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Abstract. The paper presents the design procedure of a model-based control algonithm
for the regulation of tallings and product flowrates in a cement mill The control vanables
are the feeding rate and the classifier speed Expernimental tesults of a full-scale industnal
application are reported and discussed with a view to the control of the fineness of the

cement
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1 INTRODUCTION AND
PROCESS DESCRIPTION

Cement production processes are well-known to re-
quire a high energy consumption A large part of
this energy 1s consumed during milling of the cement
clinker and raw matenals. It is therefore of interest
to optimize this operation 1n order to decrease the en-
ergy consumption by umt of final product but also to
enhance the qualty of the final product Such a pro-
cess optimization can be achieved by using feedback
control strategies that aam at maintaining the process
at efficient operating levels

In a recent paper, “State of the art in the control of
milthng arcmts” (Hulbert, 1989), one of the main con-
clusions of the author 15 that + “there 1s a tendency
for simple single vanable control schemes to be re-
placed by multivanable control strategies, which are
more suited for the task”

The concern 1n this paper 18 precisely to present the
design of a “Linear Quadratic Multivaniable (LQ-
MV)” controller for cement mills and to illustrate its
performance with the expenimental results obtained
on a mill of the company “Cimentenies d’'Obourg”
(Belgium) where the controller has now been in oper-
ation for more than one year

The schematic lay-out of a cement milling circuit 1s
shown 1n Fig 1 The mill 15 fed with raw matenal
and cement chnker (feed) After grinding, the mate-
nal 1s introduced 1nto a high-efficiency classifier and
separated into two classes The tailings (refused part)
are fed back to the mill while the fimshed product (ac-
cepted part) exits the miling aircuit The classifica-
tion of the matenal is driven by the rotational speed
and by the air flow rate of the classifier

Traditionally, the application of feedback control
techniques to cement miling circuits 15 hmted
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Figure 1 Millng arcwit principle

to monovariable classical PI control of the tailing
flowrate (or of the arculating load) with either the
feed flow rate or the classifier speed as control ac-
tion A typical example can be found in (Ciganek
and Kreysa, 1991)

This paper presents a multivariable model based
linear-quadratic control strategy where two outputs
are simultaneously controlled (tabngs and finished
products) by using the two available inputs (feed and
classifier speed) together Other multivanable model
based control studies using erther the internal model
control pninciple (Lanthier et al, 1989 ) or the inverse
Nyquist array method (Hulbert, 1989; Niem et al,
1989) have been pubhshed These contnbutions how-
ever apply to wet milhing circuits for the metallurgical
mdustry and contain only sumulation results (with the
noticeable exception of (Hulbert, 1983) where inter-
esting expenmental results are reported). To the au-
thors knowledge, this paper 1s the first industnal ap-
plication of multivanable control to a cement miling
circuit giving rise to a genuine routine operation

2 CONTROL OBJECTIVES
In steady-state operation, 1t 1s clear that the product
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flow rate is necessarily equal to the feed flow rate while
the tathng flow rate may take any arbitrary constant
value Too lugh a level of the circulating load (fresh
feed plus taihng flow rate) leads to the obstruction of
the mill while too low a circulating load contnbutes
to fast wear of the mill internal equipment It follows
that the circulating load must be controlled at a well
chosen level 1n order to avoid the above-mentioned
behaviour and hence to optimize the grinding effi-
ciency and, consequently, to minimize the energy con-
sumption of the mill (1e the ratio Energy per Umt
Product) A usual approach 1s to control the taillings
flowrate by using the feed flowrate as control input
This control strategy is however not fully satisfactory
since 1t indirectly induces a loss of the control of the
product flowrate

A correct fineness of the product 1s also of great im-
portance The fineness depends on the composition
of the mill feed, but also on the rotational speed and
on the air flow rate of the classifier 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 rotational speed of the classifier However,
in cases where on-line fineness measurements are not
avallable, an indirect control strategy can be of inter-
est

These observations have led to consideration of the
following control objective

¢ To regulate the product and taiing flow rates at
desired levels (setpoints) by acting on the feed
flow rate and on the rotational speed of the clas-
sifier

The achievement of this control objective clearly re-
quires a multivaniable control approach since two out-
puts (tailings and product flow rates) must be regu-
lated by simultaneous actions on two inputs (feed flow
rate and rotational speed) in the presence of impor-
tant cross-couphng effects The air flow rate in the
classifier 1s kept constant for long periods of opera-
tion and 1s not available here for control purpose

Moreover, 1t 15 obvious that 1n a milling circwit such
as that in Fig 1

¢ For a given {feed composition, the fineness will be
constant 1if both the product and the tailings flow
rates are kept constant

e Similarly the energy consumption of the process
(ratio Energy/UnitProduct) will be fully under
control if both the product and taihngs flow rates
are regulated together at sumitable set points

