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CHAPTER 1

INTRODUCTION

1.1.1 Motivation and background

In the mineral processing industry, milling is normally the first stage of a
metaliurgical extraction process. Milling is not only the most expensive unit operation of
such a process, but the quality of the miiling circuit product is crucial to the ability of the
downstream processes to separate the valuable material from the gangue. Improving milling
efficiency couid 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 and 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.



Peedback control systems thus play an ixﬁpoztant -Tole iﬁ th_e:nperaﬁon 'of ‘a milling _ |
circuit.  For example, large economic benefits can be obtained by reducing '-ﬂp&tuatibns_ in -
importan. plant véﬂablem; and feedback can be used td reject disturbances ﬁ_v_hich_ cause these
process ' fluctuations m. ‘A conicol system“can. also provide a basis for proc&ss
optih:izatidh, so that resonrces can be utilized in an optimum manner.'- The plant can be
open-loop vastable, in which case feedbaék can be utﬂ1zed to provide stability, HﬂWéver, _ |
one of the most important factors which hampers the implémen_faﬁon of fe_edbé;ik cbmmi and
cptimization .séhemes on milling plants, is ‘the uncertain nature o_f the undérlyiﬁg
metaﬂurglcal proce. ... |

~ In order to synthesize a cnntrdller 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 thi'S 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 uncertaiaty description
must be mathematically tractable, in order to fit into the controller synthesis and analysis

framework,

Given a plant mode! 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 modern controller synthesis methods. A possible



controller design approach is then to use. smtable aualyms mols to detcrmme whether 01’ net )

the plant-cnntrollex combmatzon is robust (m terms of stabmty and performance}, to theplant : ._ -

uneertamty ‘Thus the analysis. test teﬂs the demgner if the controﬂer is able to stabﬂzze, the_ -

plant, and dehver the mqu:red performance, in the presence of the plant uncertamty

Mamtalmng closed—loop stabality and performance in the presenee of uncerta:mty has E |

been the dnvmg force behmd the development of control theory for most of the twenhcth. o

century (e.g., [2]- and [3)). The concepts of gain and_ phase margm were dev_elopeu by'. '
clagsical designers 10 quanufy stability robustness for single-inpui-single-output (SISO)
systems. More recentlv. criteria have been proposed for multi-input-multi-output (M]MO)
| systems in which closea-100p ébabi]ity is maintained in the presence of a single uns&uctﬁr‘ed
norm-bounded uncertainty. ¥hese criteria were formulated in terms of a singular value
frequen(:y-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. Svch structured uncestainty can arise from multiple uustructured
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]. Numierous :attempis
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 cuntroller synthesis and analysis problem in a format framework,
and wiil be elaborated upon later in this thesis. (ROM milling is antogenous or seini-
autogenous (SAG) milling of ore that has not been sized or crushed, except perhaps in regard
to very large rocks.)



Mﬂlmg c:rcu:ts used in:the mmeral procesmng mdustry, grind ore to a ﬁne produ;:t = S

and the quality of this product determmes the abdlty of the down-stream ;n'ocesses to extract' S

the mammum nossxble baneﬁt fmm the pmssed ore. A milling cmcmt m thns be sald w | _

' operate in an opmmzed mannf,-r when itis producmg & h:gh—quahty product &t the max:mum o

. poss:blﬁ rate and aﬁx:zency, Producmg a hlgh-qualxty product :mphes that some furm o, £ ”

'pmducbsme. oontrol is reqmred whereas mannuzmg the. Iate at whlch tlns pmduct is

pror.’mced req.ures a form of gnndmg medxa control

A ﬁrststep faWard th_e optimization of a milling crrcultwas the mtmducuon ofan o
mstrunieht to cohtiﬁuou#ly measure the quahty of the mﬁlmgmcmt product nnaliné. . 'I‘lns _
was made possible by the development of an vitrasound-based particie-size estimanﬁr (PSE)
in the 1970's [8]. The next steﬁ in acfuevmg optimized milling-circuit Qpetationjwas._the _
control of the._miuingwircuit product, utilizing the measurements provided by a PSE. Milhn g. E
circuits are inherently multivariable due to the highly nteractive natire of the process
dynamics, and multiveriable controller design techniques have to be applied to effectively
control the product size o a setpoint. Various successful attempts were made during the
early 1980’s at product-size control for conventionﬂ milling circuits_ ([91,110D). 'I‘he.ée |
muitivariable 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 fhan prodoct-size
control (e.g. [12]). Product-size control of ROM milfing circuits is more difficult than

for conventional milling since the main grinding medium and the feed rate of the ore to the



nuﬂarenotmdependent DuetotheROMnawmofth&feed mateﬁai, thmlsalsovery" R

htﬂaorno oontrol over thes:zeand hardnessofthe gnndmg memum Thlsresﬂts m._ SR

mgmﬁcant uncontrolled dxsturbances entering the circmt Hnlbert et al. [13] shewed that o

pmducb—s;ze control of an mdusmal RGM milling cmnnt 1s poss:ble._ For th:s o

| mplementatmn the inverse Nyquist array (INA) metlmd [14] was used t0 des:gn a M:[l\i.fo__ :

_ oontroller for the nn]lmg czrcmt.

Iu the hands of an expeneneed control engmeer who has a good undm'standmg of the .

process to be ountrolled the INA- synthesw method {and other MIMO synﬂlesm techmques -

derived from class:cal methods, for eg., [151 and [16]) can result in useful o

emtrollers for MIMO systems. - Considerable skiil, mtumon, and effort is however required

on the part of the demgner when using synthesis methods rhat are currently apphed to ROM |
mﬂlmg circuits, as they do not accommodate performance specxﬁcauons or the. sngmﬁcant
model uncertainties that are present in ROM models in a rigorous matner. Great care has
to be taken to ensure that the resulting closed-foop system is robusf to model un-  .inties,

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

Considerable time is required, usicg current metheds, to establish a control sysiem
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 be very

expensive.

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

analysis technique for ROM milling circuit controllers. Such a techrique should address the



weaknesses of methodologies that are currently applied to ROM milling circuits, .., &t
should - | | .

- -deaimﬂlmodeluncertamnesmafonnalmmner S
~ dea! w1th pari‘ormance Speclﬁcatlons ina formal manner
L promde necmsaty and sufﬁc:ent conditms for mbnst stahihty and perfonnanoe

e formanze the intuitive daalgn decisions of the expenenced oontml engmeer '

A formal ROM milling controller synthesis and analysis framework that address the
issues msed abové could mduce tﬁe time and skill required, and thus also the cost, to |
establish.a controller on an indﬁsfn’ai ROM.mi]Iinfg_ circuit, It would thus maice 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 thesig

The main contributions made in this thesis are as follows: for the first time, the
ROM milling circuit control problem is formalized in terms of a general synthesis and
analysis framework, and a p-controlter 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



wable methcd 15 praposed for abtammg a mﬂimg c:mmt uncemamty deScnpuon ﬁ‘um plant. - _ o

perl:urbahon tests Correlauons of plant parameter unce:tamties are discussed sogether mth R

. the 10catlon of unoertamty welghts mﬂm the plant m flllmtl on mamx stmcm

| Spe:mﬁc attentmu is given to motrvauag the choxce of uncertamty and performance welghts '_ | .; N

ﬁ:om a pracucal pomt of wew. ‘I’he chome of perfmmance we;ghung functums is dxscussed e .

o with mgard m the. econonuc and process-related mponance of wch plant output, and 1ssues'__ - L

- of 1mplexnentahcn such a8 tbe samplmg rate ﬁo he used

An approach for appl;ung the p—memodology to the resulung ﬁmte.-dunenmonal and L

'hnear-ume-mvanant (FDI:T‘I} model of ar: m&usmal ROM n‘u[lmg c:rcmt 1s dmnonstrated » R

Given the plant model 2 mod el uncertamty descnptmn, and pexformance spemﬁmans,
p-methodology results in a closed-loop sysﬁem that is guaranﬁeed to aclueve nommal stabmty
and performance and stability and performance robustress wzth respect to the model '

uncertamty* The order of thls controller s reduced to make it smtahle for amplementatmn S

: Expanmental lmplementanon of the resulting. u-controllﬁ on an mdustnal ROM...
mﬂﬁng circuit is discussed, The results show that such a oontmllea' could be made to work
on an industrial plant. Practical pro_biems encountered dunng tests are analyzed, an_d reasms ;
are given as 1o why the hehaviour of the physical syste.m differs form that-qw m

computer simulations.



Th:s thams is organmed mto s:x Lhapters In the remalnder of the. first chapber-_-* "

premous wox:k ﬁone in the area af miE 1g r:omrol and robust oontrol mrevmwed

Chapter 2 pmmdes the theoreucai background reqmred for the rest of me; thems. The'_ E SETE

- | muctL!red smgular value s mtmdueed and a formal structm'e for oontrollar synthes;s and_' - SR

o analysxs is estabhshed

The ROM mﬂlmg clrcuit under conszderaﬁon 15 descnbeﬁ in Chapter 3. It is in thls o N

cha;ﬁer together mt‘n Chaptc; Sin whlch the. main contubutmu't of th:s thes:s can be fomui. o

_ The objecnves of xmllmg contml are d:scussed, and the plam model mth its- uncertamty-

description are gzven The: selectmn of uncertainty wmghts and p@rformanoe speclﬁcaﬂons o

are motivated from a pracllcal_.pcmt n_f view. .}?ma}ly,_ the_ ROM milling circuit mode} with

its uncertamty description is put into a general synthesis a-_nd analysis framework.

’I'he ROM mﬂhng circuit controlier synmesxs and analysis is done in Chaptaer 4 In
this chapter the j-synthesis and analysm procedure is applled to the mxIlmg cu‘cult Wlﬂl its
unoertamty and performance weights as established in Chapter 3, *Veight i lteratlons are do_ne
in order to mees the performance rohustnéss requirement. The order of the centroller that " | |
results from the p-synthesis process is reduced to ease 1tspractwal mplementaﬁon The i
reduced order controller is analyzed for robustness using. u—analysis._ and hnear time

simulations, -



Chapt 5 d&scnbﬁ the practical lmplamentatmn of the p-mntroller on an mdustnaf .
ROM m:llmg c:rcmt. The platform on w}uch the rontroller was :mplementzd is dlscussed.'

to be modified. One set of plant identification tests, which led to_a,.redeéi_gn of the p- =

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

_- C@élﬁsﬁﬁﬁs énd réﬁ:ommendatiuns_ are given iﬁ Chapter 6. In ﬂmchamerasummary |
of the most unportant results of this thesis i.s-.given_. An assessment of the study' is do,ne_}.
whefc the significance and liniitaﬁoﬁs of the work are discussed, Firia]ly some suggé.sﬁons |
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 in the
literature concentrate their efforts mainly on grinding media control. These methods are
essentially based upon adjusting the mill feed-rate (and possibly composition) in order to
achieve a certain power draw from the mill motor. ook and 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-secking controller which maximizes power by



utilizing the addition of water and pebbles to pe'sme.mms-- They state that t]‘ﬁ's."s&a; ategy

optir.iizes the pebble load and butk density of the foad so that the il Bpei'ates at mamxm:m e o

efﬁmmcy Herbst: et al. E20] use Kalman filtering techmques to eshmate certam mﬂhng_ ; B

parameters on—lme, from wiuch the feed-rahe necessary to achieve a- demred power dra,w is - “

determmed “Mular {217 reports on an attempt 13 the control product saze of & SAG___

mhlmg circuit usmg single variable techmques, but it appears that these efforts have been _- _' o

a_bandoned.. -

Hu]bert[l]reports onthe state of the art in milling control. He states that the 'mést.
appropriate control strategies for milling are those that not only stabilize the mlllmg process, -
but are also aimed at optimizing the economics of the plant as a whole. This dauuﬁng task
is perhaps best approached by defining a series of sub-objectives which are comytible with
the overall aim of optimizing the plant’s economic performance. The particle size of the
product of a milling .ciwuit and the throughput of solids are of majof importance when
specifying sub-objectives. This is because these two variables are closely related to the
quality of the product, and the efficiency of operatiou. Towards this emi,--Hulbcrt et al. [13]
ploneered the control of product particle-size for ROM milling in 1987. The occess
dynamics were found fo 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). Efforis were also made to extend the range over which particle- sizé can be
controlled, For this purpose the inlet water feed to the mill was used as an additional
"steady-state” control action, and a hydrocyclone underflow ungle meter was used to extend

the range of the feed flow to the cyclone [23}.
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Milling cireuit models, and ROM models in particular, generany contsi'n si'gniﬁcant Lo

uncertainties which comphcate the controiler synthes;s process. Vanous attempts hava been B

made to address this problem by using ml—ume recursive filters to estimate uncertain Plan:; o

paxamebers.. ({241, [?.5]) More recently, Metzner and MacLaod [26] mvesﬁga,teﬂ- _

the apphcatlon of multwanable adaptive control to ROM milling, in order to accommudatez -

the ume-varymg nature of a ROM mjll’s dynam;cs. _

1.2:2° Robust linear controi

| 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 oommuhity with thousands of papers having
heen published on the subject of robust contiol (e.g. [27] and [28] and the references
cited ﬂlereiﬁ). Two types of mode’ uncertainties are usually singled out, i.e., parametric or
structured uncertainty, and ¢ namic 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] arjued 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 develed the so-called quantitative feedback theory (QFT)
which utilizes templates that represent, at a particular trequency, the gain and phase changes
associated with parameter variations as a region on a Nichols chart (see [29] and B

references cited therein). From these templates a loop-transfer function is derived via

11



graphical -*?-éhniqtie's - This procedufé has been shown to provide closed-loop stablhty ad

specified performanoe over the poss:ble range uf parameters Although SISQ QFI‘ seem.v. E )

~to be areasunable synthesxs method it would appear that QFT cannot be eamly gmera]med | S

to the MIMO case in order for it to be a practlcal MIMO demgn fool [30]

Iaughhn et a! [31] pguposad a SISO mntrailer des:gn techmque that can be |

| apphed oa pmcess descnbed bya transfer funcuon with real parameter vananons All the' '_ .

' possible vananons of the transfer function are pictured as model uncertamty yegions of the I

. oo_mplex plane. ‘The internal model control (IMC) me;thqd_[fi?‘ 15 then us_ad. to map the
uncertamty 'reg’i(.ms 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 t_hé
MIMC) loop-transfer function métrix.can- be influenced by a commeoen source of .uncerta.inty.
This method is impractical for MIMO @mﬁm design bucause arbm*ary conselvati_veness

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

fact correlated.

