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A b s t r a c t .  The paper presents the design procedure of a model-based control algorithm 
for the regulation of tadmgs and product flowrates m a cement mall The control variables 
are the feeding rate and the classifier speed ExpenmentM results of a full-scale industrial 
apphcatlon are reported and dascussed with a view to the control of the fineness of the 
cement 
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1 INTRODUCTION AND 
PROCESS DESCRIPTION 

Cement productton processes axe well-known to re- 
quire a high energy consumption A large part  of 
thas energy as consumed during mtlllng of the cement I 
clinker and raw materials. It is therefore of interest 
to opttmlze thas operatton m order to decrease the en- 
ergy consumption by umt of final product  but  also to 
enhance the quaJaty of the final product Such a pro- " " ~ l  
cess opttmizatton caa be achieved by using feedback : !  
control strategms tha t  man at maJntalmng the process Feeding 
at eflicaent operating levels 

In a recent paper,  "State  of the art  m the control of 
mdhng cucmts" (Hulbert,  1989), one of the mum con- 
cluslons of the author as that  • "there as a tendency 
for simple single variable control schemes to be re- 
placed by mult lvanable control strategies, which are 
more stated for the task" 

The concern m thas paper as preasely to present the 
demgn of a "Linear Quadrat ic  Mul t lvanabh (LQ- 
MV)" controller for cement mills and to illustrate its 
performance with the experimental results obtained 
on a mill of the company "Clmentenes d 'Obourg" 
(Belgmm) where the controller has now been m oper- 
atmn for more than one year 

The schematic lay-out of a cement milling ctrcult m 
shown m Fig 1 The mdl as fed with raw material 
and cement chnker (feed) After grinding, the mate- 
hal  as introduced into a high-eflicmncy classifier and 
separated into two classes The taihngs (refused part)  
are fed back to the mill while the finashed product (ac- 
cepted part)  exits the mdhng circmt The classifica- 
tion of the matena l  is driven by the rotatmnal speed 
and by the mr flow rate of the clasmfier 

Traditionally, the apphcatmn of feedback control 
techmques to cement milhng circuits m hmlted 

~ Classlfior I 

Cement M~II [ 

F i g u r e  1 Mdhng circuit pnnclple 

Product 

to monovariable classical PI control of the tazhng 
flowrate (or of the carculatmg load) with either the 
feed flow rate or the classifier speed as control ac- 
tton A typical example can be found m (Clganek 
and Kreysa, 1991) 

Thas paper presents a mult,var)able model based 
linear-quadratic control s trategy where two outputs 
are mmultaneously controlled (ta~mgs and finashed 
products) by umng the two avaalable inputs (feed and 
classtfier speed) together Other multtvarlable model 
based control studms using etther the internal model 
control pnnclple (Lanthmr et al, 1989 ) or the reverse 
Nyquast array method (Hulbert ,  1989; Nmml et al, 
1989) have been published These contributions how- 
ever apply to wet mdhng circuits for the metnllurglcal 
industry and contain only mmulatlon results (with the 
noticeable exception of (Hulbert,  1983) where inter- 
esting experimental results are reported).  To the au- 
thors' knowledge, thas paper m the first mdustrtal ap- 
phcatton of multtvanable control to a cement mdhng 
circmt gtvmg rase to a genuine routine operation 

2 CONTROL OBJECTIVES 
In s teady-state  operaUon, tt as clear that  the product 
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flow rate is necessaxdy equal to the feed flow rate whde 
the taahng flow rate may take any axbltrary constant 
value Too high a level of the circulating load (fresh 
feed plus tading flow rate) leads to the obstructmn of 
the mdl while too low a circulating load contributes 
to fast wear of the mill internal equipment It follows 
that  the circulating load must be controlled at a well 
chosen level in order to avoid the above-mentmned 
behavmur and hence to optimize the grinding effi- 
cmncy and, consequently, to minimize the energy con- 
sumptmn of the mdl (1 e the ratio Energy per Unit 
Product) A usual approach Is to control the tarhngs 
flowrate by using the feed flowrate as control input 
This control strategy Is however not fully satisfactory 
since it indirectly reduces a loss of the control of the 
product flowrate 

n w . . ~)': . o , l ~ t  n=.o,,,,,k ~ , , , a . ~  . . 
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A correct fineness of the product is also of great Im- 
portance The fineness depends on the composntmn 
of the mill feed, but also on the rotatmnal speed and 
on the a~r flow rate of the classffier A natural  control 
objective would therefore be to keep the fineness as 
close as possible to a desired value by acting for exam- 
ple on the rotatmnal speed of the classifier However, 
In cases where on-hne fineness measurements are not 
available, an indirect control strategy can be of inter- 
est 

