination (a LOAD

step change), and one perturbation combination will be higblighted to illustrate the

performance of the closed-loop system in the time-domain. A LOAD step change is chosen

to tes, wether the LOAD performance specification is met, The perturbation combination

86

"\''[

t
!
l
I
l
l

!
[

I
I
I

I
I



is chosen to illustrate the effect that practical events such as a fine feed ore, and the addition

of steel balls could have on the performance of the control system.

In the first simulation, the nominal closed-loop system (l.\ =0) is subjected to a unit

step change in the LOAD setpoint, and the resulting input and output responses are observed

in Figure 4.3. The LOAD performance specification is met as it settles in the required time

(3600 sec.), and.its steady-state error is less than 10%. This simulation shows that there is

some transient interaction between the LOAD and PSE loops. This interaction results from

the fact that the tL-controller was designed to be robust to significant plant uncertainties. If

the plant were to contain no uncertainties, then a controller could be designed to invert the

plant at all frequencies in the bandwidth of interest, which will result in perfect decoupling

with no interactioi, between the plant outputs. In practise this is never a viable option, as

uncertainties (and other plant characteristics such as non minimum phase zeros) put a

constraint on the degree of plant inversic n that can be achieved.

An attempt was made to simulate practical events that can result in plant parameter

changes such as those discussed in Chapter 3. The result of a size distribution change in the

MFS is considered. Such a change can result from changes in mining practice, segregation

in storage bins and stockpiles, and chute and feeder blockages [61]. These changes can be

long-term, as in the case of changes in mining practice, or short-term, as in tHe case of

segregation in storage bins.

":nthe case of the feed ore becoming fine, a shortage of grinding medium in the mill

will result, and the throughput of the milling circuit w:illdrop. A particle will then spend
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more time in the mill before it is small enough to leave the circuit in the cyclone overflow,

i.e., the. effective mean residence time of the mill will increase. Certain parameters in the

linear plant model which are depend, ..~on the mean residence time of the mill [73], i.e.,

the time constant t in g21 and gzs' and the gain k in g23' The uncertainty in these

parameters is represented by the weight w1 in the case of the time constants, and by the

weight W5 in the case of the gain.

A practical event that decreases the mill residence time, is the addition of steel balls

to the MFS. This will increase the rate of gri.rding and hence the milling circuit's

throughput, with a resulting decrease in the rntll residence time. The time constants in g21

and g23' and the gain in g~:3will thus decrease as a result.

Two linear simulations were conducted in which the time constant (r) uncertainty in

g21 and g23' and the. gain (k) uncertainty in g23 were alternately inoreased (fine MFS) and

d-creased (steel perturbation) by ~O% and 15% respectively. This represents t1t0 maximu,n

possible perturbations on these parameters, for which the J.1,-C1mtroller will guarantee robust

perforro-nce, as specified by the weights ViS and w.,. A unit step change in the LOAD

setpoi, It was made, and the resulting responses of the perturbed systems are shewn in

Figure 4.5, This figure shows that the J.1,-controlleris able to meet the performance

specifications in the face of the perturbations describe above.

The gain (k) uncertainty in g23 was subsequently increased to 65%, which is the

maximum uncertainty for this parameter, as indicated in (3.4). Table IV indicated (RS test)
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that for such a perturbation, RS is achieved, but that .RP can no longer be guaranteed.

Figure 4.6 shows two linear simulations for which the time C0I13tant (1) uncertainty in g21

and g23' and the gain (k) uncertainty in g23 were alternately increased (fine MFS) and

decreased (steel perturbation) by 40% anc165% respectively. As before, a unit step change

in the LOAD setpoint was made. This figure shows that the performance of the closed-loop

system deteriorates somewhat in tl-e "steel ...perturbation case", as the LOAD takes longer to

reach its setpoint, For this perturbation, the JL-conrroller performs reasonably well in the

face 01 sizeable parameter changes.

4.5 ConcludingRemarks

Figure 4.4 and the linear time simulations shown here do not reflect simulation

responses resulting from a realistic (non-linear) dynamic ROM simulator. Due to the

complexity of the dynamics of h ROM mill, such a simulator is unfortunately not available.