Robustness measures such as the MIMO stability margin [33] and the structured
singular value [} have been proposed to deal with both parametric and unstructured
uncertainty. These measures can potentially be conservative in the case of real parameiric
uncertainfy, as real parameters are essentially replaced with complex ones when they are
calculated,

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

parametric and unstructured uncertainties. Wei and Yedavalli [34] propose a method for

12



the. robust stahlhzahon of minimum phase SISO plants havmg both parameﬁlc and- o
unstrucmred unccrtamty . Hollot ex al. 133} ‘use Khantonov—hke resnlts 1o ‘treat
patametric nncertainty and unmodeled hlgh frequency dynamics for SISO sy_sbcms ina umﬁed o
framework, Khaﬁtonov’é- theorem provides a necessary and sufficient con.diﬁon fbr thé K |
stability of a polynonua! whose coeff' clents vary mdependenﬂy in given. bounded mtervais -
One only needs to check the stablity of four vertex polynomials to guarantee the stalnhty of
_tlae ent:re famﬂy The results of this theorem have generated mgmﬁcant interest in the
cmu‘ol oommumty since it was introduced to the Western hteratureby Barmlsh in 1982 (see 36 |
_and the references cited therein). ‘Fan er al. [37} compute. the structured singular yalue '

it the case of mixed real parametric and complex uncertainty fdr MIMO systems. Sdnches
Pefia and Sideris [38] propose a stability and performance anslysis meﬁnod-l.which
determines the robustness of a MIMOQ system with possible related real uncertain parameters
and structured complex uncertainty. These efforts discussed above mainly address the
analysis of control systems uncertain systems, and shouid be encouraged as they broaden the
type of uncertainty struciure that can be addressed. Howsver, 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 controilers 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 modsl 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 wonld appear that
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a theory which provides general robust stability and performance guarantess in an adaptive - f_ o

contro} context, is still a long way off, o

Fof the timj_e'ﬁeing, the n’-me,thqdol_ogy-;-devélop_ed i:y Doyie (51, t&]_, {4_1_}_, and
[42]) aﬁpéars ‘to°be the mdgt:.pror'nisin{g' é_p proach fo the controller Synthesxs andanalysxs L
problem for application to a RO’M milling circuit. Several application studies, in which this =~
methodolon was used, have been reported. in the hteramte Doy-_lé -er_ai. [43] designed |
a l.ateral axis flight control system for a space shuttle during reeniry. Smith et ol [44]
apply u-synthesis fo a.laﬁ Jratory sc.le two-tank control problem, and experirneﬁtaﬂy compare
the resulting p-controh * o a loop shaping controller. Skogestad et al. [45] designad
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 techuniques, Steinbach et al. '[46] apply u-analysis to a five degrec.s

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

A technigue currently available to solve the u-synthesis problem is referred to as DK
iteration [42). This technique exploits the fact that the structured singular value isa 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 X and a diagonal scaling mairix D such that
the H_-norm of the scaled closed-loop transfer function is less than or equal to unity

the condition for robust performance is satisfied). This is accomplished by alternately

14



tmmmmng the scalod closod~loop ttansfor functmn Wlth respect to mﬂler K or D wlnle-_-_. : R

o ) holdmg tho other constant For 3 ﬁxed scahng D a standard H control pmblem rosults’__:__._:-___:"j__ FE

| whlch oan be sohed for K usmg the teuhmques dlscussed m ]:4 For a ﬁxed controller-'- R

i 3 tho mmxunzatlon mth respect toDisa oonvex opumlzahon problem at each ﬁoque,noy .

- 'The result 1s a real dxagonal matnx D(co) of whxoh tho magmtude frequenoy response is ﬁtted'_’r{_ ': . '_ L

. ) Wlth a stahle m:mmum phase rahonal transfer funotxon The pmoess is repaated unsﬂ 1t R

"mnverges o

Untll fmrly recenﬂy, the solutloo of the u»synthesxs problem usmg DK ueratxon was .

oamborsome due to the computauonal oomplexlty of solvmg thc assomated H synthesrs?,"'_f e

problem [48]4 Glover and Doyie [49] mtroduood a solu'oon to the H synthesm - S

pmblem that mvolves ooly two algebralo Rlcattl equahons. 'I'l'us advance gt&itlv 1mproves.' .

the efﬁclenoy of the DK 1torauon bechmque |

'I'he major problem thh this p- synthesxs method is that the. DK imon is not_'_V'

guaranteed to find the globally optimal K and D, as individual conve:uty in tho two

parameters D and K do not imply joint convexity.
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CHAPT EH 2
BACKGROUND THE@RY

e ThlS chapter provxdes the t‘heoretlcal backgmunﬂ requlred for the :rest of 1he thesns.‘ S

_Thestrucmredsmgularvaluepmdefinedanditsuseasananaiysm toohsdlscussedmterms_- R

" | of stabihty, performance and robustnes" ’I‘he chapher is concluded w1th a dnscussmn of the B L

- syntheSIs prooedure. B

2.1  The Structured Singular Value

 The structured singular valne s was developed by Doyie [S], 20d plays an important
role in the analysis of feedback systems with structured uncertamty _Reférﬁng to the
feedback structure in Figure 2.1, p& can be seen as a ﬁmcﬁon-of a complex inatlfix M which
¢ssentially "measures" the distance to singularity of M with respect to aISet of cpmpiéx
structured perturbations A g Can thﬁ_s be thought ofasa fool to analyze the "stabilitjr" of
the closed-loop system in Figure 2.1, When I - MA remains nonsingular for all frequencies i
and for all A under consideration, the only solutions to the loop equations, o

detz

_-(2;1)
z=Ad T
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arez=d= 0 The system could then be conmdered to be stable" ngever :fI M& L

is smgular, theu them are mﬁmtely many soluhons to' (2 1), and the noms idll, EZB of th e e

soluuons can bearbmary large The system can then % called ullstable". e

FigulePeedback Stracture
The positivé rﬁl-valued function p satisfies _thé following condition

det (I—MA)#O V AeX, 9(4)<y | | .(2 2
Hff yus1 |

where X is the set of all 'compléx perturb'aﬁons with a spécific block diigohal structure and
spectral norm less than 7, ie, .
| X=ldiag(A ;, Apeerd Y04 )<y} | (2.3)

The function 4 depends on the structure of A, but this dependency is .l.ypico.lly not
represcntéd, for notational convenience. The function # could thus be defined such that its
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 javerse. is equal to the smalIest ma:unmm smguiar value 0f & needed to make {1 MA)
| .-smgularle., s S REEEURR

. Ifno a emsts such ﬂlat det(I M&) = 0 then p(M) 0 Unfortuuately the deﬁmtion of R

| u does not sahsfy the maﬂlemahcal dafinmon of a norm because 1t does uot satxsfy the . . RN

:tnangle Bquahty Thls greatly comphcates the feedhack synthems problem as the nch'

o maﬁxematml structure and results whwh aceompany a norm are not avatlable

In what fallaws, A wzll be restncted to oonsmt of block dlagonal complex mamoes -_ﬁ ‘
~ Real parameter vanatluns s will not be treated dlrecﬂy, but can be moorporated mto tlus -

 structure by treating the variations as cornplex pertuxbattons. :

The definition (2.4) s in itself not useful for computing i, as the implied optimization
prbblem is'ziohconvé:&i' Several properties of u (see {5]' for a'deﬁﬂed discﬁssion) éail
however be proven which lead to methods for computmg i. The foliowmg chmces of 1& -.

show & to be a generalization of the spectral radms and the Spectral norm,

A=(AIjreC} = u(m-=p(M)=[3~.(M)|
A=CN:N = F(M);-E(M)

tos e
* pQ1) < p(8) < () - ee

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

#(M), but do affect p and 5. Suppose that T and D are sets such that forany A € X,

UeT = 3(UL) = 5(A) (2_,-’)'
DeD = DAD = A

Then from the definition of u it follows that,.

| Uell = p(MY) = (M)

e o oy
DeD ~ WMD) = w(H) o

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

SUR p(MU) < p(M) < N o(DMD™) (2.9)
UeU DeD |

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

X=ldiag(A,4gm4,) |A£C™Y
U=idiag(Uy,Ups.. U U U1} 2.10)
D={diag(dyl,d,l,....d,0) [deR,)

The bounds in (2.9) provide a means of computing . The lower bound can be
shown to be an equality sor all M and A. However, the optimization problem posed by the

lower bound is not corvex and therefore it might have multiple local maxima, A power
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algorithm is described hy?ackard'e: al, {50} which can be used to calelste this lover

bound. Th'. ormulanon used is s]jghtly d1fferent from (2.9), and the. algonthm 13 apparently_

quite effechve, even though convergcnce cannot be guarantaeed

- Tt can iiéd -be"show#that the upper- :boun;i m (2:--9)-is an equahty forthreeoffewer | |
blocks, orfols r&l. 'l‘hc upper boundcanbe found moreeamly smce measmated |
optlmmatlon probiem i:as only gIobal minima, ’I‘he uppﬂ hound is thus useful for cﬂmputmg |
| g, and numencal e\ude.nee suggests that tais bound is reasonably ‘tight for four or. more

(complex) blocks. The worst known example has a ratio of over the bound of abuut 0.85.

Doyle [5] proposed 2 generalized gradient search procedure to -minimizé_the upper
bound in (2.9). This ﬁound can also be caicﬁlated using a generalization pf Osborue’s
routine [51}. Osbome’s algorithm minimizes the Frobenius norm rather ‘that the
maximum smgu]a: value, and produce scalings that can be used to approximate the upper
bound [52].

2.2 Avalysis: Stability, Performance, and Robusiness

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 , contrcl community {42). Aay linear intercormection of inputs,

outputs, commands, perturbations, and a controller can be arranged fo fit this diagram, P
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- maFDL‘I‘Iaperaterand;sreferredmasthedeﬁganammodel Iteons;stsgfanm

' plant model and unoertamty and perfmnance wezghtmg functmﬁs The selectmn of S

B wexghhngfunctmns formsanmtegralpaﬁof ﬂzedes:gn procens, andwﬂlbeelaborabed upon . s

| 'Iaﬁer in thls sequel K is the oontroller that has to be deszgned and & is 2 FDLTI operator: . : =

| repreSemmg a, perturbatmn on P due tc uncertam p]ant dynamics. 'I'he vectnr tnne mgnals_' o -

| E 'm F;gurez,z are defined. as

v . axgge,nous mputs (reference 31gnals msnubances, and nmse)

| e s - €TI01S. o be made smail
E -eonttols
¥ _ - measnremcflts N
- outputs fmm petturbﬂhon 0perator .
e B ) _i.npllts 0 perturbahon _operator .

B

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

P;; are transfer fanction matrices of appropriate dimcnsions,
d} [P11 Pra Prg Iz}

with

=~
i

Ey EE S
= A ) | o (212)
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-For the purpose nf analys:s, the oontroller can be thought of as ;ust another system '
component, and can be mcoxpomted wtth zhe plant P vxa a lower hnear fracnonal |

transfonnanon 0 yseld the closed—loop transfer functmn matnx M (Flgure 2 3), i e > B

M = F,(?:K) = P}-“"P‘IMI"‘PEK)qPﬂ I (2-13) '

wﬁh S
.HQMH- f - "am]
& Vi
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The analysis problem iavolves determinitg whether the error e remains in a desired
set for sets of inputs v and perturbations A. Analysis'methocfs differ on the assumptions
made on the interconnection structure M in Figure 2.3, and the description of the sets to
which the signais v and e belong. In the discussion followed here, M is assumed to be z

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

e can be expressed as the upper linear fractional transformation,

e = F(M,A) = [Mpp+My, A(I-B1,, A) M, v .16
It is worth noting at this stage that uncertainty modeled as A has a different effect on system
perfbnnance from that of v, as for e.g., & can cause a nominally stable syste:n {0 become

unstable, whereas v cannot,

The remainder of this section ¢ ancentrates on the conditions nnder which the system
in Figure 2.2 will achieve nominal stability (NS), nominal performzace (NP}, robust stabilicy
(R3), and robust performance (RP). Nominal refers to the cas:: when the particular systen.
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attnbute (stability or performance) is satxsﬁed when A 0, and sxmﬂarly, the term robust 1s )

used when A is present The main resuit in each section w111 be expressed in tenns of
Doyle’s Genlaral Analyms Theorem.

General Analysis Theorem (GAT) [42]

for alt

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 combination of input signals, perturbationé,
and parameter variations, whereas performance is taken to be stabxlity or stability plus a

bound on the error €.
2.2.1 Nominal stability

A basic requirement for any controller is that it stabilize the nominal closed-lfoop
system (A = 0). 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 closeu-loop system is stable if and only if,
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ﬁeu. AHO Vi ‘“’”

| where Acl is the "A" matrix of the» standard s&t&space descnpuon 0‘f the clomd—foop syste:m,' o

;and X its elgenvalues 'I'hxs txme-domam stabﬂnty test is easlly performed on a mmputer;; e

' and 1s themfora often used

A stand&rd frequency-domam hest frsr nommal stabﬂlty 1s the M[MQ Nqusf____'._'_;

cntenon ’I'lus test is rather cumbersome to perform in praf:hoe, but does play a lmy mia o

in the development uf 2 stabmty-robusmess theorem (e. g [4]) The MIMO Nqust cntmon | .
rehcs on Cauchy s mtegral ﬂ1eorem and the Principle of the Argunent 1o deternnne if any |

closed—loolz poles are in the nght—half of the s—plam Fora gwen cnntmller, the stablhty of |

the closed—loop system can be estabhshed by plottmg the Nqust d;agram of the lmp-ttansfer_ f S

function matnx, and exammmg the number of enclrclements of the crincal pomt

Most modern synthes:s methods make the nommal stabxhty prable.m tnvmi in that
stablhty is guaranteed These methods are based on the paramatenzahon of all stabdmng
controllers oonce:ved by Youla et aI [53] Por example the standard H synmems
method ﬁnds a stabﬂmmg controlier to minimize th., H.,,-norm of the (nummal) transfer

function from exogenous inputs v m SITOrS € (Flgure 2 2) |



I\Iominal perfonnance A= 0) is consndsred in this secnnn m terms nf ‘bounﬂs on a_'.:_' |
in the preseme of ummﬂ bounded mputs v_ I-Iaving d eﬁned the bou nds m V and e’ th&zz_':_":' :_: )
nommal perfoxmanca t&st boﬂs down to a norm test applwd to the appropnate [:ransfer
-_ ﬁmcnon mamx Consnder three different types of bmmds on the Slgnals v au & e 1 c. that".""._:' L
| they are ho”“ded in "avemge P"W"'fﬂ "ﬁotal energy ﬁf magmtude. va is assumed to be .
a functmrt of time such that itis square mtegmble on any ﬁmﬁe mterval then thle hounds nn = R

"vcanbeobtamedmhennsof

o _.-;__POWBE BP = {v|llm_-§__f lV(t) Ia dz~<1} DA
. Energy' BL2 ={V| ]|v|]’z f !"(f)lg dt<1} .' (2.13) :

Magnitude BL = {v| I]vl,, = ass SUP[v(t)]<‘|}

nrhefe B denotes thé 'un:it..ba]'l "-’i‘b*simplify-'éomparisons 'of diffénEnti"tésts-dn:M' mlplled by |
altematwe assumpnnns on v and e, mese sagnals are tamporanly assumed to be. scalars i
The.se bounds are scaled f0 1 smcc any other scalmg can be absorbed mto the interconnection '-
M. 'Ihe use of scahng and welghtmg functmns are of pnme unportance in the synthesls

process, and will be elaborated upon later in this document.
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'forall o

, 'The performanceand inpl;t sefs are taken from (2.18), and the H_-norm i1} be vsed in the
norm test Table I summarizes the AT sor nominal perfurmance for input and performa’nce

combinations where the H_;-norm is applicable,

Table I: Norm Tests for Nominal Performance

In each case ¢ is guaranteed to be an element of the performance set fo_i- 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 & of bounded pbWér

(BP),
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Nominal performance theomm (Powes/Powes) [42] -

The H, »-nnrm is apphed to \&22, which is the transfer funcuon matnx connectmg v anﬂ e

| The 0 entry in 'I‘abla I ocours. because for any stable M ve BLZ ymld e of zero average : |

' power 'I‘he m entnes mcur because the indicated combmauons allow for unbounded outputs IR

| for bounded inputs when M !ﬁ 0. When measmng performance ll'l terms Of the H,,,-norm,"- e

ﬁequency dependent welghts ean be used to shape the spectral oontent of mgnals and to S

unplement performance specxﬁcauons such as oommand followmg, dlsturbance rejectlon and S

- msenmtmty to Sensor nome. The real payoff for usmg the H,—norm however is that it allcws o

for du‘ect _treatment of robust' performance- using g,

© 2.2.3 Robust stability

In this section plant perturbations wilj be considered, and és 'they can d’estabijize a
nonnally stable systcm, the issue of robust stabﬂlty must be addressed Perturbations are
assumed to be complex S0 as to conform to current u—synthesxs theory Raa’l perhnbatlons
such as those arising from parametric variations in model coefﬁclents can be ccr.rered by

complex pertuﬂmtlons, at the expense of posmble conservativeness [38]

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

bouaded but otherwise unknown), is given as,
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| Thaorem (mbust stahihqr, unstnmmred) [4}