These observations have led to consnderatmn of the 
following control objectnve 

• To regulate the product  and taahng flow rates at 
desired levels (setpolnts) by acting on the feed 
flow rate and on the rotatmnM speed of the clas- 
sifier 

The achmvement of this control objective clearly re- 
qmres a multzvaxlable control approach since two out- 
puts (tailings and product  flow rates) must be regu- 
lated by slmultasLeous actions on two inputs (feed flow 
rate and rotational speed) in the presence of impor- 
tant  cross-couphng effects The aar flow rate m the 
classifier is kept constant for long permds of opera- 
tmn and is not avaalable here for control purpose 

Moreover, it Is obvious that  m a milling circuit such 
as that  m Fig 1 

• For a given feed composntmn, the fineness will be 
constant ff both the product  and the taahngs flow 
rates are kept constant 

• Slmdaxly the energy consumption of the process 
(ratio Energy/UmtProduc t )  wlR be fury  under 
control ff both the product  and taahngs flow rates 
axe regulated together at suitable set points 

This clearly lmphes that  an overall control of both the 
fineness and the energy consumption can be achmved 
at a supervisory level m the control system, by ma- 
mpulatmg and opt~mmmg the tathng or product  set 
points, using for instance off-hne laboratory measure- 
ments of the fineness 
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F i g u r e  2a Experimental  da t a  of September 19, 1990 

3 MATHEMATICAL 
MODELLING 

It is well known that  the design of an eflicmnt mul- 
t ivanable control system requires a model The first 
step m the control algorithm design consists m ob- 
taining a mathemattcal  model of the cement mdhng 
process 

3 1 Black-box model 

Roughly speahng,  there exast two modelhng optnons 
(Hulbert, 1989) a mechamstlc model whlch tends to 
describe In deta.d the physics of the whole process 
and a "black-box" model which alms at reproduc- 
ing the inpu t /ou tpu t  behavtour of the mdhng pro- 
cess Generally, the first approach leads to complex 
models which can hardly be used directly for the de- 
sign of a controller The second approach, followed m 
this paper, provides models which can be made just  
complex enough for the description of the mum pro- 
cess dynamws while remaaning tractable for control 
demgn 

Two sets of experimental da t a  shown In Figures 2a 
(Experiment 1 of September 19, 1990) and 2b (Ex- 
periment 2 of October 17, 1990) were used initially 
for the bla£k box identification of the budding pro- 
cess This da ta  (hke all the da ta  presented in this pa- 
per) has been obtmned from experiments performed 
m the mflhng circuit ~3 of the company "Clmenter- 
ms d 'Obourg ' ,  Belgium It consists of product and 
tading flow rate responses to steps in feed flow rate 
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F i g u r e  2b  Expenmental  da t a  of October 17, 1990 

and classifier speed, respecttvely In Fig 2a, the feed 
flow rate has been decreased from 120 tons/hour to 
90 Tons/hour  producing vanatmns of the product  flow 
rate (of similar amphtude) and of the tazhngs flow rate 
(from 450 Tons/hour  to 150 Tons/hour)  In Fig 2b, 
the classfller speed is decreased from 170 rpm to 135 
rpm whale the feed flow rate  is kept constant That  
produces a decrease m the tathngs flow rate and an 
tmpulse-hke response of the product  flow rate These 
experimental  da ta  confirm the multtvanable nature of 
the mflhng process Indeed, It Is clearly shown that  a 
vanatton of one of the inputs reduces mgmficant van- 
atmns of both outputs  

From these data,  using s tandard ldentlficatmn tech- 
tuques of the Matlab Identlficatmn Toolbox (Ljung, 
1988), the following dynamical  model has been ob- 
tamed m the form of a set of four first-order &fferen- 
tlal equations 

d (t,~ +1)v,, = k . u s  (I) 

d dus 
( h 2 ~  + 1)Vp = ks2 dt (2) 

d 

d 
(t22~-~ + 1)V, = k22us (4) 

where yp, yt,  u!  and us denote the product flow rate 
(Tons /hour ) ,  the taahngs flow rate (Tons /hour) ,  the 
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F i g u r e  3 Whiteness of residuals for the 
product/feeding relatmn (Experiment 1) 

feed flow rate (Tons~hour)  and the classifier speed 
(rpm), respectively It must be pointed out that  m 
the model descnbed by equatmns (1)-(4) , the van- 
ables yp, yt, u/  and us represent vanatmns around 
the following nominal point 