Thas clearly implies that an overall control of both the
fineness and the energy consumption can be achieved
at a supervisory level 1n the control system, by ma-
nipulating and optimizing the taihng or product set
points, using for instance off-hne laboratory measure-
ments of the fineness
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Figure 2a Experimental data of September 19, 1990

3 MATHEMATICAL
MODELLING

It 15 well known that the design of an efficient mul-
tivanable control system requires a model The first
step 1n the control algorithm design consists in ob-
taining a mathematical model of the cement milhing
process

8 1 Black-box model

Roughly speaking, there exist two modelling options
(Hulbert, 1989) a mechanistic model which tends to
describe 1n detail the physics of the whole process
and a “black-box” model which aims at reproduc-
ing the mput/output behaviour of the milhing 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 1n
this paper, provides models which can be made just
complex enough for the description of the main pro-
cess dynamics while remaining tractable for control
design

Two sets of experimental data shown in Figures 2a
(Expenment 1 of September 19, 1990) and 2b (Ex-
periment 2 of October 17, 1990) were used mtially
for the black box identification of the building pro-
cess This data (hke all the data presented in this pa-
per) has been obtained from experiments performed
in the miling crcumit §3 of the company “Cimenter-
1es d’Obourg”, Belgium It consists of product and
tailing flow rate responses to steps in feed flow rate
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Figure 2b Experimental data of October 17, 1990

and classifier speed, respectively In Fig 2a, the feed
flow rate has been decreased from 120 tons/hour to
90 Tons/hour producing vanations of the product flow
rate (of similar amphtude) and of the tailings flow rate
(from 450 Tons/hour to 150 Tons/hour) In Fig 2b,
the classifier speed 15 decreased from 170 rpm to 135
rpm while the feed flow rate 18 kept constant That
produces a decrease in the talings flow rate and an
unpulse-like response of the product flow rate These
experimental data confirm the multivanable nature of
the milling process Indeed, 1t 1s clearly shown that a
vanation of one of the inputs induces significant varn-
ations of both outputs

From these data, using standard identification tech-
mques of the Matlab Identification Toolbox (Ljung,
1988), the following dynamical model has been ob-
tamned 1n the form of a set of four first-order differen-
tial equations

d

(tng + 1y = kuuy (1)
d du,

(fu‘-ﬁ+l)y,, = k2 7t (2)
d

(tzl;i—t--{—l)yg = kauy (3)
d

(tzza-i—l)yt = kaau, (4)

where yp, y¢, u;y and u, denote the product flow rate
{Tons/hour), the taihngs flow rate (Tors/hour), the

lag

Figure 3 Whiteness of residuals for the
product/feeding relation {Expeniment 1)

feed flow rate (Tons/hour) and the classifier speed
(rpm), respectively It must be pomnted out that mn
the model descnbed by equations (1)-(4) , the van-
ables y,, y:, 4y and u, represent vanations around
the following nominal point

§p = 120 Tons/hour, §: = 450 Tons/hour ,
@y =120 Tons/hour , 4, = 170 rpm

The values of the coefficients of the model (1)-(4) are
given 1n Table 1 Each coefficient 1s either the time
constant (t,,) or the static gamn (k,;) of one of the
transfer functions relating each input (feed flow rate
and classifier speed) to each output (product and tail-
ngs flow rate)

Table 1 : Values of the coefficients of the model

(1)-(4)
Time constant | Static gan
t11 = 0 9 hour k11 =1¥x:
ti2 =042 hour | kig = —25-’%",_;—"‘

t21 = 0.65 hour | ko3 =8 6%‘::—;—

— Tons
k22 =11 hour rpm

i22 = 0.35 hour

8 2 Model validation

Although the model (1)-(4) may appear quite simple
(first-order transfer functions without dead time) the
validation tools described below show that it never-
theless captures the essential features of the milling
circuit

The first vahdation test which has been appled 1s
a whiteness test on the residuals of each of the four
relations This test 1s satisfied for all the relations
as dlustrated m Fig 3 with the correlogram of the
residuals for the product/feed relation (Experiment
1) The model has also been validated by simulation
Fig 4 shows the good agreement of the expenimental
results and the simulation on the data of Expeniment
2

An a postenion additional vahdatior of the model has
also been performed It consists of a companson of
the values of the parameters of the model (1)-(4) with
those obtained on a later expennment (number 3) per-
formed on April 25, 1991 Both parameter values are
given 1 the following table
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Figure 4 Comparison between experimental and

simulated data (Experiment 2)

Table 2 :Comparison between the values of the
parameters identified from Ezperiments | and 3