,,(M.A) Is stab!e V A c{ﬁ)<1
' lff IIM"H., P 1

| _The H -norm thus yxe]ds neoessary and sufﬁcnent condltmns for robust stabmty,._ Equauon. -I
(2 20) 1s hnnted in the assumpt:on that no stmctural inmrmanon is avaﬁable for :& In‘... )
- _practical nroblems lt is oﬁen preferable to r@resent unoertamﬂes thh mulhpie norm--_ -
bounded perturhaﬁons, o_c_cnrnug at dlfferent locahons m the plant to be oontrol!ed ’I'.hxs'i'

_hcouldbeacoomphshedbychoosmgaﬁtobeamemberofasetsuchas, S

i xa{ duag(&g.ag,, ,BNI,A"A,_. .,A,)iﬁiec A,ec‘*“i} o ez

or its bounded subset,

BX = { AeX[a(A)<t) o em

With A defined 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 precase N
genzralization of (2.20) to handie structured uncertainty, the structured singular value  is

needed. The robust stability theorem with structured uncértainty_ then heéomés,.



memmn (mbust smbﬂmr stmctm'ed) [42]

,,(M’, ) ls siabia V& -4 EXY

| _. whera IutM}E a sup p[M(;w)l

The closed—loop transfer funchon from mcogenous mputs v to errors e, ] u(M, &), must

be small for all passmble A fsr the mbust performance reqmrﬂment o be satlsﬁed -

Performance is thus consxdered with both noise and permrbatlons occutrmg sunultanm sly_ L

The robum performance reqmrement Carl he. stated as,

RMML <1 V.ﬁ:.éBX S em

Thisg reqmrement can be mterpreted asa stabmty Oﬂi‘ldltlorl on the perturbed system shuwn
in Figure 2.4, and wﬂlbesausﬁedxfandonlyﬂ
* F“(M,A) is stahle :

*  the system in Figure 2.4 is siable for all A, ¢ BX



e szawww smwmmmmm M&P o
'I‘lw mbust perfomanoe problem can ﬂms be recast as a mbust stab:hty 1,;t:'blenra vnth the;" B
. performance spemﬁmuon represented asa “pcrfannance permrbatlon A o |

The analyszs ﬁ‘arnewark shown in Flgure 2. 3 can be combmed vnth anurez 4 to gwe. o

| | the genera] block structure for .-.c-analysns shown in Flgure 2.5.
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Figvve 2.5: General Biock  wcture for pi-Asalysis
Robustperfonnance is achieved if and only if the system in Pigure 2.5 is .stabl_e. for
alt perturbations with the 2x2 block diagonal structure as indicated. The robust perfonnance -

theorem can bestated as follows:

Theorem {robust performance) [42]
F(M,4) Is stable and | gi-‘;(M,A)g,,si VAeBX

2.25)
W e, <1 .

where u is taken with respect o the structure,

XP = {diag(a.8)|AeX } %))

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 al whole se.tof possxble plauts. | Th1s is made posmble by t.’ne. eqmvalence, e

of performanca and mbust stabﬂny when usmg the I-I -norm The use c:f wis essenual i PSS

thls theorem as a block structured pertnrbatmn 1s reqmred regard]gss ofthe model mmty . o

: structure. A Note that .u is cﬂmputed for the fuli matnx M.

-'Iizé_'analysis_resﬂt_s Presentedhere can be summarized as shown in Table mo

Table Il: Analysis Resclts

Tiglost

F(A) < 1 Qunstructured) || Myh S 1 DSl

A eBX (tructured) || In(MylaS 1 IV, <

One might weii ask why one shoﬁ‘r: bother with :u-based analy.sis methods when there
are powerful simulation packages on which a wide variety of plant models and performanoe
specifications can be tested. The problem with using a simulator for analysis is that the
system inputs and perturbatidns can only be considered one af a time. The ,uahasec:l' methoas
focus on describing sets of signals and perturbations and drawing con;:lu'si_dns on _worst-casé
performance on the entire set at once. However, in appiying p-based methods festricﬁve

assumptions have to be made about the interconnection structure M, such as linearity.



Nonlmeanﬂes canonly bemeated as perturbatmns - o

Thls sectzon addresses the problem of ,sigmng a feedback sysﬁem that is robust thh

respect to modelhng uncertamues The synthws problem is to specxf} a controller K to

- achieve nominal closed-lmp stability
- saﬂsf\ ttommal performance spoclﬁcatmns

provide stability and performance robustness Wlth mspect to all poss:ble A

In the u-analysns framework descnbed in the previous section, the Synthosm problem reduoes

to finding a stabﬂmng oontro]]or K such that,

WEERL ST e

with Fy(P,K) given in (2.13), and p taken with tespwoct.to the structure in (2.26), - The ciosign .'
plant model P as shown in Figure 2.6 is a real-rational, proper transfer funcﬁor_t matnx, ~and
is not necessarily stable. P must of course be stabilizable and .Je.tectﬁble for a stahi-lizing .
controller X to exist. It is assumed that Py, has at icast as many TOWS as columns, aml vme |

versa for P,,. This is sufficient to ensure that the controllers are proper



| 'Fi'gﬂire:-z.ﬁ;--sygﬁmeﬁs meewmk -

- The y¥sjrnthes'is' problem can be solved using DK iteration which exploits the fact that

.the stmctured --Singuiar value is a scaled version of the 'si_ngu_lét valﬁe with a block st_rjzc_turéd
scalmg mamx ‘The aim of the DK iteration schemte is fo find a stabilizing coatroller K and
a dnagonal Scaling matrix D such that the H,,.-ndrm of the scaled closad—l_oop transfer :‘_.’unction
is less than_'oi'_eQuaI to unity. (The scaling .maﬁ'ix forces the H_-minimization to concentrate
on p across frequency rather than the maximum singular value (G).) Thus the condition for -

robust stability and performance is satisfied whez,

EDF,(p,K)D"L <1 . e®m

One method to é.chieve this ﬁim is to alternately minimize equation (2.28) for _;aither
K or D while holding the other constant. For a fixed scaling D the lefi-hand side of equation
(2.28) is a standard H_ confrol problem which can be solved for K using well knows
techniques [47]. For a fixed controller K the minimization with respect to D is a convex

optimization problem at each frexuency, The result is 2 real diagonal matrix D(w) at each
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ﬁ-equency of whmh the magmtude frequency response is 5t mth a stabie, mmzmum phaw;j

_'ranonalh-aanerﬁmction ’\Jotathatthephaseoﬂ)dnesneteffectthenormm&28) ™

process 1s repeated until it oonverges, .OI mml the condmon for rohust sﬂabﬂlty and |
performanoe in {2 28) is satxsﬁed Unfortunately, mdw:anal conw-xitym the two paralnr,cem"

D and hid does nnt impiy ‘v:)mt convexxty, and thus lhe DK 1t&canon scheme is not gum'anmd e

mconvergeto theglcbal opsmam and D. The DK iteration pmceas canbe broken down

intn the sbeps shawnmP:gurez 7

After an mltlal H —deslgn is done, p(‘ﬁl(P,K)) 1s computed and the optmlal scalmg |

matnx D is detemuned at each ﬁ'equ lcv 7 *he robust pexformance conchizon in (2 28) is o

met, the proomss is termmated. If o “  of vuh elément of _D(o_:) is ﬁtted tod o
sfahle.and mihimu-mfphzi'se _tiﬁnsfer A " problem is then scaled with a
stable minimum phase transfer matrix D v sture. Another H -design is

donie 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 Tobust performance condition is met
Other stop criterions, such as those proposed by Lundstrdm er al. [641, can be used ivhe:; )
robust performance cannot bé met for the specific choice .of %ighﬁﬂg funct_ions.. Tl.ley:
propose two sﬁoﬁ criterions, an iteration and a "flamess” criterion. The itﬁaﬁm cntenorl
suggests that the iteration he stonped wﬁen the difference between the current and previous
g values is smaller than a oertam tolerance. The flatmess criterion statés that ﬂxe iteraﬁops

“e stopped when the p-versus-frequency plot is "flat” over the bandwidth af interest.

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

software to solve (2.2%). Fertunacely a Matlab toolbor [54] has recently appeared which
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makes the DK iteration procedure executable without extcnsive programming.

i _sta.ie-s'péég o
de}s’c_ripﬂmn of P
| Hinfinlty |
~design

| calculate p
.| obtain D-scaling

”Robust "\
performance
OK?

. Slop

fit D-scales
append to P

Figure 2.7: The u-Synthesis Process



CHAPTER 3

RM MHLL C@NTH@L

- This chapter introdces the ROM milling ciruit under consideraton. Tho millng

" '._wcmt 15 desmhed and the objecuves of millmg contml are dlwussed The plant model

_-:thh unoertamtv descnptwn is’ gwen, and the selectxon of uncertamty we;,ghts aﬂd R

performance speclficauons are motwated fmm a pracncai pomt nf vxew. Pmally thf.*r ROM o

'mﬂlmg cxrcuit model thh 1ts uncertmnty descnpﬁon 1s put into a genaxal synthesis and 3 | |

: analysxs framework.

3.1 ROM Milling Circuit Description

A Run-of-Mine cireuit Wlth éinglﬁstage classification, as shown in Figure 3.1, ig'i_dis:cussed.-" o
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Figuro 5.1 A typical ROM milling Groit
The i;ircuit' grmds about 100 t/h of goldabéaﬁng ore togwe a. pmduéi containing ?0 to75% o
péitidléé \Qith Isize sm'a]ler.:t'han.'.?Sﬁm.. The ROM mill is opemted in ¢ld§§d-§ir§uit wilﬁ a
| hydrocyclone, and the product is pumpad io thickeners. The gold is subsequently extracted
by a leachi.ng pméess. The mill is 9 m Jong and 5 m in diaméter, and is éupporhed by
préssurizéd_-dil circurnferential baﬁrings. Ii is operated at 90% of criiica‘l speed [55], and
has lifier bars and Solid_white-imn linérs. Pulp flows out of the mill through an end-

| discharge grate and is di#charged into a sﬁmp, ivhere it is mixed with dilution water, | 'ihe' |
diluted pulp is pumped to a hydrocyclone with an internal diameter of 1 m. ‘The uaderflow

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

The plant output variab_lcs to be controlled are the level of slurry in the sump (SLEV),
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the mass of matenal in the mill (LQAD), and the product partxcle—sm& (PSE) These'

vanables are oontrolled by mampulating plant mput variables such as the feed rate of wateri:; - -
o the sutup (SFW), the feed rte of solds to the il (MFS), and the flowree of sturry w, P
the cyclone (CFF) An addltlonal input, the feed rate of water to the mﬂl mlet (MIW), o

| not be “Sﬁd in the dwgn of the dynarmc controller It can, hawever, be used as a stcddY‘ _: o

state control achon to: extend the range over whlch the PSE can be contmlled [23]

32 Objectives in Ml Control -

Ah' #pproﬁﬂate _oo'ntrdl strategy for milling s'hould not only stab_ilizé -_th'e. mﬂhng |
prd_béss,_ but shmil‘d also be aimed at optimizin'g' the economics of the pla’mf asa whol_é [i-]. .
:‘I'his task can be approached bjr deﬁnin g a series of sub-objectives which am compati_bie thh :
the over‘é_ll aim of optimizing the plant economic perfohnance. Pbss__ible sub-objﬂ_cﬁvéé

related to milling circuit performance are;

(  to improve the quality of the product
(i1) by increasing the fineness of grind
(i2) by decreasing product size fluctuations
(i) to _maximize throughput
(iii) to minimize steel consumed per ton of fines produced

(iv) to minimize power consuraed pér ton of fines produced, etc

The size of the product (or grind) of a _milling-circuit and the throug.hput -of-mlids are of
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major imp. .anee----when specif;ring- sub-bbj.ecti\ies" A combined mea'sufe' of the -
_ variables gives a goaﬂ mdlcauon of milling cireuit performance, as they are closely related
to the quality of the product and the eficiency of operston. A typical throughput/grind
relationship is illustrated in Figure 3.2, This relationship shows for example that & fine grind
is accompanied by a low throughput, i.e., there is a trade-off between objectives (i1) ané yeu.

L

more efficient operation

Grind (%<75um)
-

62 & 6 & W 7 M 16’ &
‘ ‘Throughput (t/h)

Figure 3.2: Typical Throughput/Grind Trade-off for 2 ROM Milling Circuit

‘The size of the milling circuit product is crucial io the dov. nstream extraction process.
In general, more gold will be extracted at a finer product size (objective (i1)). In fact, it is

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

41



| _wonomm zmportanee of this fwcwr of product—swe control is often overlaoked, possxbly due S

to the expmnemal dlfﬁc:ﬂues m obtammg a grmd versus reszdue relatmnshlp Cralg e: aI R

{221 showed that the relahonsh:p betwem grind and resldue is nonlnnear, with the zmplwatxon SR

that the mcrease m resndue by gnndmg ooarser is not balaneed by the decrease in res:due that N

- ﬁrcmlt fmm gnndmg ﬁner. Such a relat:onshxp is shown in Figure 3.3, and lmphes that_ SR

. 'decreased pmduct s:ze ﬂuctuahons w:ll result in mcreased gold recovery. As undexgnndmg ST

can result m slgmﬁcant goid Iosses, a mxnmg eontrol strategy should have as one of 1ts goals B

to reduce the ﬂucmauons in the product parhcle-szze (objecuve ('12))

0 5560 62 & 6 &8 W 11 %
Grind (%<T5um)

Figure 3.3: A Typical Grind/Residue Relationship
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O all m‘ﬁemelabd Steel 1s addad to the RQM mﬂl feed o :hder to mcrease throughput, and. - _'
E tu partly shablhze the grindmg condmons mmde the mnl A controllsr whxch reduces pmduct EE ':} _.