~p = 120Tons /hour ,  ~t = 450Tons~hour ,  

fi] = 120Tons /hour ,  f~s = 170rpm 

The values of the coefficients of the model (1)-(4) are 
g~ven m Table 1 Each coeffioent ts either the ttme 
constant ( t , j)  or the static gazn ( k . )  of one of the 
transfer functmns relating each input  (feed flow rate 
and classifier speed) to each output  (product and taal- 
rags flow rate) 

T a b l e  1 : Values of the coefficwnts o/  the model 
(0-(~) 

Time constant  

t l l  = 0 9hour  

Static gain 

k l l  = -  1 T o n s  
T o ~ s  

tl2 = 0 42 hour 

t2] = O,65 hour k21 = 8 6  T°n~ 

t22 = 0.35 hour 

k 1 2  = - 2 5  T o n s  
hour rpm 

ToTt@ k22 = 11 rpr~l  

3 ~ Model vahdatwn 

Although the model (1)-(4) may appear qmte stmple 
(first-order transfer functions without dead time) the 
vahdatmn tools descnbed below show that  It never- 
theless captures the essential features of the mdhng 
c i r c u i t  

The first vahdatlon test wluch has been apphed Is 
a whiteness test on the remduals of each of the four 
relations Thin test m satmfied for all the relations 
as illustrated m Fig 3 with the correlogram of the 
residuals for the product / feed relation (Experiment 
1) The model has also been vahdated by mmulatlon 
Fig 4 shows the good agreement of the expenmental  
results and the mmulaUon on the da ta  of Expemnent  
2 

An a pos tenon axidmonal vahdatton of the model has 
also been performed It  consmts of a comparison of 
the values of the paxaxaeters of the model (1)-(4) with 
those obtained on a later experiment (number 3) per- 
formed on April 25, 1991 Both parameter  values are 
given m the following table 
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Figure 4 Comparrson b%?een experrmental and 

simulated data (Expenment 2) 

Table 2 :Comparrson between the values of the 

parameters :dentrjiedfrom Ezperlments 1 and 3 

Expenment ill (min) kll 121 mm kai 
1 

1 54 1 39 86 

3 54 I 32 98 

B= 

c = (; ; ; ;) D=(; y2) 

The correspondmg state-space representatron m drs- 

Crete trme 1s given by 

x(k+I)T. = AdXkT. + BdukTe (5) 

YkT. = CdxkT., + DdUkT. (6) 

where T, denotes the samplmg period and k 1s an m- 

teger mdex. It can be easily shown that the matrices 
Ad, &, cd and D,i have a structure which 1s mde- 

pcndent of the samplmg perrod value This structure 
ls as follows 

Recall that the obJective 1s to regulate both the prod- 

uct and the tarlmg flow rate at desired levels (set- 

points) by acting on the feed flow rate and on the 
clmrfier rotational speed The model bemg linear, 

one can directly apply a multrvarrable LQ control de- 

srgn which consrsts of the followmg steps discretrsa- 

tron of the contmuous model, mtroductron of integral 

actrons m the drscrete model and computatron of the 
ga.m matnx of the LQG controller For each of these 
steps, the Matlab functions from the Matlab Control 

Systems Toolbox (Grace et al, 1990) have been used 

4 1 Drscrettzatton 

With a vrew to the rmplementatron of the control al- 

gorrthm on a drgrtal control system, a drscrete time 

tQ controller I sought This implies that the model 
of the process obtamed m the prevrous section has to 

be drscretrzed 

The process model (l)-(4) can be easily rewritten m 

the state-space form 

X = AX+BiJ 

Y = CX+DU 

where Y = [yP ytlT IS the output vector , U = 
[u/ u,lT IS the mput vector and X rs the state vector 

The matrices A, B, C and D are the followmg 

kll/tll 0 
0 --I;,zlt:, 

kzi/tzi 0 
0 kzzllzz 

Ad = 

4 CONTROL DESIGN 

A= 

adI1 0 0 0 
0 adz2 0 0 
0 0 adsa 0 

0 0 0 a&r 

& = 

Notice finally that the values of parameters contamed 

m the above matrrces obvrously depend on the values 
of the parameters of the model (l-4) but also on the 

samphng period T, 

For a samplmg period Te = 1 mm, the matrices of _ - 
the drscrete time model take the following values 