Expenment | ;3 (min) | k13 | t21 (mmn) | k2
1 54 39 86
3 54 1 32 98

4 CONTROL DESIGN

Recall that the objective 1s to regulate both the prod-
uct and the taling flow rate at desired levels (set-
points) by acting on the feed flow rate and on the
classifier rotational speed The model being linear,
one can directly apply a multivanable LQ control de-
sign which consists of the following steps discretisa-
tion of the continuous model, introduction of integral
actions 1n the discrete model and computation of the
gain 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 Drscretization

With a view to the implementation of the control al-
gorithm on a digital control system, a discrete time
LQ controller 1s sought This implies that the model
of the process obtained 1n the previous section has to
be discretized

The process model (1)-(4) can be easily rewntten in
the state-space form

X AX + BU
Y = CX+DU

where Y = [yp 9:]7 15 the output vector , U =
[us u,]7 15 the input vector and X 1s the state vector
The matnces A, B, C and D are the following

—1/tn 0 0 0
A = 0 ~1/t12 0 0
- 0 0 —1/t2 0

0 0 0 —l/tzz

ku/tn 0

B - 0 —“k]2/t?2
ka1 /i) 0

0 ka2 /t22

_ (1100 _ {0 kizftiz
c=(oo11) 2=(a")

The corresponding state-space representation in dis-
crete time 1s given by

Xsyr, = AaXit, + BaUsr. (5)
Yir, = CaXxr, + DaliT, (6)

where T. denotes the samphng period and k 1s an 1n-
teger index. It can be easily shown that the matnces
Ad, B4, C4 and D4 have a structure which 1s inde-
pendent of the sampling period value Thus structure
15 as follows

adn 0 0 0
As = 0 ad; O 0
4 = 0 0 adys O
0 0 0 adys
bdiy O
0 bda
Ba =144, o
0 ad42
1100 _ [ 0 ddyz
c""‘<0011> D“‘(o 0)

Notice finally that the values of parameters contained
1 the above matnces obviously depend on the values
of the parameters of the model (1-4) but also on the
samphng period T,

For a sampling period Te = 1 min, the matrices of
the discrete time model take the following values

09116 0 0 0
e = 0 08161 0 0
4 = 0 0 08797 0
0 0 0 07881
00884 0
0 01839
Ba = | 10348 o
0 23306
1100 0 -1
C‘=(0011) D“(o o)
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4 2 Introduction of sntegral actsons

In order to introduce imtegral actions naturally into
the controller (to guarantee zero steady-state error),
according to the principle of the internal model of
the perturbations, the control inputs are expressed n
incremental form

Aug kT, = UakT, — Ua(k—1)T,
AUskT, = kT, — s (k-1)T,

The corresponding state space representation is ob-
tained by augmenting the state vector size

X(k4vyr. = AiXir, + BaAUsr, (M
Yer, = CiXir, + DjAUsr, 8
with
Xkan)T,
X(e4nyr, = ( %a kT, )
Us kT,

A,
Alr, = (A: ::)

LI AdBd . __ Bd
= () =-(%)

(Ca Da) Di=Dg

Ca
where I> denotes the 2 X 2 umt matnx

4 8 Control design

The LQ-controller has been designed from the aug-
mented state space representation (7)-(8) using the
Matlab System Control Toolbox (Grace et al., 1990)
Recall that the design proceeds in 3 successive steps

1 Computation of the matrix gamn L of an observer
which reconstructs the unmeasured internal state
X from the product and taihings flow rate mea-
surements The gain matrix L depends on the
choice of two symmetrical positive defimte ma-
tnces @, and R,

2 Computation of the matrix gain K of the linear
controller AUixr, = —KXgp, which mimmizes
the quadratic critenon

o0
J =3 (XF.QuX)r, + AUy, RaAULz, )
J=0
where Q2 and R, are two symmetncal positive
definite matrices

3 Computation of the state-space representation of
the controller from gain matnces L and K under
the following form

Zk4ny1, = AcZir, + B(Yer, - Y, F)

AUir, = C.ZiTe + DelYar, — YL)

where Y*? denotes the set pont

Yp

Milling circuit

g Z—OO-mn

Figure 5 Control scheme
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Figure 6 Companson between the LQ-MV
Controller and a PID Controller with the Classifier
Speed as Control Input

The multivanable controller 1s finally obtained by
combining 1n series the LQ-controller and the inte-
gral actions The proposed control scheme 1s shown
m Figure 5

4.4 Comparison between LQ and PI control

Figures 6 and 7 show a companson 1n simulation be-
tween this multivanable controller and two monovarn-
able strategies which are common m the cement in-
dustry Usually indeed, the talings flow rate 1s con-
trolled 1n a monovanable loop by means either of the
classifier speed or of the feed rate

The process has been simulated using the model pre-
viously described 1n Section 3 A multivanable con-
troller 1s designed following the hines of Section 4, with
the design choices presented mm Section 5