S -'at the same tzme reduce the need for steel to stablhze the gxmdmg condmons‘ If thmughput h A

m general the thmughput ofa ’ROM mill is maxlmwed wheu the mit ﬂréws maxiium T

pawe.r from the. mill motor Gwen the vaIue of the mﬂlmg mrcun product versus the cnst S

of elecmmy, objecuve: (w) is genemlly not oonsidered 1mpnrlznt. Objectwes (1) to (ui) are:_ o

P&"hglp-sme ﬂuctuauons wﬂl Imprwe the quaht}' of the rrulhng cu‘cmt producl‘ 3"‘1 °°“Id  i

| _- i not of ovmndmg 1mportanoe, ab;ective (m) wzll be aa.imssed when obge:cnve (321 is tnet B o

For a pa:tmular set of operatlng oonditlons, the process wﬂl operate aiOﬂE ﬂlﬁ hﬂe

.. shown m Flgure 32, Itls However posmale by operatmg nnde: d:ffemm condmoas, to move_'._ o
'the lme in- the dxrecuon of more efﬁment process nperation. A possxb;e control S“ategy_i*
:muid beloo the Pf"d“ct size 10 setpoin, and to maximize the throughput ot that o
Pﬁmcular sl .. gomt by thunmng the process operatmg com dmons [22]‘ Such . Stl“ategy'-.' | |
ﬂddl‘ﬁss‘as ﬁoﬂwbjectw @ ond (il)sa»‘l‘he effect of this strategy 1%113&83@& i Flg‘tﬂ‘e 5"4. : '
T}ns ﬁgure shows that the throughputz’gnnd operatlng lme is shxﬁed by the cantml Slrawgy -

| .m the dlrectwn of more efﬁclent pla,nt nperaflon o | - |

43



" less efficient operation

 Grind (<T50m)

%% 6T &1 6 & 0 1= . 6 B @
B Throughput (th) |

Figure 3.4: Control Strategy Improving Operating Bfficiency

" The particle-size selpoiiit can be chosen to correspond with throu'ghput 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 ioad
setﬁoint to a point where maximum power is drawn from the mill motor [22]. The.siearch
for this optinial 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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. Fot oontrol purposes aplantmodel is reqlured thatptedlcts, mth reasanableaccm'a:ey S

the dynarme responsew of the mﬁlmg clmmt Such a moﬂel 1s nsually requﬂed tao have a N

speclﬁe stru(':’ture that eonforms wmth the syntlu:sxs method to be used For example, _the DR

mﬂimg c:rcmt is mherently mulﬁvanable as any one of the pla.nt mputs has an effect on-'_ :' K

morethanonep]ant output AMIMO controller thus hastobe demgnec, mcml theplant-‘_}:

outputs As MIMO centm]ler design methods such as y-synmems are only rmdily avaﬂabb' B

for FDLTI systems, a FDLTI medel for the nnllmg e1rcu1t is needed

A nominel EDLT model' of the milling circuit is however not enough, It -sheuid'-be

aceornpamed by an uneertamty descnptl(m wmch descnbes the set of a11 posmhle plant .

variations that can eeeur in praeuee The structure of plant uneertamtles is an issue m__ -

MIMO systems, where the logation-of uncertamues (fure.g., plant mput vs plant output),_ |
, and the mternal structure of the uncertamty blocks, JSan have a major mﬂuence on- the' _

effective set of plant vanatlons used for controller synthesis. -
There are two basic ways of obtalmng plant models, ie., from the iaws of nature
or from expenmental data. These will now be discussed in more detaﬂ | | |
3.3.1 From the laws of natuve

The process of obtaining plant models from the laws of nature iy referred to as
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.,.mode]hng aud the resuzhng mndr.ls are ca]led mechanisﬁc mndels The davelopmem of;_{'__.:. o

E mechanmtw models whxch descnbe mﬂ}mg processas, have reomved consmlerable attennon:_-_.-' PRSP

‘m the hteramre [561 Such models usually descnbe the rml]mg procms mth selectma S

: 'and brmkage ﬁmcnons, w1th the ooncept of breakage formulated as 4 stochasuc pmcess . _...__'::-

o [571 Modelhng the behamour of an autagenous il 35 consmered [ be mfﬁcult for me? R

o f°11°W111§ reasons TWD brenkagﬂ functwns must be determmed as twa mechamsms of. :

5 : -._breakage, i e., abramon and crushmg hreakage, are COIlSldered to W m autogenous mﬂis T

B [58] In aﬁdltton, the rates of bmakage of partlcles change hecause the mﬂl Iﬂad Phanges as'_" e

- __.'the ora changes‘ Also the tm]l Ioad is- dependent on the I‘Jreakage ratGS, th.a brmkage__ :_: .

_'._'ﬁmcuonS, and th& discharge rates The gfmdmg capaclt,y Of autogenous mﬂls is ﬁ‘“s | |

o dGPEndent on the feed ore charactenstxcs, unhke for axample a baII mill for Whi ch the';_"' o

grmdmg capacxty is almost constant

- Meclmmsttc models wiuch attempt to' descnbe the behavmur of ROM mi]ls are. usually o

. nonlmear and mvnlva hundreds of vanables. Their success m descnbmg a RDM n:uil, o

dynanucs depend m 2 large extent on ﬁmcnonal forms glven to flmctions that descnbe rates_. .

and distributions of breakage. It 1s not practical f0. measure such model mputs on. an

mdusinai milling circuit, with the result that they are normally chosen through lntumon It L

is therefore not swrprising that even complex ‘mechanistic mod_e.ls_ are unable to descn_be the -
nominal dynartics of a ROM milling circuit adequately enough such that it is suitable for

controller design.
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The pmcess of obtainmg plant models fmm expeﬁmental plant data is referred ta as_ '_ _ e

 system 1dent1ﬁcauon Such madels are calied black—box models and are xjm tn ﬁt-f_.-':' S

'measured resmnsg.s of mﬂlmg cucu:ts._ These modéls are made sutﬁmently oomplex o e

aocuraﬁely descnbe 1mportant plant mputs/outputs relatmnshlps in the bandW1dth of mterest S

The system rdenuﬁcatmn process cau be: broken up into: four stages, expenment_' e

desxgn, chom of mardel structure, selecnon of criterion of £it, and model evaluation [59}. |
Tiw ouwome of such aprocess is usually a nommal pIant mﬁdel whlch can. predlct what the
pla_nt.outputs wul -be, gwen the plant mputs. Such a model comes with- a quahty tag“ .whnc_h _'
descnbes . the esnmate.d .devi.'.itiOns from the true mode’ desctiﬁti(m in the parametel .or'.
frequency domain. The deviations can be used 1 construct an uncertmnty description for ;fxe_ |
plant, ‘which can then hé used for conu'bller synthesis, This quality tag might héwevei not N
be enough, as it is derived under the assumption that the truth model is avm]able in the -
model set, which for an ROM mﬂlmg circuit it is not, The actwal milling cireuit is nonhnear-
and time-var: -g, which implies that the model uncertainty descnpuon must be w]__usted- in

order to accommodate these pnenomena.

In the case of an ROM miiling 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 expelirnents. ili_the

operating rer 'on where the plant is approximately linear,
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The dynamms of mlllmg clrcmt change aver tune dﬂe 130 factors snch as the agemg'_j_;:_: o o

of measurement and actuatmg equipmexxt, cyclone sngot wear, hner and gﬂd wear, and-'_" = S o

. -unmeasured d1sturhances actmg on’ tﬁe cmut m the form of changmg fee.d ore’ o

- 'characﬁenshbs 'I‘.lme-varymg behawcur is a]sa mduoed by routine mamtename acnons such'_'_ Lo o

&g rehning or cyclone sp:got changeg‘ O

- The degree to wh1ch a nuilmg mrcuxt’s dyr amcs changes with txme, can be captured R o

:by perfonning 1dentxﬁcatmn expenments ovm- an extended nme penod in order to cover ail L

o possible plant operatmg condltmns 'I‘he {Jara.meiaer vanauons of an avemge model whlch_- - o

' best descnbe a]l the data sets denved from such expenmems couid then be used to constmct !

'an unoertainty desc.apt:on whxch captures the nme-valying rature of the nulhng clrcuit‘ _

3.4 Plant Model and Uncertainty Framework

»-

From the dmcussxon in ‘the prewous gection it is emlen. that mﬂhng cu'cmts are in

general nonlinear aid fime-varying systems. Research has however shown that it is possxble B

to represent such systems with FDL’II mudels for controller demgn PUIpOses - [13] The L

nonlinear and nm&varymg nature of a milling clrcult can be accounted for i 1n the unoertamty '
descnpuon that acoompames the linear model {60}, Optumzanon schemes cc-uld also_- be -
employed to exploit the nonlinear circuit behaviour in order to achieve certain ‘evonomic

objectives [22]. -

The model used in this study was derived from perturbation tests done on the plant
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5 [13] At least ﬁvepermrbauons tests were conducted for e';ch pIant mputl and th Bres se‘s

| of the plant outputs were observed. The results fmm ﬂm teshs were used for ths erivation .

- - of lmear dynamw modsls for each pIant mputioutputpalr Model stmctures v}em assumed.
.'.for each mputloutput pa:r that best descnhs its behavmur Bach model was th o1
"ww;ght[ng aocordmg to the quahty of the ﬁt and the condmons under wiuch | rhe releVant

pemlrbahon test was peribrmed An the model paxanwtem were then averagaﬂ? i
o parameters of the "bettex" models wmghted more heavﬂy aooordmg to the televan

e 'factor, Prom ﬂns process the faliowmg madel resulted.

famm “‘&2&3Aﬁwf“-=
|ALOAD=6x 822 8| |AMFS| -
ASIEV 381 Q gas ACFF"' _

Vi 11 2 B o 09 e

gele® ey
s - O o T

and ﬁzg, £31, and gy of the form

.y 8#”'% o By
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Using the standard ‘eviation of each model pa.rameter denved from the plant permrbauon EREE
tests, the relative unczrtamty in mch transfer ftm..tson element can be d&scnbed as. '

18%]

[18%
8% o © o (3.5) E

60%

1

L arw

The dashes indicate hat for the particular parameter in question, the relative uricertaiﬁ'ty is

insignificant; or the para_meter 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 refexs
the mill feedrate of ROM material, and the composition and hardness of the feed,. Even
though the feedrate old be constant, a change in feed size distribution coud cause drastic
changes in the operation of the milling circuit. Such unmeasured disturbances partly manifest

themselves as the parameter variations shown above,
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AtypmalWitwatersran& ROM feed has a bop snze of about 300 mm square mesh [55],-_."'-__3- .

 andinROM :nﬂlmg suuh la:rge mcks are essentlal for efﬁcmt gnndmg o mke place. It 5o

o however l'lOt unwmmon for feed ore to consast mosﬂy of ﬁnas (smaller than about 10 mm_-; SRR

o square mesh) In such cases what htﬂe g,rmdmg medla that there 1s, is supp]emented thh - ; .

”ferrous medla such as steel hal?s In fact 1t 1s commm pracnce for plant persqnnel tcu

L jpmomcally add stee.l ba]‘s to the R()M feed at a ﬁxed rate such as 0 8 kgl‘t of fre sh feed _

o Steel addmon has the effect of smmthmg out the vanahons m the: ROM feed and prevents R

_-the model patameter vanat:ons from becommg even laxger thars hey are alrea ig, ke AL

R ’Hle BgndWork{ndex,whwh is '.‘a P8 of ore hardnes& can posmbly range_:' __ S "

_between 1'7 and 20 kWh!t for ore from the same shaﬂ: [62] Work index vanatlons can s

_ 'be even more pmnounced at large mmes where ore fmm d:fferent shafts (at whmh dlfferent o

reefs are rm.,ed) are sent to a speczﬁc n:ull in order 130 fully utlhze mﬂhng capacizy. Such-

'_vanattons can also contnbute w model parameter vanatmns

: Anothat source of uncertamty m the hnear nu}lmg cmcuxt moﬂel 1s the fact that an'

essent:aliy nonhnear systcm is apprommated by a uneax mudel For example the dszerent' R

models for the PSEfCFF relauonshlp ﬁ‘om whxch the aggregate nmcleLg13 is obtamed exhlblt . _' e -

classical nonlinear behawour such that the gam and tnne constant are lmearly related to the - k

bases—level of the.PSE from whmh the perturba_non st_ep- was m_ade. Fm_: the other__models,- | | L

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

moedel parameters, |
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In the ;s-synﬂwsxs ﬁ'amewnrk model unwrtamn&s are represemed oy norm bounded-?‘i i

B .:p&ertmbanmas and welghtmg ﬁmctmns For example, tmcemmty is oﬁm reﬂecteﬂ at the R

s plant output. The set of ali possxble plants G is then descnbed by a nommal plant model_ o

- -Gn, and a frequency dependent output uncernamty wmght W l.e., - FA

L . {Gn(g . WA}];(A)Q} - (37}

N Such a descnphon is mt‘erred to asa mulupllcatwe output nnoertamty dmcnptzon and is

:_' -_shown in block—dsagram fom m Flgure 3 5

Flgm 35 Mu‘lhplmve Oulput Unceﬂamty Dwmpﬁon o
Anu.her useful uncertamty descnphon is the inverss multxphcatwe perturbataon whma

6-ws Y 6D

5. '



* In block-diagram form this sysiem can be represented as shiown in Figure 3.6,

The miilmg cnrcu:t model contams gam ti'ne constant and time delay unoertamues -

- 'I‘hese uncertmntnes can be mﬂected in numemus ways The snmplest way would be tao '-

account for the f'ach um:eﬁamty mdependently However, the H framewmk sa worst-case .

approach and in g. .eral one should not mclude tou many sonroes of unceﬁamty as n

. becnmes !ughly unhkely for the worst-case 1o oecur in practlce

In the case ofa m:llmg circuit lhere is undoubtedly some correlatmn between the'. '

parameﬁer uncermmhes, peclally when these paramefsers depend dxrecdy upon the rheo‘logy_ o

of the slurry inside the mﬂl For example one would expect the uncertamtles inthe

LOAD/SFW and LOAD/CFF models to be correlated. The time oonstants for these, moddsy i

are morc: or less equal to the hold-up nme of the mill gwen by



o where C is the valum of maxenal msxda the mﬂi zmd R the mverse Df the sluny dlgcharge“ ’ ) : 5 |

--'"-lrate Iﬂ l‘egﬂfd ‘10 (3 5), 1t would thus makc senscs to gmup ﬁlese two tune cons ta ¢ X R

e -uncartmnﬂes (g21 (60%) and 323 (40%)) mm one LOAD output unceﬂmnty S:mltarly ;ﬁe SR

e hmc constants for %he PSEISFW aud PSE/CFF mudels are in tha order of ﬂle Sump "Nid-‘.lp RIS

) _' ____tlme. The uncertamues forthese tune aonstants (‘gu (19%) and 313 (13%)) cn nl d &hus be |

o o lumped togethar as a PS:E outpnt uncertamty

A tune constant uneertaml'y for a ﬁrst—order transfer functmn such as 811, can be__ PR

| expressed as an mverse multlphcatwe unoertmmty as shown in Flgure 3.6 {52} Assume that - .

Tis the nommal tune ot:-nstam and that T, ia ihe relauve unt-ertalnty of T, such t‘lat, '_3 o

Ir- —*cI < ::,4: (3 10)

® o ® - . o L

=T +rAY, [Als1, Ae® . GI)

Refamng to (3 2), r van be expressed as an mverse muluphcanve perturbahon on the plant“

(as shown in Fxgures 6), with _

_'1_' I .
1:5‘4-__1 ts+'f1+wA

r@
.sf+1]'c o

w:tk w-

54 _
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The gain uncertamty asmated with the MFS (gm (14%} and Ezz (11%)} can be L .

accounted for as an mput mwertamty for this mput. “Hor the rest of the parameter

uncertamties, there arg 110 clear phys:cally motivated gurdehnes as w where and how they E

should be represmhed in ths,. uncertamty ﬁ'amework. For these uncertamtxes the mosr o o

cotvenient representanons am chosen without: hemg overly conscrvauve The gam and tlme-‘ S

detay uncertaintlcs of the LOAD/SFW (k. 16% and 6 43%) and PSE/CFF & 31% and 8

2’7%) are gmuped together to form one unoertamty representatwn per model usmg the

technique developed b Y Laughhn et al. [63] Thm tﬂchmque translates vanatlons in
transfer- func_uon coefficients into. an approximate equivalent complex p‘ane-:.unoe;tal_nty
representation. Using the transter function described in (3.2), the real valued gain and ti~e-
delay uncertamty can be aggregated into a smgle complex valued multlphcauve oulput_

unaemty descnptmn w1th we;lghtmg function

- IM 1y - G.13)
!kl .
.o ny & . o’ -*» 2 @ e
with &-A gkg(k+ AK); k = nominal gain
@-40)<05 (@ + AB); 8 = nominal time-delay

Note that if the expohential terin in (3.13) is approximated by a Padé approximation, the
resulting weight will be unstable. The unstable pole can however be removed by muitiplying

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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| (Figwe3.Syoftheforn
RN &% L R
s + 1004&57: o : (3)

e 1‘% - gam uncemint)f mpercmt o

.' - ﬁle ffeqﬂe‘my af Whmh thegam anertmnty becomes larger than k% - B

) 'I'he bandmdth ofmese wmghﬁng ﬁmctxons are chvsen ta conform wxfh thc SaInplmg mterval L -

- (10 sec ) nsed m the p‘iant Menuﬁcatwn pmcess 'Ihc bluck-dlagmm of the resuitmg piam' L

.‘mth uncerl:amty desc.nphon 1s shown m Flgure 3. 7 ‘I’he gam welghtxng functions m__ e

_Flgumi}'?are,
N 15(&' + rﬁb)
L 100+4; -

RO cob)

5+ 100*-:0,,
15 + %}'_
3+ 100*@& . )

&
I

and the combined gain and time-delay weighting functions,
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i 213:. 2 +0.16 B P PEE L PR o
W= — '_..AB' =048+