The real test for the JL-controllel' is its practical implementation, the results of which are

given in Chapter 5.
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CHAPTER 5

CONTROLLER iMPUEMENTAT~(]N

III this chapter an implementation of the It-controller on an industrial ROM milling

circuit is described. In Section 5.1 the platform on which the controller was implemented,

is discussed, In Section 5.2 plant results are presented. This section includes a disc:us,~:Ot1

of initial plant results which indicated that the p.-controller design needed to b ~modified,

This was followed by a set of plant identification tests which led to a redesign of the j.£w

controller. Results achieved with this final cortl'On~:r are also presented and discussed, In

Section 5.3 a general discussion of the implementation exercise is given.

5.1 Implementation Platform

The It-controller as designed in Chapter 4 was implemented on Mintek's first

generation experimental mulnvariable controller platform as described in [13]. This platform

consists of a 8 MHz XT PC running the multi-tasking operating system Concurrent CPIM

86 [74]. The control, user interface, and plant interface software are written in Analog

Devices' multi-tasking version of BASIC, called MACBASIC [75]. The plant interface

hardware consists of #MAC-400D rIo cards and anti-aliasing analog filters [76]. Every
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5 seconds the plant output measurements are compared to the setpoints, and the resulting

errors are processed by the Ju-controller. The control actions calculated by the J.t~controller

are then sent out to the plant via the interfacing hardware. Slave PI controllers for the SFW,

MFS, and CFF ensure that the control actions are implemented as requested by the J.t~

controller,

For the purposes of Hils thesis the existing Mintek platform was used with suitably

modified control algorithm software. The tL~controllerwas discretized in MATLAD using

a zero-order-hold approximation -with a sampling interval of 5 seconds. The resulting

discrete state-space description was then converted to a modal canonical representation

[77]. The control software was thus modified to implement a controller ofthis form.

5.2 Plant Tests and iResults

5.2.1 Initial plant test

An initial 4 hour test, shown in Figure 5.1, was conducted on the industrial ROM

milling circuit with the JL-controlle.ras designed in Chapter 4. This figure shows the plant

outputs PSE, LOAD, and SLBV, and the control actions SFW-~MFS, and CFF, with the

dotted lines indicating the setpoints" and the solid line the actual measurement. The JL-

controller was switched on for two periods; period 1 from 13:50 to 15~10, and period 2 from

15:25 to 17:20. During the first period the sump overflowed shortly after the controller was

swbched on, and manual corrective action had to be taken (the CFF slave controller was put
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onto LOCAL, and the CFF was increased from 450 m3/h to 650 m3lh in order to bring the

SLEV down). The sump overflowed a few more times during t'..lS first period, and large

PSE fluctuations occurred as a result of corrective action taken whenever this happened. It

was thus decided to switch off the f,L-controller and to allow 1he circuit settle for a short

while.

During the second period no manual corrective action was taken to keep the SLEV

away from extremes, Figure 5.1 shows that SLEV control was not satisfactl.,rily, as. the

SLBV was at or below the low limit of the sump level indicator for most of this. period.

Control of the LOAD was also not as desired, and it was observed that the MFS .was used

mainly to keep the PSE close to its setpoint, As the MFS is the control action with the most

influence on the LOAD, this would explain why the LOAD control was not adequate,

Some degree of PSE control was achieved during this second period. The f,L-

controller did a reasonable job of tracking a setpoint step change in the PSE from 75 to

80% <75fJ,mj which was made at about 16:25.
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This initial IJ.-controller test indicated that some form of PSE control was achieved,

but that the LOAD and SLEV control was inadequate. This test also indicated that the CFF

slave controller, and to a lesser degree the SFW slave controller, needed to be tuned more

to give a faster response, as they did not follow the setpoint requested by the IJ.-Gontroller

accurately.

The poor SLBV control suggests that the ratio of SFW to CFF which would keep .ne

SLEV constant, was not as the model predicted. This could be due to various factors: the

CFF slave controller is not tuned correctly and b therefore not responding adequately to !J.-

controller requests, i.e. the ratio of SFW to CFF requested by the .a-controller, was not

achieved by the physical plant; the SfW and CFF base levels are incorrect. The control of

the integrator SLEV is very sensitive to the base levels of the plant inputs SFWand CFF.