Ad = 

09116 0 0 0 

0 08161 0 0 

0 0 0 8797 0 

0 0 0 0 7881 

Bd = 

C,, = 
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~ Introduction o] integral act,ons 
In order to introduce integral actions naturally :nto 
the controller (to guarantee zero steaxly-state error), 
according to the prmmple of the internal model of 
the perturbatmns, the control inputs are expressed m 
lncrementM form 

Aua,kT. = ua,kT° - -  u~,(k_:)T° 

AU~,kT. = U~,k% -- U~,(k_:)T~ 

The corresponding state space representatmn ~s ob- 
teaned by augmenting the state vector sine 

.? . . . . . . . . . .  " '  

Figure  5 Control scheme 
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,,]_ 

x(~+,)T. = a'~x;r. + B~AU~r. (7) 
f~e X * * YkT° = ~d kTo  -I- DdAUkT. (8) 

w~th 

( XO'+~)% ) 
X(*~+ :)7.o = U~,,kT° 

Uo,kT~ 

I Aua,kTe I AUNT. = Au°,~.  

= ( c ,  o , )  D =D, 

where I~ denotes the 2 x 2 umt matrix 

3 Control des:gn 
The LQ-controller has been designed from the aug- 
mented state space representatmn (7)-(8) using the 
Matlab System Control Toolbox (Grace et al., 1990) 
Recall that the des]gn proceeds m 3 successive steps 

1 Computatmn of the matrix gmn L of eat observer 
which reconstructs the unmeasured internal state 
X from the product and tadmgs flow rate mea- 
surements The gain matrix L depends on the 
cho:ce of two symmetrical positive defimte ma- 
trices Q: and R: 

2 Computatmn of the matrix gain K of the linear 
controller AUkT. ---- - K X ~ . °  whmh minimizes 
the quaxtratlc criterion 

oo 
X-'%X*T ~ X* J = /_.~t jT.'.¢: sT. "F AU~T. R2AUkT.) 

where Q2 and R2 are two symmetrical pos:t:ve 
defimte matrices 

3 Computatmn of the state-space representatmn of 
the controller from gean matrices L and K under 
the following form 

Z ( k a c l ) T  . = A c Z k T .  -~- Bc(YJ, T. - Yk~.) 

AUhT. = CcZkT. + D~(YkTo -- Y/~°) 

where Y°)' denotes the set point 
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Figure  6 Comparison between the LQ-MV 
Controller and a PID Controller with the Classifier 

Speed as Control Input 

The multivarmble controller ]s finally obtained by 
combining m serms the LQ-controller and the inte- 
gral actmns The proposed control scheme ~s shown 
m F:gure 5 

~.~ Comparison between LQ and PI  control 

Figures 6 and 7 show a comparison m slmulatmn be- 
tween this multlvanable controller and two monovan- 
able strategies which are common m the cement in- 
dustry Usually indeed, the taahngs flow rate is con- 
trolled m a monovarlable loop by means either of the 
classifier speed or of the feed rate 

The process has been simulated using the model pre- 
viously described m Section 3 A multlvarlable con- 
troller is designed following the hnes of Section 4, with 
the design cho:ces presented m Sectmn 5 

In Figure 6, the multlvanable controller (sohd hne) ]s 
compared with a monovanable PI  controller (dashed 
hne), using the classifier speed as control variable As 
shown m the first six hours of the tadmgs feed rate 
plot (Fig 6a), the monovanable controller has been 
tuned so as to ymld a trackmg performance compara- 
ble to that of the multlvanable one Loolung at the 
plots of Figures 6c and 6d (product and feed rate) 
one can notice that the dev]atlon of the product flow 
rate (Fig 6c) with respect to its constant reference 
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F i g u r e  7 Comparison between the LQ-MV 
Controller and a PID Controller w:th the Feed rate 

as Control Input 

value ]s s:gmficantly reduced with the LQ control at 
the price of some action by the feed rate, Fig 6d 
(this as the mtdtlvanable effect). The last six hours 
of these plots show what happens at constant ta~l- 
rags setpomt when one wants a change m product 
setpomt The mult ivanable controller handles the re- 
quested change &rectly In the monovanabh case, 
one has to compute an openloop change m feed rate 
m order to acMeve the product  change However, thLs 
change m feed rate m the monovanable case produces 
a much larger per turbat ion on the tadmgs rate Such 
behavaour illustrates an advantage of the mult:vart- 
able structure 