- w4= 2 Y SR

* ‘Fho time constant weighting functions are, .

el o [£BY)
sy

: in the wmghm Wz» w4, am:l ws, 15% uncertamty in the gsms were used mstwd ofSS% o ”

31%, and 65% respecttvely As chscussed in Chaptel 4, this was dona in order to achleve o

e g L

 robust perfonﬁ'ance, Robust stablhty is however guaranteed when the gam unoertamt:es L

assoclated w;th ﬂme welghts are 2’?% 31% and 65 9‘& respechvely

5T



& LOAD

CCRY T

l—&- 833

Figure 3.7: Nominal Plant with Uncertainty Description
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Tue frequency respénse of the weighting functions e shovwn in Figure 3.8,

magnitude

B R B T R T2 R T

frequency {rad/sec)

Figure 3.8; Frequmcy Response of the ‘Weighﬁng Punctions

The uncertainty description shown in f-‘igure 3.7 concentrates on the low;frequency dynamics
of the milling circuit. Unmodeled high-fréquency dynamics, such as those resulting from the
actuators or the rotation of tha mill, are not addressed xpeciﬁcally._ 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 play a role in constraining the closed-loop bandwidth.
For example the gain uncevtainty weight w in (3.15), shows that the gain uncertainty is up

to 11% at low-frequencies, but can increase to 100% or more at frequencies beyond 0.5
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radfsec, With snch band~1i1mtmg nghung ﬁnwhons, acontm]ler dcsxgned to achxeve robust
stabmty and robust parformanoe, wﬂl namra]iy limlt the bandwldth of the closed-ioop systaem

Inthe,uorH -Syaﬂiesxsﬁmneworkperformancespwﬁcanonsareexpressedmme:': o -

frequency unmam a8 welghtlng ﬁmcnons ot relevant transics functxons As e.xplamed jinc |

Lundstrﬁm- et gl [6_4_],. =t11erc are threebasm approaches _ta-the_ selection of perfomanee
wei'ghts,. '- i.'e.,_ -~ the Ioapshapmg approacli (e.r. _[65]; - [66], ﬂﬂd : [57]), ' ﬁlﬁ.
frequericy-byﬂfreqﬁency.appwach [43], and the power spectrum -approac.h. [42}.-: These
-_apprbaches d1ffer mainly on the physical interpretaﬁén given to the H;,-nonu:-of M in
Figure 2.3, The interpretation of the H_-norm which leads to the power spectmm approach,
is iltustrated .\n Table I. Here it is shown that the H_-norm is, for e.g., the iﬁduc‘e& norm
from bounded-power spectrum inputs to -beunded—imwer spectrum outputs in the time-domain,
This approach considers the entire frequency spectrum, and the perfonnande weights chosen

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

The loop shaping and frequenc;y-by-frequency approaches can best be itlustrated in
terms of the singular value decomposition (SVD) [68]. An SVD can he. done at each
frequency of interest to provide a singular value gain-band for a system as a function ot
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 oorreSpondto

sinusoidal vectors with relative phase shift among their elements, can be used to detemune
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minimun and max:mum mpnt and cmtput amphﬁcattcm dlrectlons For example, a umt mput o e

smusold ata pﬂrncular ftequency, whlch is in- the duechon of the nght smgnlar vector

assaclated with the maximum smgular valne, w111 at smusmdal steadV-»sSata result inan catput )
smusoxd w:th maximan poss1ble amphtude, in the dlrectlon of the left smgu]a:r vectcr

assomabed wnh the rnaxzmmn smgular value.

The loop shapmg approach utehzes ﬂ1e deﬁmhon of ﬁae H ~noml, and eesennally boils '
: down to chaomng performanca weighting functions which bound the gam—band (mmxmum and
maximum _smgular value) of the transfer funchcm in question. With this approach the
performance_ 'we'ighting functions are choscﬁ 4s dlrect bounds on important transfer functions
such as the -clesed—loop. and sensitivity tran.fer fuuctioﬁ matrices, Thus “classical"
performance speclﬁcatzons such as bandwidth and disturbance rejection speclﬁcatmns can be

set in a multivariable framework

The frequency-by-‘requency 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 fthey are applied in practice.

The performance weighis chosen in this document can be isterpreied using all three
approaches described above. Performance weighting functions W, and W, are chosen as
bounds on the error and control signals respectively. This conld be taken as.a loop shaping

-Jproach, but in fact the approach used here goes beyond conventional singy™ - value loop
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shapiﬂg;ﬂsmemmﬂerwﬂlbedemgnedwmm”waﬂwmdmdm Ofmterest[ﬁyl i

Using 4 condmonﬁ for robust pexfo* e avmd overstahng actual reqmremmts that oould SO

oceur. whan smgular vaIue condlti.r:nsare. ussc’t

__ ’I‘be mverse of the ermr we:ght W can be thaught of as: bclmiting the mammum' o . _ |

. smgular value ef thc sens;tiv:ty transfar funetmn matnx S(s), and simﬂaxly! the mverse of' = . Lo

the con.ﬁ:ol wezght wu, acts as & bound on the 1ransfm' functmn R(s) -K(s)scs) “The N?;_-_f" o

i condmon (2 19} then hecomes, -
EM&H = 1

w}__iem Mﬂ W’E .- R

y@w)l can. be thaught of as detemumng the degree of dxstarbance atbenuaﬁon at each a

frequeicy ®, whea'eas IW WGo) can be mterpre.ted as reﬂachng the largwt antlclpatad . L o

additive plant perturbahona {65]

N Perfommnce specifications for_iROM 'iﬁiﬂinécirblﬁt are detetmined by ﬁle--é;épﬁomic
and process-related iﬁprnancé of tflé"butputs PSE, LOAD, and SLEV. The"speciﬁ.éaﬁon”s :
for each of these outpuis wilt be expressed in terms of a scalar weight Wyi [54]“,1&l

structure:
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" C.
Hat = M ‘L‘dS'I-A _-‘- ST |
with A dlsturbanoe rejection factor, or stea.dy-sme offset loss thars A

e cloScd—loop bandwxdﬁl Iughcr than &y
M o amphﬁmuon of hlgh frequency noisc less than M

The weights onthe eITOrS canl .-thcn-'-bc. combined m a single diagonal .Weight_ -sﬁc_n.-. as, -

W, = dzag{ ,,w,,.w,,} @

3.6.1 PSE error weight

Objective (i) in Seotion 32 giv'es an indication as to how PSE performance
specifications should be chosen. This objective states that t is 1mportant to control thc PSE |
to a certain average size (the finer the bc’cter), and to reduce the product size ﬂuctuatluns
Thc roducuon of size fluctuations is 1mportant because even though two grmd time reoords
may have the same mean, the one with the larger standard deviation wiil result in hlgher gold
losses. From an economic point of view, it is thus important to keep the standard devmuon

of the PSE as low as possible,

Product parucle size is very dlfﬁcult 0 measure on—hne, and the hest rcsoluuon that
can be expected from a PSE is in the order of 5% of the range of meaqurement. As therc
is no point in controlling the PSE to iess than the resolutlon of the umtrument, 1t is
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reasonable to requue that the PSE 100p (both nommal and perturbgd) should re;ect output. S

dmmrbances hy a factor af 20 -1 (at least al lew ﬁ-equenczes) Thxs speclﬁcatmn also

nnphes t‘zat the normahzed steady-state tmlang error due toa ::eference step mput should 5 -

- be less than 0. 05 . .The fmquency up {o whwh this spec1ﬁcat10n must hold is hmmed not only:'- o

by the saml)ling frequency and the speeci of the a.ctuators’ response, hut also b} averagmg: S

that occurs wnlm the mstrument itself. However, as dlscussed in the follomng chapﬁer, S

model uneertamues turn out tobs the llmmng fartar on the achlevable banuw.dth of the PSE"I _' a

| loop For the PSE error wexght (wyl) the followmg parameters are chnsen, :

A=005M=2andr, =90

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

3.6.2 LOAD error weight

The LOAD loop dces not have suéh- a clear-cut economic criterion in tér‘ms of
distarbance rejection or steady-state tracking error, What is important however is the time
this loop takes to settle after a vetpoint 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 te changes in th~ feed ore hardness and
composition [22]. Thus in order o keep the tmllmg circuit opmﬁng at the optimum Inad,
a "steady-state” throughput cptimization strénegy is needed to step the LOA_D in the "right"

direction in a peak-seeking fashion. The speed of response of the LOAD loop limits the.tilile
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| inierval between LOAD setpmnt changes, a8 requesﬁed by the tlu'oughput optxmmer 'I‘he-'_-f

Jongest pract:cauy wablc tune mtervai that can be mleuted by the optmuzer, is in the: reglon - =

.'of ons haur. It ts tlms requzred of the LGAD IQop to setﬂe mthm an hour after a aetpomt _ o :

step-cbange has been made Tha steady~state !mclang e.rror spec;ﬁcation for the LOAD 100p _' ; s

1s not that c.ntlcal and can he of the order uf 10% W:.h referenee ta equaﬁon (3 19),

| LOAB error we:ght (wyz) thh the founwmg paramem wﬂl sufﬁoe,
RSO M=y = 1800

Ifﬂle LOAD loop can adhere to the specxﬁcahons descnbed abﬁve, a throughput::_
. opttmlzaﬁon strategy wﬂl be able to mova the prooess in the thxecuon of more. efﬁcient.' |

opea .1011, as shuwn m Figure 3 4

. 3.63 SLEV ercor weight -

The absolute level of the shurry in the sump, SLEV is not 1mp011ant as long as 1t11$
between safe operating limits, i.e., it should not be close to overflowing or runnmg dry If N
the sump is close to empty, the sump pump can suck air which will result in erratic CFF
behaviour, If the sump overflows, thé result -will not be disasirous, but this oouid lead to
lengthy clean-up sessions. Tn addition, the operating staff might' lose confidence in'the-_'
control system being used. In these extreme cases the linear plant model will of onurse fot

be valid.



Mﬂl sumps come m ali shapes and sizes l:rut they usual y a‘i} have an mchned ﬂoor:'"-_ e

to prevent th"’ b“ﬂd"up ﬁf "Sandhanks“ - The lmear plant medel enly helds as Iong as the:' I

" SLEV does nat ge below the level at whmh the ﬂoer mclme starts In some rm]l sumps ﬂm EEE

- level could be at- 50% of caﬁac.:ty The level of such sumps should then he conu'ollcd_f_ : 3_:'_:' .

hetween 59 and 10{}% of capac:ty

. The mﬂl smnp mn be sean asd buffer whlch can absorh mﬂlmg clrcmt disturbances.'
E such as surges in the n:qu dlscha.rge In fact, Hulbert et al [13_[ used error Squared eontrolj-

on the SLEV 10013, i. e., sxgmﬁcap* ccmtrol actzon IS onl}' mken when the d;fference between B

the SLEV and 1ts setpomt becomes Iarge S“"h large errors could posmbIY ocpur due tO'_: e

szllage pumpmg whlch eocur at irregular mtervals

The pomt xs that the SLEV control does not have to be tight, and thus reasonable '
steady-state t:rackm erors can- be to!erated W1ﬂ1 refe:ence to equauon (3 19), tlus
discussion mdlcates that a SLHV error weight (Wy3) thh the foﬂowmg parameters r:an be

chosen,
A=032,M =2, ry = 1800

The frequency response of the inverses of the three error i}veig'hts are shown in
Figure 3.9. - o
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Figure 3.9: Inverse of Brror Weighting Function

| 3.6:4 -Sontrol weight | .

'fhe weight on the controls W,; was not chosen with the idea of :naking..the closed-
loop robust to some additive plant uncertainty, but ratﬁer to limit the rate of change of the
control inputs. This is done such that the digital implementation of the controller does not
become an issue. Fast actunior movement is thus inkibited by the weight Wu, which is small
at low frequencies whilst increasing at higher frequencies. This weight is chosen to reach
its maximum about a decade below the samplmg frequency "This ensures that the controtier
do not request control mput changes whnch are faster than what the lmplemented system can

deliver. With a sampling interval of 10 seconds, this weight is chosen as,
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The frequency response of the control weight W, is shown in Figure 3.10.

10* -y

L B

magnitude
8

LR B

|13

S | = : T

10‘2] MR T IR W R T L L addas s -_.a.nu' AL & aeaans TR T :
104 104 10+ 103 162 101 100

- frequency (rad/sec)

Figure 3.10: Frequency Response of the Control Weight

It is of course possible to weight some of the controls heavier than others. For
example one could allow the CFF to change much faster than the MFS by specifying
different bandwidths for the appiopriate weights., This will however not be done here,




Other sources of dlsturbanees such as measurement nmse, although they do exi st, are o

net eensxdered te he nf surﬁe:lent nnportance, when compared te d:smrbanoes caused by_;.:_;*: Lo

o changes m m.-e feed oumpomtxon and hardness, to wan:ant the mclusmn ofese. ylated wetghts. o ) :

g " 'I‘he mere we1ghts there are, the more states the ﬁnal eentroller wﬂl have and the lenger 1: .:';_ '-

R wﬂl take te eompute‘ Also, hy mcludmg m many sources of d:smbances and nelse, 1t_"_'f_ DR

'":'beeemes very unhkely in an H -norm settmg fer the worst case to necur in pracnee.? SR

The error wught (Wy) and contml we1ght (Wu) can be supenmposed on’ the plant

thh rts unoertamty descnpuon (F1gure 3 7), te form the general syntheszs and analysns T

_ -frameworkof F1gure22 Theresult:s shown mF1gure3 11 Inthw figure & ts'-' R

”the norm bounded perturbanons that form part of the medel uncertainty descnphon, The'___ R

perturbatum 1nputs and outputs are rqaresentei by z md d respectWely e Represents the . =

welghled eontrels and errors, whereas v represenis the setpomts

e
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CHAPTEH 4

MHLUNG CERCUIT CONTROLLER DESEGN

Intius c'h.aiiter.the p-synthems and analyéis pmcedﬁm 15 applied :o the mﬂlmg 'circuii:' :
- with lts uncertamty and performamc wc;ghts as shown in Figure 3. 11 nght iterations are
done in order to meet thv pﬂfonnanuz robustness reqmremant Tae order of the controllar '
that results f_:om_.zhe.y-_syntu‘le_sx_s process is redu_oed to ease its practical implementation. The
reduced order controller is analyzed for robusméss using ﬁQanalysis and linear time

simuiations.

4.1  Contmller Design

The controller design process described here is illnstrated 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 description for the block P in Figure 3.11. Tn order to do this, the
time-delays were approximated by first-order Padé approximations in order to make P &
rational transfer function matrix. (These delays can be approximated arbitrarily well in the
low frequency region, but at higher frequencies some additional model unoért_ainty is

introduced [701). 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 uncerzamty welghts m, and the__-: e o -

pexformanoewe:ghts{ﬁ)

An mxﬁal Hm-coutmlier demgn was done w1thout any scahng This dmgn promdaa : R

S a cor.iroller, thh the same order as thm of the pIant plns we:ghts whmh nnmmrzes the H - SO

3? '-"‘m over se of Sﬁﬂbﬂmg conu'ollers, of fhe iransfer function watrix batwcen atox1

o - vec:tor nf mputs and a 13 x1 vectox of outputs The mput vector conmsts of pcrturbatlon_ .