These base levels are obtained at the startup of the controller, and if they are incorrect

because of noise or unsteady plant operation, a large effective disturbance in introduced that

requires a large amount of proportional action to overcome;the uncertainty in the integral

constants of \lle SLEV/SFW (g31) and SLEV/CFF (g33) transfer functions was not taken into

account when the !J.-controller was designed.

The inadequate LOAD control suggests that some plant changes might have occurred,

as the MFS was responding more to PSE errors than to LOAD errors.

In the light of the discussions above, it was decided to re-tune the SFW and CFF

slave controllers, and to ~1~(ldo one set of plant identification tests in order to get an

indication of how much the plant has changed since the original identification tests were

96



done. These actions are discussed in the next section.

5.2.2 Plant identification tests

Simple Ziegler-Nichols tuning [78] was used to tune the SpW and CFF slave PI

controllers. After the tuning exercise the two slave controllers were considered to respond

adequately to their setpoints,

Identification tests were thee onducted, starting with steps in the SFW. During these

steps the SLEV was not controlled, and care had to be taken not to let the sump overflow

or IUn dry. The SFW steps are shown in Figure 5.2. A 90 minute base level was achieved

before the steps commenced, in order to accurately determine steady-state gains of transfer

functions with large time-constants, for e.g., LOAD/SFW. The MIW was kept constant

throughout these tests.

Figure 5.3 show CFF steps (16:30 to 20:00) followed by MFS steps (20:00 to 22:00).

These steps were conducted 'with the SLE V controlled by the SFW, and is the reason for the

SFW and CFF moving together in the same direction.

Standard ARX-type models (59] were fitted to the responses obtained from the step-

tests. These discrete-time models were then converted to continuous-time, to obtain a matrix

of transfer functions like that in Eqration (3.l). The relationships obtained from the SFW

steps, i.e., PSE/SFWand SLEV /SFW, were used to remove the effects of the SFW changes
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made during the CFF and.MFS steps.

The identification. exercise showed that the nominal values of most of the gains and

time-constants of the ROM circuit transfer functions, were th.e same .as before. Some

significant changes were however found. The integral constant for the transfer function

LOAD/MFS (g2?) was j times smaller than the one used in the ~-controller design. Also

the dead-time in the P5E/MFS (g12) transfer function had increased by a factor of 7. Some

minor changes (about 15%) were observed in the integral constants of the SLEV/SFW and

SLEV/CFF. In. addition no simple relationship, such as g21 and gZ3 in Chapter 3. could be

found for the LOAD/SFW and LOAD/CFF transfer functions.

It is important to note that these identification tests are not comprehensive enough to

accurately identify minor changes in the nominal model, and serve only to indicate where

major changes have occurred. Usually at least three sets of identification tests are required

to obtain a model that is adequate for controller design. Thus the minor changes observed

in the sump integral constants do not warrant nominal model changes, but do indicate that

these transfer functions have some uncertainty associated with them. Such uncertainty was

not taken into account in tt.e original wcolltroller design, which might be one of the reasons

for the inadequate SLEV control.
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The change in the dead-time of gI2 (pSE/MFS) is due to a change of particle-size

measuring instrument, The original identification tests were done using a ultrasound. based

particle-size estimator [g]~whereas a derived-measurement based PSE is now in use. The

new PSE uses amongst ather sig-,als the cyclone feed .lensity (Cf1D) to estimate product-size

[79]. The new dead-time that was found for g12 is of the same order as that of the dead-

time found for the original CFD/MFS transfer function plus the dead-time of the PSE

instrument. The large change in the LOAD/MFS integration constant: is probably due to

calibration changes made to the LOAD measuring instrument by plant personnel after the

original identification tests were done. This calibration change, together ~·ith the change in

dead-time of the PSE/MFS transfer fbT~tirl'l, "

the .a-controller's ability to control the LC

.~rlainly have a detrimental effect on

The ;.t-controiler was redesigned to take toe UI.._".

discussed in the next section,

/' S into consideration, as

5.2.3 j.L-Controllerredesign and subsequent plant test

The redesign of the ;.t-controller which incorporates the changes discussed in the

previous section, is described in Appendix A. The resulting plant test, which lasted for

about 2 hours, is shown in Figure 5.4. T'iis test shows that control of PSE and LOAD has

improved considerably compared to the initial test described in Section 5.2.1. SLEV control

was however still problematic. Good PSE and LOAD regulation was achieved from the time
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that the controller was switched on at 13:40 .until the PSE setpo: Ilt change at. 15:10. In fact

the PSE control shown here compares favourably with what has been achieved with other

synthesis methods such as INA [13].