In Figure 6, the multivanable controller (solid line) 1s
compared with a monovanable PI controller (dashed
hne), using the classifier speed as control vanable As
shown 1n the first six hours of the tailings feed rate
plot (Fig 6a), the monovanable controller has been
tuned so as to yield a tracking performance compara-
ble to that of the multivanable one Looking at the
plots of Figures 6c and 6d (product and feed rate)
one can notice that the deviation of the product flow
rate (Fig 6c) with respect to its constant reference



610 V van Breusegem et al

Figure 7 Companson between the LQ-MV
Controller and a PID Controller with the Feed rate
as Control Input

value 15 significantly reduced with the LQ control at
the price of some action by the feed rate, Fig 6d
(this 1s the multivanable effect). The last six hours
of these plots show what happens at constant tail-
ngs setpoint when one wants a change 1n product
setpoint The multivaniable controller handles the re-
quested change directly In the monovanable case,
one has to compute an openloop change in feed rate
1n order to achieve the product change However, this
change 1n feed rate in the monovanable case produces
a much larger perturbation on the tailings rate Such
behaviour ilustrates an advantage of the multivan-
able structure

Similar results can be obtained when comparing the
multivariable controller (sohd lLine) with a monovan-
able controller with the feed rate as control mput
(dashed hne), as shown on Fig 7 Again, the mono-
vanable controller has been tuned so as to yield simi-
lar performances to the multivanable controllers when
controlhng the tailings rate (first part of the plots)
When applying a classifier speed change in order to
obtan a change in product flow rate (last six hours of
the plots), the results of the monovanable strategy are
however much worse than in the multivanable case

5 INDUSTRIAL
APPLICATION

The LQ multivariable controller described above has
been implemented on the miling carcuit 3 of the
Company “Cimenteries d’Obourg”, Belgium It has
now been 1n routine operation for more than one year
without interruption

The control code has been wnitten in C-langunage and
15 running on a standard PC connected to the super-
vising DDC system (Texas Instruments) of the pro-
cess The choice of the weighting matrices Q; and Q-
has been performed according to the classical recom-
mendations of the literature (see e g (Bitmead et al,
1990))

Q1 = BiB" Q. =cicit

500 —— Talugs . 150 ——p—Broduct
450 b iAW
100 :
5 aoof 1 & -
S0
350}
" s 10 is
hours.
120 Foedrate
100f ]
5
80 g
s 10 15 et s 10 15
hours hours

Figure 8 Experiment 5 September 1993

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

100 0 01 0
R‘=< 0 100>’R’=<0 01)

The behaviour of the imitial system 1s now illustrated
with selected excerpts of the data obtained in May
1992 (Experiment 4) and in September 1993 (Exper-
ument 5)

The latter experiment (Experiment 5, September
1993, Figure 8) allows one to compare the multivan-
able LQ controller with the former monovanable PID
controller which was 1n operation pnior to this devel-
opment Durng the first six hours, the multivariable
LQ controller 1s 1n operation and yields excellent regu-
lation of both outputs (taiings and product flow rate)
using the classifier speed and the feed rate After ap-
proximately six hours, the system 1s switched back
to the old control structure, namely the control of the
tailings using the feed flow rate The classifier speed 1s
kept constant for most of the subsequent time, except
at the end of the experiment where, 1n order to obtan
a better fineness of the cement, the speed of the clas-
sifier has to be increased (manually), which yields a
drop mn product flow rate The superior performance
of the multivanable control structure is obvious

The former experiment (Experiment 4, May 1992
Figure 9) covers 60 hours of production using the mul-
tivanable controller and 1s representative of the usual
behaviour of the systern A change of cement quahity
has occurred at the 17th hour It is characterized by
a change of product setpoint (from 160 Tons/hour to
140 Tons/hour) while the tailings setpoint 1s main-
tained at 400 Tons/hour The transition has been
done manually by the operators, by manipulating the
feed rate while keeping the classifier speed at a con-
stant value Because of this manual interruption of
the feedback, one cannot appreciate the decoupling
capabihity of the control algorithm in response to this
big step in the product setpoint But, as a compen-
sation, one can examine the excellent response of the
controller just after the transient to this big distur-
bance of the closed loop

Note also that an madent has occurred around the
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Figure 10 Fineness control durtng Experiment 4

6th hour the feed flow rate has been acaidentally
switched off This again 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 setpoint as a means to control manually
the fineness which 1s shown in Figure 10 to be well
maintained nside the allowable range of tolerance

6 CONCLUSIONS

This paper has presented the design procedure of a
model-based multivanable hinear quadratic control al-
gonithm for the regulation of tailings and product lev-
els ;n a cement mill The control vanables are the
feed rate and the classifier speed Various experimen-
tal results on a full-scale i1ndustrial process have been
presented to ilustrate the behaviour of the control
system
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