. .mputsﬁxl)andsctpmntsﬁxz), whereas theoutputvecmrcmsistsofpermbauonomputs.-.. S

. .- {7 x 1), wmghted contmi Slgl'lﬂls (3 K 1), and nghted eI'I’OI‘S {3 X 1) 'Ifhus Wlﬁl I'ﬁel moe oo

' .to (2 14), the H ~d5318‘1 Ylelds a stabzl.zmg oontroller wlnch mm llMﬂ whsre M'

is the cinsed-ioop transfer ﬁmctton matnx from mputs,
S L TS
o 61__ﬂ;pul:s-, |
led e : o

The minimum y value achieved for this initial design is shown in Table I,



| 2ieetion  {as¢ - isanseg
A atiermtion |11t 13322 |
) atisoration - 1038 [
Clstuetion  Juese | umniima

| The I!Ext sﬁep 1n the design process consists of a ;s-analys:s of the closed—loop sysﬁem_ -
_ F](P,K) with respect to the block structure of F1gure 2.5, Tlns unoertamty block has §
complex sub-blocks of whmh 7 are sca:la:s ansmg from the pIant uneertamty, ‘angd fme 6
input, 3 autput "pelformanee block”, E.,r a fixed controller K, the CﬂlClﬂatlDﬂ of i provide3 h
the ﬁ-equency dependent D sca]mg matnces (cme scaling for mch of the uncertamty wmghts) :

whizh mmmnzes the norm,

ﬂDF,_(P,_K)D.‘fL' o o .(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 robvst performance criterion (2.25) was not met. Tt is not surprising that robust

performance was not acceptable at this stage, as no p-minimization has yet been done.

The D-scales were thus fitted with stavle, misimum phase rational functions, after

which they were absorbed into the generalized plant P. The scaled version of P was then
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usedmasutsequemH —demgn TheH -dﬂsrgnwasnomemmnumnmgu(hd)ﬂver'_-"'-“.'.-' )
frequency mslm:l of a(M) becausethe D-scahng mamx thatwasabsorbed into P, fomesﬂle"-"

H, mlmmmtmn fo. conoentrate on p. across frequency rather than the mammum mngnla: Lol

' value (‘) Ag: shown m Table III tlus demgn ﬁeration resnlmd m a reductlon in vm, 1.e., ﬁ__ _' :

| form 1.'?8 to 1 095. (The number of sagmﬁcant ﬁgures for ymt and ‘fm iy detenmned by__'_:: o

the tolcranoe used m tha H mmmmat:on Ty‘PlcaﬂY; larger tolerances 31"" “3"‘1 for the g

| nul:laIH desxgn)

H-Analysis of the closed-loop system showed that nominal performance and robust
stability were achieved, but that robust performance was not satisfactory at this stage (NP
test (M5}, <0.85, RS test (M), <0.4, and RP test ju(M)],.<1.78). Tn fact, it was

only after another three design iterations that robust performance of the closed-loop system

was considé:ed to be accép_table. (For the purpa'sas of this thesis robust performance ig

considered to be acceptable when M) is smaller than 1.05 .) The DK iteration process was

repeated five fimes, rez.ultlng in the minimem ¥y values shown i Table . The fifth
iteration was done to ensure that Y i 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 Lundsirdn: ef al. [64]. After the fourth and fifth iterations, the _Obnd_ition in

(2.28) was (approximately) met, and the process was terminated. - In fact it was found that

there no change in the y,;, value resulting from the fourth and fifth iterations. Also, after

five iterations the u-versus-frequency plot was more or less flat up to 0.01 rad/sec, in Jine _
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with the *fatness stop orterion” discussed by Lundstrém eral. [641.

Tt is mterestmg to noiae that the numencal calculauons te compute ths desugn descnbed- .

above mke abuut 50 mmutes to pﬂf(m‘li on a 33 MHz 486 PC

| The destgrx d1scussed abnve is the end mu]t of an extensive prooess in whlch deﬂgns B
were done wnth d1ﬁ‘erent combmauons of uncertainty and perfomance welghtmg funcuons'
and pammeters 1t was necessary to xbexate on the weights in order o *ﬂhleve acceptable e
values for performance robustness. Care was however taken not to reduce the plant

uncertainty deécriptidn such that it becomes an uMstic description of the real plant.

“The weight iteration process is summarized in Table IV. This table shows the
uncertainty and performiance weighting parameters that were changed in order to achieve
robusi performance. .It also indicates whether nominal performance (NP), robust stability
{RS), and robust performance (RP) were achieved for a particular design, The wéighting
parameters srrived at in the final design 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 Sect'oans 3.5 and 3.6. The parametes v, indicates the minimum. v value that
was achieved after the initial H,~design. The end result of the u-synthcsis process (DK
ieration) is vy, and the value in brackets underneath v indicates the number of DK
iterations that were attempted. | For some designs no DX iterations were _doiié as the initial

H_-design indicated that a particular parameter(s) will not play a significant role in achieving

76



Table IV: Weight Iterations

Design
No. |

1 (%= E%a1l K9%=31 =65 | 1g= 343 _ Ne Mo No
in %27 M=3 | ' -- -
2 Kbm1 343 -
3 ka1l L9b=10 336 257 . ‘No Yes No
(D) ' :
4 K%=31 343
0%=10

5 =10 %27 310 | 244 No. Yes No
6 x%=35 K%=10 185 165 No Yes No
o | -

7 out E%=65 343 185 Yes No No

@ -
8 =15 K%=15 133 1128 Yes Yes No
@ ) 1
9 K%=15 119 0997 Yes Yes  Yes.
I— ) -
10 T =0, | 152 1038 Yes  Yes Yes
M=2 13

final in L7 1038 Yes ' Yes Yes
5 -_

RS test ' 1%=27 K%=31 kS 17 Yes 1




robust performance,

Theuncertamues represenbed by theuncenamty weaghts in des:gn 1 areas shown m S

(34)130(36) Forlh:sdes:gn, mofSZSwasachievedafteroneDKmeratwn NPRS

and RP. were not achneved The RS measure u(Mn) pealeed belew 1 2 Thls design -

: mdlcated that other combmanons of unceminty wexghtmg parameters had te be chosen mﬁ'- K o

orde.rtoachieve RP.

Pordesigns 1 to 9, the bandwidth of the PSE loop wes made 1/1800 in order to make

it easier to meet the robust performaace 'speciﬁcaﬁqn. The paraneter v, in the error weights

Wi |

the exror wmghts (3 19), was made 3 for all three the error weights up to design 9, aﬂ:er
wiuch is was decreased to 2in design 10

The effect of the gain ﬁhcertainﬁes on robust performance were investigated iu
designs 2, 3, 5, and 6, Design 2 shows that a substantial reduction in the gain uncertainty
associated with weight w, does not reduce the v;y; value found in design 1. In design3 a_
reduction from 31% to 10% in the gain uncertainty associated with weight w, reduced finit
from 3.43 to 3.36, and ¥,;, from 3.23 to 2.57 afizr one DK iteration. For this DK
iteration, NP and RP were not achieved. RS was achieved as u(M;,) peaked below 0,85,
Design 5 shows that a reduction from 35% to 10% in the gain uncertainty associated with
weight wy reduced ¥y, from 3.43 to 3.10, and vy, from 3.23 to 2.4 after one DK
iteration. NP and RP were not achieved, whereas RS was with #(M, ,) peaking below 0.6.

Design 6 shows that a reduction from 65% to 10% in the gain uncertainty associated with
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wmght Ws reduced v,mt from 3 43 to- 1. 85 and Ymm fmm 3.23 to 1 65 aﬂer one DK_ T

1terat10n, NP and RP Were not achleved whemas RS was thh pz(Ml 1} peakmg below 1, 0,_ : ' S

Des:gri 4 shuws that a reductmn m the time delay unccrtamty assomated w:th weight w4

not reduce the vmh value found in des:gn 1

For desugn 7 the mput uncertamty wmght w?, was mmoved fnom P m Flgure 3 11 :

’I'his change int the uncertamty structure was not detected by the mmal I-I demgn as it dom :-'

not talaa the structura L’)f the uncertamty mto aecount The DK ite.r—atmn however shows that' i

this change to the uncertamty structure cansed a substanhal reductmn m ¥ min irom 3, 23- S

(design 1) to 1.98 (i“ iteration) and 1.85 (Z“d lteratlon) Th1s Jdesign _ﬂIustrates the

conservativeness that can result wh_e_n using unstructured uncertainty blocks. Also tlﬁs inpﬁt -
unCertaiﬁty has a-substanﬁal effect on RP, whereas the two output uncertainties wy and Wy
have a very smalil effect o RP, This confirms to some extent the ﬁndings of Skogestad et -
al. [45], which state that‘ wut uncertainties put i:nﬁchinun_e constraints on cbntrol_le.r désign

than does output uncertainties.

Designs 5 and 6 illustrates that the weights w; and w; 'havé 4 substantial iﬁﬂueﬂéebﬁ
RS and RP respectively. With w; removed, the gain uncertainties associated with these
weights were reduced to 15% in design 8, and four DK iterations resulted in a v, value
of 1.128. NP and RS were zchieved. In design 9 the gain uncertainty associated with w,
was also reduced to 15%. This resulted in a v, value of 1.19, and a v, value of 0.997
after one DX iteration, i.e,, NP, RS, and RP were achieved. Thé ease with which RP was |
achigved in this design (only éne DK ibemﬁon), suggested that the performanoe

specifications, that of the PSE loop in particular, could be made tighter. -~
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In des:gn 10, tht., baudw:ﬂth of the PSE loop was mcreased to 1/900, and the hlgh -
frequency noise amphﬁ{,aﬁon factor M was rediiced to 2 for gl three error wmghlx. A vm |
value of 1 038 was acl...med in- tlus demgn, ie., NP RS, and RP were achieved

,uuAnalyms wag performed usmg the oontroller that resulted fmm des:gn 10,. Instead

of nsing- the six. uueertamty welghbs on which the controlier de.sxgn was based all sevem the |

uncertamty wexghts (w3 mcluded) were used in the analy SIS. This analysls Sug.;eSteﬁ that RP'. _ | o

could be achwved- whe.n all seven uncertamty-welghts are included in the demgn process

The final demgn shown in- Table IV includes all the ungertainty weights, and is-also- the .

design that is deScnbed in Sectmn 4.1,

RFP can thus only be guaranteed for a subset of the uncertainty set described by the
weights used in design 1. As the H,, framework is é. worst-case approach, the final B
controller will achieve RP in most cases as it is highly uclikely 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 w, and ws, and for 27%
( nstead of 35%) gain uncertainty in wy. In this case t(M,,) peaked at 0.99 whereas the RP
n-easure (M) peaked at 1.7.

4.3  Controller Reduction

The design process discussed in section 4.1 results in a controlier with 48 states. The

number of states of the controller is dependent on the number of stal ; of the plant (13), the
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unoertamty wezglrts (7), the performance wenghts (6), and the rational funcmns ﬁtbed to the_ S

- D- scales (11) The 48 mntroller states thus result from the 26 states of P {piant plus __ R

wmghts) and tha 22 states of the D and D“1 sca]mg reahzatlons There is nne scajmg

reahzauon foreach of the seven uncertainty weights The orders of the realizahons of these-. : -

welghts are. 1 3 1, 1 1, 2, and 2 respacbVely, and the total order of thesa Welghtmg. SR

o reahzatxons m.ake up the 11 D-scale states

' A 48 ¥ *s controllar is unsu:mble for nnplemen’muon, as it would tie up t00 :naay a

compuhng resoum 'Ihere a.re a few options that can be followed wbcn a c0ntr011ex af |
' reduced: order is reqmred The demgn plant model P can be reduced befors the actual
controller desngn- is done. Such a design would then yield a reduced order controller. The_” |
other amﬁw i.é to use the full order design plant modei in the controller chigh' T'he-' i
resulting fult order controlier is then reduced after the demgn has been oompleted [711

Thls approach w111 be foHOWed here

’I‘he order of the controlier was reduced as much as possible w:thout Iosiug the
achieved level of mbust performance A model reduction routine, which ca_lculat_es. the
opnmal Hankel norm appmxlmahon of a balauc;:d controlier realization [‘72_]", zeduced N
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 arder controller are indicated with *'s. Two u plots of

M (both upper and lower bound) are shown in Figure 4.2. In the one case M contains the
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43 state contmller, and jts p-plots are mdmated by 2 sohd and a dashed jm_ In the other_ : ._ o

_case M contams the 13 state controller, and 1ts ,u-plots a:e mdmted by *‘s The oontro‘ller . 5

;] _smgula.r value plots show that the smgular Values of !he fuIl and reduced order oontroﬂe;s__: o

; only d:ffer m the smaliest tM"J smgular values, paruculaﬂy at 10“, and ]ﬁgh quuenmes 'i‘he - s

' -plots show that ﬂus d:fference has a shght mﬂuence on robust Mmmm, parucularly. 3 o L :

sm the Iow frequency regnon Robust perfonnance is however st:lI aceeptable

Im _ . :.a .- TETrr

wL
101} '

. e-’.a_.»ooﬂ—n—w-e L4
a?

| Reduced Order Cﬂﬂtrol!er

R I
e A ,',Full‘Ord:r:Contml!er
103, -

magnitjlide' o

L 10]?0.6 L .....'.'fhiléis 1 .: Y h“ié‘;‘ L .'!.....1'6:3 2oad ““‘1'6'_2' .|...t.t r.,i(.}..l P | n--j:on

frequency (radfsec)

Figure 41‘ Full and ReducedOrdm‘ Controlier Singular Val_ué Plots
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LIS

R R R

'-;rrigum_:ae.z;fg-ma of M‘ﬁﬁ_._mm’ Reduwd Oraim‘Cmtmﬂers .

_ 'I'he effect uf the oontmller reductwn is lllustrale{l in the tlme-domam by a lmmr sxmulanon . :
B of the closed—loop system as shown in F:gure 4. 3 'I?ns f‘gure shows the response of the .
sYStem i:o a umt sfep in the LOAD setpom There are no wsnble dnﬁ‘erences in trans:ent o

responses of the PSE and LOAD. A shght but msxgmﬁmnt dlfference can be observed in |

the SLEV re3ponse. l\o dlfference can be obsewed when oompanng the plant mput' : .

transnents generated by the reduoed and fuﬂ order controllers The reduced orﬂer controller o

is thus used in the analysls that follow.
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Figure 4.3; Time Simulation with Full and Reduced Grder Conirollers
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Iu thls secl:lon, u—anal)'m.s, as dlscussed m Section 2.2 iz app]:ed to the cIased loop:_ o _

- 'syswm M M is thus analyzed for nommal performance, mbust stabﬂxty,, and rabust'_’. _: S

o '-pe:formance Nammal sfah:hty 1s guaranteed by the u synthesxs methodology Nommai* s

: performancc is achmved when the smgular values of the transfer ﬁmction between v and e .

o ﬂ\izz) arebe]ow umty foratl frequenmes Rohust stabﬁlty zs achleved when ss of thetransfer S

' fﬁmcﬁon between zaud d (MH), wuh respect to the. block siructtu'e A of @. 26), has a peak ) o

_value below one fox ail frequencles. Rnbust performance is ach:eved when the lc:a--vv.a;:ssug,. | i. - I

'frequency plot ofM wnh xespect bo the hlock stmcture m Figure 2 5 peaks helow umty _' T

Flgure 4 4 shows the plots of p"Fl(P,K)) (boﬂl upper and lower bound), as we]l as.
the ¢ plot of M11 for mbust stabﬂ1ty and the & plot of Mzz for nommal performance The '

contrﬂled system achxeves normnal perfonnance and robust stabﬂ;ty as mdlcated Robnst o

peﬁonnance is a]most achleved thh the ,u pIot ofM with :respect to the block su-ucmre in - o

F1gnr32 5, pealﬂng atavalueofl 038, Thnspeakvaluels vmthatwas achle.ved aﬁerthe
fourth DK 1teratlon .The bounds on u(M) shown in Flgure 4.1 and Flgure 4.4, a:e shghtly -
hlgher than vy, ﬁ)und affer the fourth DK iteration, Thzs phenomenon was also eneountm:ed

by Lundstrom et al [64] when usmg ‘the u—Analys:s and Syntheszs Toolhox {54]



- Robust Performance
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Figure 4.4: Performance and Robustess Analysis of the Controlled System

4,4.2 Linear time simulations

p-Analysis draws conclusions as fo the worst—mse performance for the en.tire sets of
input signals and perturbations at once. Figﬁre 4.4 can thus be thought of as a summary of
linear simulations responses that fesult from all possitle comb ~stions of input signals énd
perturbations defined earlier, Of all these combiaafions, one. | . combination (a LOAD
step cﬁange), and one perturbation combination wili be lighlighted to illustrate the
performance of the closed-loop system in the time-domai_n. A LOAD step change is cho.gen
to tesi wether the LOAD performance specification is mat, The perturbation combination
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is chosen fo fllustrate the effect that pracucal events such asa ﬁne feed ore, and ﬁl&add:uon. N

of ste¢l balls 00uld have on the performance of the control sys&m T

Tn the ﬁrst snnulatmn, the nominal ciosed—laop systen (A —0) is suh]ected to a umt o

step change in the LOAIJ setpomt, and the remmmg mput ami output responses are observed_.. '
in FIgure .4.3- -The LGAD parformance spec:ﬁcatlon-zs met as it settles in the requu:ed time | '
(‘3600 sec. ), a.ud 1ts sﬁeady-state errer is less than 10% Thxs simulatum shows that there 18'_.'.
some u'anment mte:actxon between the LOAD and PSE lcops‘ Thxs mteractlon resu!ts from:' |
the fact that the. p-controller was desxgned 10 be robust to significant plant uncertainties. If _'
the plant'were to contam 10 uncertainties, then a controlier could be designed to -mve_r.t the
plant at all-ﬁequeneies in the bandwidih of interést, whicli will result in perfect d_ecoupiing.
with no interaction. between the plant outputs. In practise this is never a viable option, as
unoermmles {and 6ther- plﬁnt characteristics Such as non minimum phase zems) put a

constraint on the degree of plant inversicn that can be achieved.