The setpoint change in the PSE from 78 to 83% <75J.Lm resulted in the sump

overflowing at 15:40. The PSE setpoint was reduced from 83 to 80% <75JI.m to try and

bring the S1,EY down (tiJ~ reasoning for this is given in the next paragraph). Bventually

manual corrective action (reduction in SFW and increase in CFF) had to be taken to bring

the SLEV down, and the test was aborted.

The reason for the sump overflowmg is the following: When the PSE is below

setpoint more SFW is added to bring the PSE to its setpoint t\.t the same time the J.L-

controller requests an increase in CFF to prevent the SLEV from rising. The SFW' slave

controller responds faster than the CFF slave controller to requests from the J.L-contmller.

The CFF thus does not increase fast enough to compensate for the additional water that ;;;

added to the sump, i.e., the flow rate of water and slurry going into the sump is higher than

the flowrate of slurry that is pumped to the cyclone, which results in the SLEV rising. If

this situation continues for an extended period of time, the sump eventually overflows.

The reverse situation also occurs, When the PSB is below setpoint, the SFW is

reduced without a corresponding drop in the CFF. The pump thus keeps on pumping fast

whilst the SFW is decreased, which results in the SLEV going down. This phenomenon

occurred at 14:35 during the run shown Figure 5.4.
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The poor SLEV control suggests that the physical plant goes out of the bounds

described by the milling circuit model that was used for the It"controller design. The

assumption was made that the actuator dynamics were fast enough to be neglected in the

controller design. This assumption is not valid as the physical SLEV/CFF transfer function,

which includes the dynamics of the CFP slave controller, falls outside the parameter bounds

determined for this transfer function in the milling circuit model.

A way of reducing the SLHV error would thus be to include the SFW and CPF slave

controller dynamics in the nominal milling model, but the slave controllers are tuned tightly

to avoid having to do this in the first place! The slave controllers' PI setting are changed

regularly by plant personnel (not always for the better), which make it questionable wether

the inclusion of their dynamics in the milling model will prevent the sump form overflowing

or running dry in the medium to longer term.

The problem is however that the SLEV acts as an integrator, so any error will he

integratec until the offset produced is large enough to build up sufficient control action. This

offset will be large if the gain is small, and could perhaps become unbounded if the

controller does not have the degree of freedom to correct an assumed ratio required of the

SFW and CPF. The use of integral action is a possible solution to this problem.

The It"controllers' performance will not be evaluated here against the PSE, LuAD,

and SLEV error weights, as the S1."BVcontrol problem prevented significant setpoint changes

from being made in the plant outputs.
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5.3 Concluding Remarks

The plant test shown in Figure 5.4 .ndicates that the IJ.-controller could be made to

work on an industrial ROM milling circuit, provided that the SLEV control problem can be

overcome. A possible solution to this problem is to include the dynamics of the SFW and

CFF slave controllers in the nominal milling model. It is however alarming that tile ,v.-

controller is so sensitive to the PI settings of the SFW and CFF slave controllers. This

sensitivity can fortunately be explained, and requires careful handling in applications.

The J.L-controller in its current form is unable to deal with the problem of instrument

calibration changes such as the one observed in the LOAD measuring instrument. Because

calibration changes happen frequently on industrial milling circuits (although not usually as

large as the LOAD eahbration change), it is essential for a controller to deal with such

changes.

Some form of integral action is required to eliminate steady-state errors caused by

calibration errors, such as malting the value A in the error weighting function very small.

However the smalle- A gets, the more difficult it is to achieve robust performance. The

existing model will also have to be expanded to describe all observed input-output behaviours

of the milling circuit. In addition, safety jacket structures to deal with, for example, control

action saturation, will have to be built around the It-controller to make it rugged enough for

industrial use. It is beyond the scope of this thesis to develop the J.L-controller into a

ruggedized fun-blown practical industrial controller, and the matter will thus not be pursued

any further.
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CHAPTER 6

CONClUS~ONS AND BECOMM!ENIDATiONS

This chapter gives a brief summary of the most important results of the research. The

study is assessed and the significance and limitations of the work are discussed. Finally

some suggestions are made for possible future research.