Similar results can be obtained when comparing the 
multivariable controller (sohd hne) with a monovan- 
able controller with the feed rate as control input 
(dashed hne), as shown on Fig 7 Again, the mono- 
variable controller has been tuned so as to yield slml- 
lax performances to the multiva~aable controller's when 
controlhng the railings rate (first part  of the plots) 
When applying a classfller speed change m order to 
obtmn a change m product  flow rate (last szx hours of 
the plots), the results of the monovarlable s trategy are 
however much worse than m the mul t ivanabh case 

5 INDUSTRIAL 
APPLICATION 

The LQ multivariable controller described above has 
been implemented on the mflhng clrcmt ~3 of the 
Company "Cimenteries d 'Obourg ~, Belgium It has 
now been m routine operation for more than one year 
without interruption 

The control code has been written in C-language and 
:s running on a s tandard PC connected to the super- 
vising DDC system (Texas Instruments) of the pro- 
cess The  choice of the wmghtmg matrices QI and Q2 
has been performed according to the classical recom- 
mendations of the l i terature (see e g (B:tmead et al, 
1990)) 

Q~ = B,;B:~ r Q2 = c~ ,c~  r 

500 , T ' -~"  W ~  , 

5 10 15 

houri 

O u a f i e r  

1411 

|30 i : : * 
5 10 15 

hoan  

F i g u r e  8 Experiment 5 
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September 1993 

and the 4 remaining design parameters have been 
tuned on the basis of simulation studies Eventually, 
the following values have been chosen for R: and R2 

0) (0 0) 
0 100 , R~ = 0 0 1 

The behavlour of the initial system is now illustrated 
with selected excerpts of the da ta  obtained In May 
1992 (Experiment 4) and m September 1993 (Exper- 
zment 5) 

The lat ter  experiment (Experiment 5, September 
1993, Figure 8) allows one to compare the multlvan- 
able LQ controller with the former monovanable P I D  
controller which was m operatmn prior to thin devel- 
opment During the first six hours, the multlvanable 
LQ controller Is m operation and ymlds excellent regu- 
lation of both outputs  (taxhngs and product flow rate) 
using the classifier speed and the feed rate After ap- 
proxamately s:x hours, the system Is switched back 
to the old control structure,  namely the control of the 
taahngs using the feed flow rate  The classdier speed m 
kept constant for most of the subsequent tame, except 
at the end of the experiment where, m order to obtain 
a bet ter  fineness of the cement, the speed of the clas- 
szfier has to be increased (manually), which ymlds a 
drop m product  flow rate The supermr performance 
of the mult lvanable control structure is obvious 

The former experiment (Experiment 4, May 1992, 
Figure 9) covers 60 hours of production using the mul- 
t ivanable controller and is representative of the usual 
behavzour of the system A change of cement quahty 
has occurred at  the 17th hour It Is characterized by 
a change of product  setpomt (from 160 Tons/hour to 
140 Tons/hour)  whale the tazhngs setpomt is main- 
tanned at 400 Tons/hour  The transltzon has been 
done manually by the operators,  by mampulatmg the 
feed rate while keeping the classifier speed at a con- 
s tant  value Because of tMs manual interruption of 
the feedback, one cannot apprecmte the decouphng 
capabLhty of the control algorithm m response to this 
big step m the product  setpomt But, as a compen- 
sation, one can examine the excellent response of the 
controller just  after the transmnt to thin big dLstur- 
bance of the closed loop 

Note also that  an moden t  has occurred around the 
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change of quahty  
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F i g u r e  10 Fineness control during Experiment 4 

6th hour the feed flow rate has been accidentally 
switched off Thin agaan gives the opportunity to ob- 
serve that the controller allows for stable behaviour 
to be recovered rapidly after such a big disturbance 
Eventually, one notices that the operators have used 
the product setpomt as a means to control manually 
the fineness which is shown m Figure 10 to be well 
maantaaned ms]de the allowable range of tolerance 
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6 CONCLUSIONS 

ThLs paper has presented the design procedure of a 
model-based multlvanable hnear quadratic control al- 
gorithm for the regulation of taahngs and product lev- 
els m a cement mall The control variables are the 
feed rate and the clasmfier speed Various experimen- 
tal results on a full-scale industrial process have been 
presented to dlustrate the behavmur of the control 
system 