An attempt was made to simiulate practical events tha; can resuit 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 resnlt 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 tue case of

segregation in storage bins.

:n the case of the feed ore becoming fine, a shortage of grinding medium in the mill
will result, and the throughput of the milling circuit will drop. A particle will then spend
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more tlme m the mlll before it 1s small enough to lea;ve the cn'cmt in. the cyclone overﬂow,.- B o o

i.e, the eﬁectzve mean res:dence tzme of the, mﬂl will mcrease Certam pammm m ihe S

linear plant madel whlch are dependf...,, on the mean res:dence time of the mﬂl {73], i g '_5 L Lo

 the t:me oenstant r in 321 and 323: and ‘the ga:n k in gzg. 'I'he nncertamty i ghese o :

parameters is represented by the weight Wy in the case: of the tlme eonstants and by ﬂlﬁ

| welght w5 in the case of the gam

Apracticai eventthatdecreases thenull remdence tune, mtheaddmonofsmbﬂ] e

o the MFS Tlus wﬂl mcrease she ralae of gmdmg and hence the nu]]mg czrcmt’ :
throughput w1th a resultmg decxease in the miil resxdence time The time oonstant's in 321 .

- and gy, and ;he gain in gy, W_ﬂl thus decrease asa rewlt.

Two ]mear sxmulauons were eonducted in which the ume constant ( -r) uneertamty m.' y
251 and g3, and the gain (k) uncertamty in gog were alternately mcreased (fine MFS) and. :
droreased (steel perturbation) by 0% and 15% rospectively. 'This repredents fhe max:.mum_'
possible perturbatlons on thf"'ﬁ. parameters, for which the u-comntrolier wﬂl guarantee robust
perfem%ce, as speciﬁed by the weights ws and w;. A unit step change in the LOAD
setpoint was made, and the resulting responses of the perturbed systems are shown in
Figure 4.5, This figure shows that the u-controller is sble to meet the pe formance -

specifications in the face of the perturbations describe above.,

The gain (k) uncertainty in gy, 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 twn lmaar s;mulatmns for whmh thn nme cmzstant (~r) uncertamw m 321'

and gzas and the gam (k) unoertamty i 823 were altemately mcreased (ﬁne MFS) ‘md
decreased (steel perturbauon) by 40% and 65% respechvely As before, & unit step chmge;'.‘.

in the LOAD s..tpcnnt was ma.de. Thls ﬁgure shows that the pm-fcnnance of the clnsed—loop'--:'_'_"f_ 3

SYS*GIH dﬂtenomtes somewhat i in e “stesl-perturbation case", as the LOAD takes longer to B

veach its setpmnt. For thlS perturbahon, the p-cont_roll_er performs reasonably well i in the-"
face of ~»lzeable1:t:aramt:iae1' changes, __

45 Concluding Remarks

Figme 4.4 and the linear time simulations shown here do not reflect simulatioﬁ L

responses resulting from a realistic (non-linear) dynamic ROM simulator. D'ue to 'thé_
complexity of the dynamics of & ROM mill, such a simulator is unfortunately not available.
The real test for the pu-controller is its practical implementation, the results of which are

given in Chapter 5.
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CHAP'II'ER 5

LONTRGE.LEH EMPLEMENTATEUN

In thls chapﬁer an 1mp1¢mentatlon of the u-controlier on an indusu'ial ROM rm]_lmg T

cireuit is described. In Section 5.1 the platform ot whlch the controller was :mplemented

s discussed, o Section 5.2 plant results are presented. This secton includes a discuson

of initial plant results which indicated that the -controller design needed to bs modificd.
This was followed by a set of plant identification tests which led to a redesign of the i«
controlier. Results achieved with this final cortioller are also presented and discussed. Tn

Section 5.3 a general disclission of the implémenhﬁnn exercise is given.

5.1 Implementahon Platform

The p-controller as designed in Chapter 4 was implemented on Mintek's first
generation experimental multivariable controller platform as described in [13}. This platform
consists of a 8 MHz XT PC running the multi-tasking operating system Concurrent CP/M N
86 {74]. The coutrol, user interface, ﬁnd plant interface software are written in Analog
Devices’ multi-tasking version of BASIC, called MACBASIC [75].. ‘The plant interface
hardware consists of yMAC-4000 YO cards and anti-aliasing analog Slters [76]. Bvery

%



5 seconds the Piaﬂt Output measurements are compared to the setpomts, and the msultmg R

errors are processed by the Ju,—c:ontrollmu The contro‘ acﬁons caIculated by the u-controller :
are then sent out to the plant via the mterfacmg hardware Slave PI controllers for the SFW, :_. -
MFS, and CFF ensure that the oon!:rol actmns are 1mp1emented as raqueswd by the. ,u-.. "

For the purposes of this thesis the existing Mintel platfom was used wih smtablY B

modxﬁed control algunthm software ‘I‘he gz-oontroller was d:scretxzed in MA'ILAB usmg | L

a zero-order~hold apprommatlon thh a samphng mterval of 5 seconds ’I’he resnltmg_ o o |

mscrete state-space descnptmn was then eonverted o a modal canomcal representatlon

[77). The coptrol software was thus modified to implement a controfler of this form.

5.2  Plant Tests and Results
© 52,1 Intial plant test

An iﬁitial 4 hour test, shown in Figure 5.1, was conducted on the int.iusi:iai. ROM |
miiling circuit with the g-controller as designed in Chapter 4. This ﬁgufe shows the plant
outputs PSE, LOAD, and SLEV, and the control actions SFW, MFS, and CFF, with the
dotted lines indicating the setpoints, and the solid line the actual measurement., The u-
controller wes switched oﬁ for two periods; perind 1 from 13:50 to 15:10, and period 2 from
15:25 to 17:20. Dwring the first period the sump overflowed shortly after the controller was

swirched 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 mcreased fmm 450 ma{h to 650 msfh m o nﬂer © bnng tha-'_"_."j'-lﬁ*

_ 'SLEV down) ’I'he sump overﬂnwed a few mow tlmes dunng fl 413 ﬁm pen od aud large

PSE ﬂuctuahons eccurred as a result of con'ectwe actmn tak:en whenever th]s happened It-"_ : L

- was thus declded to sw:ﬁch off the p-ﬁontmllar and to allow ﬂle czrcuxt settle for 2 Shﬂrt;'-'.::f :

Dunng the seoontl penod nc manual currecnve actmn was taken m hep the SLEVf

_away from ememe& Fzgm-a 5 1 shows that SLEV contms w::s nOt saﬁsfactuniy, as the

.___:SLEV was at ot belﬁw the Iow Iumt of the sump Ievel mdmator for most of ﬂus pen ad '_:_;': S

L _-_.Control ofthe LOAD was also not as demred and 1t Was 0bserved that the MFS was u sed

| ._._mamly to keep the PSE close t.o 1ts setpumt As the MFS is the con‘*ml ﬂcuon Wlth the most-__"__ S

| 'mﬂuence o the LOAD thls would explam why the LOAD oontrol was nnt adeq

. snme degree of PSE centrol was achmved dunng ﬂns seoond peno d The w' e

._controlier d:d & reasonable Jab of traclang a SEtpmnt step change in the PSE ﬂom 75 to —

- 80% < 75,um, whxch way made at abont 16.25
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Tl'lis mxt:al u—contro]lel test mdlcatsd that smne form uf I'SB c:ontml was acinsved, o

but that the LoAD and SLBV ccmtrvl was madequate Tlus fest also indicated that the CFFI S

‘slave oontm]ler, and to a Iess.er degree the SF‘W slave controller, needed to be tuned mo:ce :-_ "

o gwe a faster res;:ons&, as they did not follow the setpomt mquesbed by the u—oantroller__"_;_-._'___-- -

accurabely

’I‘he poor SLEV comrol suggests that the rano of SFW to CFF whmh wonld keep ae__ et

: SLEV constant was not as the model predlcted ‘I‘hxs cuuld be due to vanous factcrs ﬂie

. CFF slave contreiler is not tuned correctly and ia thereforc not respandmg adequately to y- -
contrﬂller requests i c., the ratic of SFW to CFF requested by the u—contm]iar was nnt-'
achieved by the phymcal plant the SFW and CFF base Ievels are mcorrect The oontrol of '
the: mtegrabor SLEV is very se:nsmva to the base levels of the plant inpubs SFW and CFE.
These base lavals are obtnmed at’ the startup of the oontroner, and if they are. mcorrect
becanse of noise or unsteady- plant operation, a large effective disturbance in introduced that
requires a large amount of proport_';onaﬂ action to overcome;the uncertai.n.ty in'th_e: mtegral
constants of \he SLEV/SFW (g31) and SLEV/CFF (g35) traﬁsfer functions was nbt taken into |

account when the g-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 ertors,

In the light of the discussions above, it wag decided to re-tune the SFW and CEF
slave controllers, and to »i<0 do one set of plant identification tests in order to get an-

indication of how much the plant has changed since the original identification tests wers
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done. These actions are discussed in the next s’e_:fcﬁon.-' E

- 522 Plant identification tests - .-

Simple z:egm-Nichols tumng [78] was used to tune the qu and CFF slave o o

mtrollets Aﬁaer the tunmg exercise the two slave conlmllers were conslﬁered to respond__ S

_ adequately 1o the:r setpomts

Identzﬁcanon tests 'w__ere ther onducted; sta:rhngmﬂlsbeps in -t!ié_SFW_. Dunng these |
steps the SLEV was ﬁﬁt eontrolled, and ca‘r;e.had to be taken .x.mt' to let the .sl.l_mploverﬁbw |
or un dry. ‘The SFW steps are shown in Figﬁfc 52. AS0 minute base level was achieved
before the steps commenccd in order to aocurately determire steady-state gams of transfer -
fl.mctmns ‘with large time-constants, for € g., LOAD/SFW. The MIW was kept oonsta.nt

throughout these Iaests

Figure 5.3 show CFF steps (16:30 to 20:00) followed by MFES steps (20:00 to 22:00}.
These steps were conducted with the SLEV 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 (3.1). The relationships obtained from the SFW

steps, i.e., PSE/SFW and SLEV/SFW, were used to remove the effects of the SFW changes
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 made duﬂngtheCFPandl\iFSsteps e

The 1denuﬁc:anon exercise shomd that the nommal values of most of the gams and y i

| ttme—constants of the RDM cxrcmt transfer functxoﬂs, were the same as befaw Some S

" _mgmﬁcant changes were however found The mrtegral constant for ths transfa‘ ﬂmctton_ : .

LOADMS (822} was 5 umes smallﬂr than t’ne one used in the ;;-contm]ler desxgn. Also

> the dead-mne m the PSE/MFS (glg u'ansfer funcuon had mcmsed b} a factor Of 7 Some. Lo
- “minor changes (about 15 %) were nbserved in the mtegnal eonsmnts uf the SIEW ami o

o _SI..EVICF]F In aﬂdmon 1o mmple relahonshlp, such as g21 and g23 m Chapter 3 could be 3 =

o found forﬂiemADlSFW and LOAD!CFF transfer functlﬁnsr

It is xmportant to note ﬂnaf: these xdentiﬁcatton tests are not comprehenmve enough to'

- accurately ideszy mmor changes m the nommal model and serve only to mdlcate Whem B

| -ma_]or changes ha*m oocun'ed Usually at least three sets of 1dent1ﬁcaﬁon tests ate reqmred .

to obtain a ma:’lel that 13 adequate for contmller des:lgn 'I'hus the mmor changes observed -

in the sump mmgxal cﬁnstants do not war:ant nonnual model changﬂs, but do mdlcaﬁa that o S

_ﬂ'lese transfer functtons havc some uncertamty assocxated w1th them Such uncertamty was. s

not taken mto account in the orzgmal n-controller demgn whlch mlght be one of the re.asuns o

for the madequate SIEV control
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The change in the dead-ume of gm (PSB/MFS) is due toa change of parhcle-mze =

measuring mstmmem‘ The oﬂgmal identification tests were done usmg; a ultrasotmd based _ )

parﬂcle—mze esnmator [?}, whereas a denved—measurement based PSE i 1s now in use. The .

new PSE uses amongst ather mg“als the cyclonc feed Jensity (CFD) to estlmate product—s:m o

[79]. 'H:ne new dead-time that was found for 515 is of the same order as that of the drad-
time found for: the originat CFDIMFS transfer. ftmcuon plus the dead-tim time - of the PSE_

. mstrument 'I'he large change in the LQAD/MFS mtegmnon constant is probably due w

cahbratxon changes made to the LOAD measuring mstrumant by plant personnel aﬂ:er the'
original identification tmts were done. Thls calibration ahange,- together with the change in
dead-time of the PSE/MES transfer furctina, -« “srtainly bave & detrimental effect on

the p-controller’s ability to control the L.C

The p-controller was redesigned totake fne ov_... ... & into consideration, as

discussed in the next section.

5.2.3 p-Controller redesign and subsequent plant test

The redesign of the y-controlter which incorporates the changes discussed in the
previous section, is described in Appendix A, The resulting plant test, which lasted for
abiout 2 hours, is shown in Pigure 5.4. This test shows that control of PSE and LOAD has
improved considerably compared to the initiai test described in Section 5.2.1. SLEV contl_'ol.

was however still problematic. Good PSE and LOAD regutation was achieved from the time
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1hat the eonu'oller was swnched on at 13 .4(3 unh.l the PSE setpO' c:t change at 15 10 In fact. _.:; - K

the PSE control shown here oompares favourably ’Wlth what has been achleved Wlth nther'; _' o |

synthesis methods such as INA {13]

The 'séepoint-'change' in the PSE from 78 to 83% <75um -resultad'm tﬁe'-sump*.'

ovarﬂowmg at 15:40. The PSE semomt was reduced from 83 to 80% <75um bo try and . I

bring the SI'E" down (i3 isasoning for this is given in the next paragraph). E-vemuauy I

manual onrrectwe action (mductmn in SFW and mcre.ase in CFF) had to be taken to brmg '

the SLE.V dowu, and the test was aborted

The reason for the sump-dﬁ:ﬂowing 1s the following: When t.‘)e'_P'S'E is he'ldiy_ |
setpoint mote SFW is added to bring the PSE fo its setpoint At the same time the p.-
- controller requests an increase in CFF to prevent the SLEV from risiﬁg. The SEW slave
controller responds faster'f. than the CFF stave controller to freqﬁests from the p-controller,
The CFF thus does not increase fast énough to compensate for.the additi_oﬁal 'a)ater tht i3
added to the.sump, ie., the flowrate of water and slurry going into the sump is highar than
the ﬂc;wrate of slurry that is pumped to the cvclone, which results in the 'SLEV rsing. If

this situation continues for an exterded pericd of time, the sllmp eventually ovefﬂows.