6.1 Assessment of Study

The significance of the study reported in this thesis is that, for the first time, it has

been shown that the ROM mill control problem can be formalize i n terms of the general

synthesis and analysis framework. Motivation for this approach based on practical

considerations, has been provided. Another ke~, ,...,~atribution of this WOI. that the resulting

IJ.-controller was tested on a real industrial ROM milling circuit. It showed promising

performance and confirmed the feasibility of the proposed approach. Such practical tests

constitute a large leap from computer simulations studies; and are considered essential in

evaluating a controller's applicability for industrial implementation t.,

The work described in this thesis can be divided into three sections: casting the ROM
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milling control problem in a general synthesls and analysis framework, synthesis and

analysis of the M~controller, and the practical implementation of the controller on an

industrial ROM milling circuit.

The M-methodology was applied toa ROM milling circuit model with physically

motivated performance specifications. The resulting controller was implemented on an

industrial milling circuit. Plant tests showed that good PSE and LOAD regulation can be

achieved .with the JL-controUer, but that SLEV control is inadequate. The reasons for the

poor SLEV control are analyzed in Chapter 5, .and suggestions are made as to how they

could be overcome. The JL-controller's performance is not evaluated against the PSE,

LOAD, and SLEV error weights, as the SLEV control problem prevented. significant setpoint

changes from being made in the plant outputs.

The promising initial results indicate that with enough effort, the JL-controller could

be made to work on all industrial milling circuit. An interesting question is whether the

effort in establishing a u-controller on an industrial ROM milling circuit is justified. From

a commercial point of view the answer to this question is probably "no", for the following

reasons: Existing controller design methods such as INA, can with just a nominal plant

model and some on..line tuning achieve adequate control of an ROM milling circuit. The J1,"

methodology requires significantly more modelling input to quantify the uncertainry. It is

considered unlikely that in practice even a major modelling effort would result in a model

which can describe all the observed input-output behaviours of a ROM milling circuit. 011~

line tuning will therefore still be required to achieve good control.
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This is certainly not an attempt to detract from' the tt-theory. The ~-theory is

considered to be very powerful, but it makes no statement about the performance or stability

of the actual physical system. It needs to be supplied with the right information, and this is

where the problem arises. The uncertainty description of the milling circuit that is used in

this thesis, was derived from over a hundred models that were fiFti.~~oindividual responses

of experimental runs. It is somewhat alarming that even such a significant modelling effort

is not sufficient to enable the J.L-controller to perform as designed (admittedly, the ",..

controller would have perforn . r1 betterif the CFF slave controller's dynamics were included

in the nominal milling model). The other disturbing factor regarding the tt-controller is its

sensitivity to instrument c ,.'ration changes and its inability to deal with ever-changing slave

controller PI settings. Some form of integral action is required to eliminate steady-state

errors caused by calibration changes, such as making the value A in the error weighting

function very small. However the smaller A gets, the more difficult it is to achieve robust

performance.

In defence of the J.I.-controllerit must also be said that the plant tests were limited.

The u-controller should ideally be evaluated over a period of weeks and months. Also the

tracking ability of this controller should!be evaluated further, and based on long-term tests,

the applicability of the performance specifications and the uncertainty weights should be

determined. Such extensive tests arc however beyond the scope of this thesis.

The results presented in this thesis confirm that the strength of the Jj-methodology lies

in analysis and not synthesis. Its analysis power is demonstrated by the fact that one can

determine the effect of model parameter variations and different performance specifications
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all at once. It-Analysis could thus be used to analyze for example, the sensitivity. of an INA

controller to different plant parameter variations. Such a process might indicate that more

emphasis should be placed on identifying certain transfer functions, I.e., it might tum out

that It is not necessary from a robustness point of view to accurately determine the

LOAD/SFW transfer function. On the other hand, the controller might be very sensitive to

changes in the parameters of another transfer function such as the PSE/SFW transfer

function. Such an analysis study could be very useful in saving time in establishing a model

for controller design. It could also suggest improvements to mechanistic milling models that

are currently employed.

6.2 Suggestions for Future Research

As stated in the previous section, the It-theory is considered to be very powerful, but

it needs to be supplied with the right information. This clearly indicates that effort should

be put into developing identification methods that can accurately determine not only nominal

MIMO models, but their associated uncertainty descriptions as well. Some progress has

already been made in this regard and the JUlY 1992 issue of the IEEE Transactions on

Automatic Control was dedicated to this topic. in this issue Smith and Doyle [80] make

a connection between robust control and identification, and give a necessary condition for a

model to be able to describe ail observed input-output behaviours of a system.

The identification problem can of course also be approached froi. a mechanistic

modelling point of view, and efforts should continue to gain f\ damental knowledge of the
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processes that occur in a ROM milling circuit.

More plant tests should be conducted with the It-controller, and the relevance of the

uncertainty description and the performance specifications should be evaluated. Methods

which Incorporate soma form of on-line tuning in the p,-methodology should also be

investigated, as this could have a considerable impact on the amount of identification effort

required,

As stated several times in this thesis) large disturbances enter the milling circuit via

the ROM feed. Instrumentation should thus be developed to provide a reliable measurement

of such disturbances, .and plant tests should be performed to determine what should be done

with such a measurement once it is available. Some progress has already been made in this

regard vsing vision-based systems to estimate rock-size on a mill feed belt [81]. It is

possible that such a measurement could be linked in a feed-forward manner to the MIW such

that the rheology inside the mill is optimized for good grinding,
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A APPEN1)lXA

This appendix describes the redesign. of the p,-controller. It includes a description of

the weights used in the design, JL~synthesisand analysis results, C4.;d a state-space description

of the reduced order J.H~ot1ttoller.

A.I Uncertainty" Performance and Control Weight:!

For this design the LOAD/SFW (g2D and LOAD/epp (g23) transfer functions were

omitted, and 15% integral constant uncertainty was added to the transfer functions ofthe

SLEV/SFW (g31) and SLEV/CFF (g33)' The nominal integral constant for the LOAD/MFS

transfer function (g2V was decreased by a factor of 5, and t~ledead-time associated with the

PSE/MFS transfer fun/ jon was increased by a factor of 7. Five uncertainty weights were

used .i.e., w1' w3, w4' w5' and w6' These weights are as shown in equations (3.15) to

(3.17), with one exception; 6.lb was made 118 to accommodate the fact that control action is

taken every 5 seconds.

The "new" nominal plant with uncertainty description is shown in Figure A.1.
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Some changes were also made to the PSE error weight. The value A in the PSE error

weight (see (3.19» was increased to 0.1 from 0.05, to make it the same as that of the LOAL-

error weight. This was done because the LOAD is controlled over a range of 10%, whereas

PSE control is done over a range of 20%. The change in PSE error weight thus amounts

to output scaling which takes the range of control of a particular variable ir,t0 account, 'l11e

LOAD and SLEV error weights were left as is.

The MFS control weight was changed to scale this input to be in the same units as

the SFW and CFF, i.e., tn3/h instead of t/h, The control weights were also scaled to

incorporate the ranges over which the control actions operate, i.e., SFW + 125 m3/h, MFS

± 80 t/h, and CFF ± 125 m'l/h. The bandwidth of the control weight was also changes to

accommodate the fact that control action is taken ever ...conds, The new control weight

Wu is given as,

as + 0.005,
8s + 1 J (A. 1)

8s +( 80 )0.1,)05
125 * 2.7

as + 1Wu9 =

where 2.7 is the density of the ore in tlm3.

A.2 IL-Synthesis and Analysis Results

Robust performance was achieved after 2 DK iterations with IIM22IIco< 1.0,
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~J.l.(Mll) llco<0.3, and 8.u(M)D"" < 1..02. Figure A.2 shows the plots of J.l.(Fl(P ,K) (both

upper and lower u,ound), as well as the J.t plot of M11 for robust stability and the (i I,lot of

MZ2 for nominal performance. 'lite controlled system achieves nominal performan, e and

robust stability as inl1icatOO. Robust performance is almost achieved, with we It plot otM,
.

with respect to the block structure in Figure 2.5, peaking at a value of ll.02.

r 1.2 '__""'-ri T"il .r-r'TJh'lTh ---11-· "T,-r"T"".~'-~""I'."': ·'Y'"'i ··-r-,n'V"\,,,,fmti-"I""G .' .11 . 4' .-" ITi