The reverse situation also occurs, When the PSE is below setpoint, the SFW is
reduced without a corresponding drop ia the CPF, 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 Pigure 5.4.
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The poor SLEV control suggests. that *he. physlcal plant goes out oi: the bounds

described by the rmlhng c:rcuit model that was used for the o-controller demgn.

assumptlon was made that the actuator dynamtcs wem fast enough to be negleoted m the' o

controller desxgn This assumpuon 1s ot valzd as the physical SLEWCFF transfer ﬁ:ncuon, o

whmh moludes the dynaxmcs of the CFF slave controlier falls outmde the parameter hounds-' PR

determ.nad for thls transfer ftmouon in the zmiling cireuit model

. A ._ngr'bf_'rodﬁcing _the SLBV error Woui,d s beto inolude. the SFW and CFF slave o
controller dynar'ni_cs_:ih tﬁe; hominal mi]ling model, but the 'sla.\ie conlxollors aﬁ:_ tuned ti_ghtly._
to avoid having to do this in the first place! The slave controllers’ PI seiting are changed
regularly by plant personnel (not aiways for the be&ef)’, w’iﬁch make it questionable wethor:'
the inclusion of their dynamics in the milling model will prevent the sump form overﬂowix_ig

or running dry in the medium to longer term.

The problem is howover that the SLEV acts as an integrator, so any error will be |
integrated until the offset producod is largs enough to build up sufficient control 'action.- “This
offset will be large if the gain is small, and could perhaps b’eco'nie unbounded if the
controller does not have the degree of freedom to oorfect an assumed ratio required of the

SFW and CRF. The use of integral action is a possible solution to this problem.
The p-controllers’ performance will not be evaluated here against the PSE, LOAD,

and SLEV error weights, as the SLBV control problem prevented significant setpoint changes

from being made in the plant outputs,
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The plant st shown in Flgure 5.4 ‘ndicaws that the p.-contmller c.ould be made to. '-

wmk on an industrial ROM mﬂ]ing clrcult, provxded that the SLEV control pmblem cait be, L

overcome. A poss.lble solutlcm to this problem is to im':lude the dynamlcs of the. SFW aﬂd' L

CFF stave controllers in the nom'mal mﬂlmg model. It is however alarmmg that tae g~

contro]ler is so senmtive to the PI setﬁngs of tha SFW and CFF slave controllers Thxs[f

: sensm\qty can fo:tuna_tely_bc explamec!_;. and requires nareful han_dlmg in apphcaﬁo;:l_s; -

The -_p@n&éﬂer'm its current form is ﬁ_nable to deal with the prohlgm of instrﬁiheﬁt |
cal'ibfat'idn. .r.:hang:es. such as the one observed in the LOAD méaaﬁring_ instrument. - Because
calibration changes happen frequently on industrial milling circuits (although not usually as
large as the LOAD calibrstion chat_lge), 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 etrors, such as making the value A in the error weighting fanction very small,
However the smalle A gets, the more difficult it is to achievs robust performance. The
existing model will also have to be expandrd 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 arcund the g-controller to make it rugged enough for
industrial use. It is beyond the scope of this thesis to dev_elop the u»contrbller into a
ruggedized full-blown practical industrial controller, and the matter will thus not be pursued |

any further.
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EHAPTER 6
CQNCLUSEONS AND RECOMMENBATEONS

_ ‘I’hxs chapter gwes a bnef su mmary of the most nnportaut results of the tesearch 'I‘he .
study is assessed and thrs szgmﬁcanee and 11m1tatmns of the work are dnscussed Fma!ly

some suggestmns are made for possible future research

6.1  Asscssment of Study

The significance of the _stu_dy. reponéd in .this thesis is that, for the first time, it has
been shown that the ROM mill control problem can be formalize { o teyms qf the general
synthesis and analysis framework, Motivation for this approach based on practical
considerations, has been provided. Another ke ' ~~niribution of this wor.  that the resuliing
u-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 latge leap from computer simulations studies, and are considered essential in

evaluating a controller’s applicability for industrial implementation.. -

The work described in this thesis can be divided into three sections: casung the ROM
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~ milling eontrol problem in a gene.ral symhesm and analyms framework synthesns and UL

_anmysis of the J.c—controller, and the practlcal lmplementat:on of the contm}ler on anf"f'_' EE

industnal ROM mullmg cm:uﬂ;. =

The #—methodomgy was applted to a ROM mﬂlmg cn'cult model with physwa]ly -:' v

| mouvated performance Speciﬁcahons The reaulimg contmller was nnplemented on an'”i__' o s

' _mdustnal mlllmg mrcuxt Plant tests shOWed that good PSE and LOAD regulatwn can be. '- __ |

o ach:evad wnh the p-comroller. but that SLEV control is madequate. The masons for the-'-' -

poor SLEV cc‘xtroI are analyzcd m Chapter 5 and suggesnons are made as to how they
could be overoome. - The ﬁ-ﬂontmller s performance is not evaluated sgainst the BSE,
LOAD, and SLEV error weights, as the SLEV oontrol problem preventad slgmﬁcant satpmnt L
.changes from being made in ths plant outputs.

 The promising initial results indicate that with enough effort, the u-controller could

be made to \§ork on an industrial milling circuit. An interesting question is wh:ther the -

effort in establishing a u-controller on an industrial ROM milling circult is jusiified. From =

a commercial point of view the answer io this question is probably "no", for the following
reasons; Existing controller design methods such as INA, can with just a.nominai.gilﬁﬁt
model and some on-line tuning achieve adequaté control of an ROM milling cirouit, The g~
methodology requires significantly more modelting 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-cutput bebaviours of a ROM milling circuit. On-

line tuning will therefore still be required to achieve good contral.
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'I'hls is cmtamly not an attempt tu detmct from the “_theory’ ’I‘he " theory JS .

considered to be very powerful but it makes nio statement ahout the performance or stabﬂ:ty ._ .

of the actual physxcai sysiem. It needs to be supphed w1th the nght mformatlon, and thls xs o

~ where the problem anses The uncertamty descnptmn of the nulhr-ﬂr circult that iy used in Ny o

this- thems was derived from over ¢ hundred models that were Fted w0 individual responses”'-- o

| of expenme.ntal Tuzs, It 1s somawhat alamung that-even such-a slgmﬁcmt modellmg effort_ -
is. not sufﬁclent (ea e.nable tha ‘u~controlter to perform as demgned (admitted!y, the gt~
controller would hava perforn 4 bettsr if the CFF slave controller's dynanucs were mt:luded :
in the nommal mﬂlmg modei) 'I'he other dlsturbmg factor regarding the n—contro]ler is 1ts..
sengitivity to instrument < - ’.~ratmn .qhanges and its inability to deal with evelf-chan_glng slave
controller PI _settiﬁgs; -Some fo:m .of integral action is required to eliminate-steady-state
errors cansed by calibration changes, such as making the value A in the error weightiug
function very small. However the smaller A gets, the more difficult it is to achieve robust

performance. -

In defence of the y-controlier it must also be said that the plant tests were limited.
The p-controller should ideally be evaluated over a period of weeks and months. Also the
tracking ability of this vontroller 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 u-methodology lies
in analysis and not synthesis. Its analysis power is demonstrated by the fact thut one can

determine the effect of model parameter variations and different performance specifications |
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all at once. .cs~AnaIys13 oould thus bn used to analyze for example t:he senmtmty of an INA | _. Lo

conh-oller to dlfferent plant paramelaer vanatxons. Such a process rmght mdxcate that more_ B |

emphams should be pIacad on Ldenhfg.mg oertam transfer funcnons, i. e 1t might tum Out '_ e

that it iy not necessary from & mbuanms pomt of mew to accurately detem:une the._ A

LOAD/SFW transfer functm. On the other hand, the oontrolier nught be very Senmtm to:" . '- : Z_:\ -

changes m tha parameters nf anather transfer functlon such 25 the PSE/SFW tr‘ansfer S

_ fnncuon. Such an analyms smdy oould bavery useful in smng tunem ystﬂblmhlﬁg a model '

. for contro]ler desxgn It could aJsc suggest xmprovements to mechamstlc mllli“g models that_. | T

are current!y employed

6.2 Suggestions for Future Research

" AS stated in .ihe.-previdu-s- section, tﬁe' p-theory is mnsidered' to be very powerful, but
it needs to be supplied with _the right information.. Tlns clearly indicates that effort should
be put into developing identification methods that can accurately determine not only nomiﬂal-_
MIMO models, but their associated uncertainty descripﬁons as well, Some progresé has
atready been made in this regard and the Jury 1992 issue of the IEEE Transactions on
Automatic Conirol was dedicated to this topic. In this issue Smith and Doyle [SOj make |
& connection between robust control and identification, and give a necessary mndiﬁon fora

model to be able to describe all observed input-output behaviours of a system.

The identification problem can of course also be approached fron. & mechanistic

modelling point of view, and efforts should continue to gain £ dsmental knowledge of the
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More piant tests slmuld be conducted thh the y centmlm, and the relevance bf -the"}-‘::___' : R L

. “ﬂcertamty dmﬂptmn and the performance s;:ecxﬁcatwns should be evaluated' Methnds"'_':e--.';'
o 'wluch mcoxporate soma fonn of tm-tme tmung m the n-methodoiogy shauld also be...':

As stated s&veral t:mes m ﬁns thems, Iarge dxsmrbances enter the nulling cn:cult ma. ;

. - . 'mvestxgated as thls could have a consﬁerahle unpactan ﬁlﬁ amuunt of 1dent1ﬁcatlon effort_'_f_f_-'.'-:__

| 'tha ROM feed Instrumentatmn should thus be ﬁevelbped to pmvnde a n‘ehable measwement R

E of such xhsturbances, and plant tests should he pc\:fOrmed o dehermme wbat sho ul d he ﬁone_' = L

| mm such a meaSurement once itis avaﬂabie. Some progress has alreudy been made § in thzs' R

regard vsmg mmon-based systems to est.mate rock~sxze on a mﬂl feed h.lt [81] It is - S

| possible that such a measurement cmlld be lmked in a feed orviand manner to ﬂlemwslmh - L

- ‘that the. rheology mmd¢ thc mﬂl is optimmed for good gnmling



o _' of the reduoed order ﬂ~ountroller. '_

Al Uncertainty, Perfon

For ms de.sigu thc LOADISPW (g21) and LOADICFF (g23) transfer ﬁmenons were ey

o 'om:tted and 15% mtegral oonstant uncermty was added to the t:'ansfer functlons of the' S

R sLEVISFW (gai) and SIBVICFF (335) The nommal mtegral constant for the LOADIMFS e

a transfer funcﬁon (820) was decreaseﬂ by a factor of 5, and tie dead-nme assomabed w:th the:"__._'_'.{_' L

PSE/MFS transfer funr .zon Was mcreased hy a factor of '7 sza uncertamty welghts wem' |

. .used i e., Wp w3, .W4, Ws» and wﬁ These welghts are as shown m equatlons (3 15) m:" ': '_ f: ) _

(317, \mth one exceptxou, mb was made 1!8 to a(:commodate the fact that control actmn 13 S

ﬁkenevcxySsecoaﬂs | |

The "new" nominal plant with uncertainty description is shown in Figwe A,
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Figuro A.1: New Nominal Plant with Unceridinty Description
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Some changes were atso mad'e te the PSB ermr we.ight The value 61 in the PSE ermr: S

weight (see (3 19)} was mcreased taO 1 from O 05 to makeuthe sameas thatoftheLOAL

error we1ght. Thls was done because the LOAD is controlled over a raage of 10% Wher

PSE wntrol is done over a range of 20% The change in PSE error weaght thus amounts T

fo output scalmg whwh takes the range of control of a partlcular varxabie inte acoount. The' ERERE

LOAD and SLEV error wmghts were: Ieft as 18. i

__ 'I‘he MFS control wenght was changed to scale thm :mput ta he m thc same umts as -
ﬁle SFW and CFF i e maih mstead of t/h, “The control wexghts were also scaled to- '
mcorporate the ranges over wh;ch the control avtzons operate, ie., SFW + 125 mzlb MFS |
:j;._ 80 t/h, and CFE i_ 125 m"/h. ‘The bandwmlth of the control waxght was also cha.ngm.to
_-accbmnio_date the fact that control action is taken ever . ~conds. The new control weight

W, is given as,

W,=wy Iy
R e
80
8s +(—=—_Y0.0085
(125 % 27)
3s+ 1

where 2.7 is the density of the ore in t/m®.
A.2  p-Synthesis and Analysis Results

Robust performance was achieved after 2 DK iterations with |My,|.,< 1.0,
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| '-'_'l]u(l\in)ﬂ,,«cﬂ 3 and ﬁp,(M)ﬂ <1 02 F:gune A 2 shows the p]mts of p(Fl(P,K)) (bott
upper and Iower bound), as well as the b plot anH for robust st:iblhty and th'e

Mzz for nommal perfonnmae 'I‘1e eontmlled system achxeves ncrmmal perfomam “and”"

rohust stahihty as mﬁ.lcawd Robust perfonnanoe xs almost achnevetl wﬂh the ;z plut :'
_w:th respact mtheblmkstr :cwrem Fxgurez 5 pmhngatavalmsofl 02

T T YT
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Figuro A.2: Performance and Robustacss Analysis of the Controled Sysiem




The p—synﬁlems p:ocP.ss rasuited ina 32—stalje contro]ler Whlch was reduoed to 12
states vathout losmg the achleved Ievel of robust performance The 12 stalae contraller was.
then converted e a dmcrete—ume modal canomcal state-spaoe descnpuon as ‘before 'I'he

discrete-tine stgtg—_spagg _de_scnphon is s_hown below in the form,

x{k*‘l] = @x{k] + I‘e[k]
- - Cx[kl + Delkl '

with @ being a 12 x 12 _.matl."ix having only diagonal, upper and lower diagonal terms. The
12 diagonal terms are,
diag(e)=

[8.7882262E-01, 9.5169161E-01, 9.5169161E-01, 9.6512643E-01,
9.8508110E-01, 9.8508110E-01, 9.9565959E-01, 9.9637024E-01,
9.9944382E-01, 9.9926251B-01, 9.9972235E-01, 9.9699480E-01}

and the 11 upper diagonal terms are,
upperdirg(#) =

{0.0000000E+-00, 2.5355977E-02, 0.U000000E +00, 0.0000000E +00,
1.7558486E-0' , 0.0000000E+00, 0.0000000E +00, 0.0000300E+00,
0,0000000E +00, 0.0000000E +-00, 0.0000000E +00] '

'The lower diagonal terms are given by,
lowerdiag(®) = - upperdiag(%)

The 12 x 3 I matrix is,

1.3514808E-02, ~1.8039928E +-00, -1.49571T0E-02
-2.22633618-00, -2.4041768E-01, 1.3115054E-01
-9.0769077E-01, 6.5452338E-01, 1.0544791E-01
9.3704678B-07, 9.0210162E-03, 2.2811913E-01
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zsssszzm-uz, LOAI269SE+01, - 82967905803
“1.1480505E-01, © 96627828502, . AJESSBIBB03 . o o
41, 31533;371;-_01,_=-.'.-_ © L7018330B400, . -S.8213929E03 '
- L703153IE0L, . T ,7603067B0L, - - -1.,__12_939523-03 S
7050020801, - LEJOGTAGE-D4, - 18804152803 -
5.9930681E-03, - . -2.0899848E-03, - - 2.9616990B-02 =
5.5693239E-04, . 2.1993800E-DL, . -2.0508974B04 <
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