1~~--~--------
. Nominal Pcrf<>nnance---......_J ."\

\
0.8
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0.4 Robust Stability
_" --- ....._ ..__ .......... _-_._- ....'--- ...-_ ..'--_._-

0.2

Ol.",....... .......... ...L.;\...u.. • ....., ....&, ~ .. 1.A.A..Lt" I. n •• ,J....I..U__",t_,;""L....a.....a...u. .....''''-:--'-- ....' ....1 ......'''''''''7''t----..t._...__
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A.3 State-Space Description. of the Reduced Order jIL-Cootroller

The J,J.-synthesisprocess resulted in a 32~state controller which was reduced to 12

states without losing the achieved level of robust performance. The 12 state controller was

then converted to a discrete-time modal canonical state-space description as before. The

discrete-time state-space description is shown below in the form,

x[k+1] = Q)x[k] + fe[k]

u[k] ~ C.x[k] + De[k]

with iii being a 12 x 12 matrix having only diagonal, upper and lower diagonal terms. The

12 diagonal terms arc,

diag(q;)=

[8.7882262E-Ol, 9.516,:)161E-Ol, 9.5169161E-Ol, 9.6512643E-Ol,
9. 850811 OE-O1, 9. 850!:l11OE-O1, 9.9565959E-01. 9.9637024E-01,
9.9944382E-Ol, 9.9926251E-OI, 9.9972235E-Ol. 9.9!:t99480E-Ol]

snd the 11 upper diagonal terms are,

upperdiz g( iii) =

[O.OOOOOOOE+OO,2.5355977E-02. O.(JOOOGOOE+OO,.o.oOOOOOOE+OO,
1.7558486E-0' , O.oOOOOOOE+OO, o.OOOOOOOlHOO, O.OOOOfJOOE+OO,
O.OO(JOOOOE+OO,O.OOOOOOOE+OO,o.OooOOOOE+OO]

The lower diagonal terms are given by,

lowerdiag( q;) = - upperdiag( q;)

The 12 x 3 r matrix is,

1.3514808E-D2,
-2.226336IE+00,
-9. 0769077E-0 1,
-9. 3704678B-0".,

-1.8039928B+00,
-2.4041768E-01,
6.5452338E-Ol,
9.0210162B-03,

-1.4957170E-02
1.3115054B-Ol
1.054479IE-Ol
2.2811913E-01
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2.8568221E-02.
-1.:1480505E~01,
-1.3158877E-Ol.
1.703153lE"()1,
-7. 1590220E-01,
5.9939681E..(I3.
-5.5693239E-04,
1.1245586E-02"

1.0412695E+01,
9.6627428E-02.
-1.1018330E+00,
-1.7603067E-01,
1.8296749E"()4,
-2.0899848E-03.
-2. 1993800E-01,
3.8110481E-04.

8.29679058·03
3.7855838E-03
-%.821392913-03
·1.1298962E-03
-7.8894JS2E-03
2.9616990E-02
..2.0508974E-04
9. 81{J7825E-05

The 3 x 12 C matrix is given in terms of its 3 rows by,

rowl = [2.0222076E-02.-L,'780731E-D2, 1.1005257E-Ol.~1.9108652E-02.-2.634721IE-02,8.1034s!S7E-02.
-1.4031186E-01,-2.&I.271139E-02,-1.1084911E-Ol,-5.9793329E-03,3.5177271E"{)2,.1.7268Jl6SE-03]

row2 = [2.6235928E-Ol,-7. 7883441£-04,.-5.5422270£-03, 1.67908'/9E-02, 6.7862203£-02,-8.9941153£-03
5.0931)728E..Q2,-2. 8873772E..Q2,-2.1894306£..Q3. -1.5673703E-03,3 .0859721£-02, 6.2733011E-06]

IOw3 = fl.~!72307E"()2d.0363255E..Q2. 9.3339339E-02,-6.6604147£-02,-2.2227933E-02, 6.9009148E..Q2
-1.1871'Y 4E-Ol.-2.526282ZE-02,-9.3767794E-02,2.2468u81E-03, 2.9149230E-02,-1.4600085E-03]

The 3 x·~· ~i:rixis give» by,

1.18~~~95E-02t 9.6938847E-04, ~7.5106805E-03
-S.5768567E-03, 4.5774427E-04. 3.5465358E-03
4.4590287E-03, 3.6599377E-04, -2.8356664E-03
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