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Abstract. This paper presents a method for multiple-model (MM)
control of a cement-milling circuit. The approach presented is based
on the experimentally justified model developed by Breusegen. The
results from the MM control (using multiple proportional-integral
(Pl) controller) are compared to results from robust stabilization of
a nonlinear cement mill model (by two single Pl controllers).

1. Introduction

Nonlinear behavior, uncertainties and the appearance of
internal disturbances are often met when studying many of the
industrial plants. This imposes a necessity of advanced meth-
ods for designing control systems in particular for in particular
mill systems.

One chamber ball mill with recycle is a strongly nonlinear
industrial plant. The first results of this system have been
presented in Breusegen [2] which system is based on on-site
experimentation and can be described with equations (1 +3).
The results constitute a basis for the dynamic model presented
in Magni [9]. It has been shown in Breusegen that linear qua-
dratic control scheme based on the minimization of several
system specific performance criteria could lead to an admis-
sible results about behavior of the closed loop system, but did
not guarantee robust stabilization. In Magni et al [9] the nonlin-
ear predictive control of the cement mill is studied, and in [7]
a robust control scheme is studied when the plugging phenom-
enon appears caused by bigger hardness of the feed for grinding
material.

In this paper the author proposes the control of the one
chamber ball mill to be realized with the multiple-model ap-
proach. It is shown that this control method is applicable for this
nonlinear time varying plant. This is proved by the comparison
of the results from the multiple-model strategy and the robust
stabilization approach described in the literature [7].

The paper consists of the following sections. In the sec-
ond section the mathematical description of the plant (ball mill)
is presented. In the third section a brief description of the
multiple-model control strategy and its application towards the
described plant are given. The structure scheme used for con-
trol as well as the information about control channels is shown.
The purpose is to guarantee stable functioning of the plant in
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different regimes. The experimental part is presented in section
4. The conclusions are exposed is section 5.

2. Plant Description

Control of the cement mill can be realized by classical P
law for the circulation loading of the mill through the influence
on the speed rotation of the separator and/or through the influ-
ence on the quantity of the material feed for grinding [7]. Linear
controllers based on the linear approximation of the processes
are stable and effective only in a limited area around the work
point. In some cases disturbances appear caused by the spe-
cific process and push the plant (the mill) to the work area in
which the controller can not stabilize its work. A typical example
for a similar situation is the plugging phenomenon of the mill
when the material hardness is changed.

For solving this problem the following nonlinear model for
description of the plant is used [4, 5, 6]:

(1) Tryf=-yf+U-a@)e(z,d);
@) Tryr=-yr +ae(z.d);
B) z=-9(z.d)+y,+u,

where T, T,[min] are time constants; (7] is quantity of
the material inside of the mill (loading); & — hardness of the
clinker, a(v)[rpm) — separation function; ¢(z,d) [t/ min] —
quantity of the material outside of the mill; » [rpm] — speed
of the separator; y, [r/min] — quantity of the material which

is returned for grinding; ¥/ [¢/min] — quantity of the finely
ground material.

The values of the variable coefficients in this nonlinear
model are tuned so that the model control variable coincides
with the plant control one when the reference is step signals

[3]-

The dynamic model of the system consists of three non-
linear differential equations. The regimes of the system can be
characterized by z, ¥, andy,. The system has maximum
two control actions « and v . Usually the control is realized
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only through the channel of u . The speed of the separator
v is constant.

-In equations (1+3) ¢(z,d) and a(v) are equal to:

iz
i) =D - .
o(z,d) g4 CXP[ 20 j

3 4 5
0:(1))=9( 4 J —13.5( = ] +5.4[ 2 j ;
Umax vmax Ulnax

Vmax =200,  &pax =09, Ty =18[min], T, =0.6[min].

In the steady-state operation, it is clear that the product
flow rate y,[r/min] is necessarily equal to the feed flow rate

while tailings flow rate y, and the load in the mill z may take -

any arbitrary constant values. The load in the mill depends on the
input feed and on the output flow rate that depends in a nonlinear

way on the load in the mill z and the hardness of the material

d , which is a time varying parameter. Sometimes this nonlinearity
can also cause instability of the system and obstruction of the
mill. The load in the mill must be controlled at a well chosen
level, because too high level of the load in the mill leads to the
obstruction of the mill, while too low circulating load contributes
to too fast wear of the mill internal equipment. A usual approach

is to control [9] the tailings flow rate y, by using the feed flow

rate as control input. This strategy is, however, not fully satisfac-
tory since it indirectly induces a loss of control of the product

flow rate y s .

One of the approaches for solving the problem with plug-
ging phenomenon, when the hardness of the feed material
changes, is the method of global robust stabilization described
in details in [7]. The control objective is to control the mill load

z and the production rate y, at desired set points z,, and

VF ref by acting on the feed rate u and the separator speed Vv .

The most important control goal is constant value of z to be
guaranteed. The controller must prevent the mill from plugging
and achieve global stabilization. Moreover, the controller must be
robust against modeling uncertainties. The control inflow rate u

and the control separation speed v are physically constrained
to be positive and saturated.

The equations (4 = 8) present a very simple control law
made up of two saturated Pl controllers with anti wind-up. Block
diagrams of the two controllers are presented in figure 1.

The closed loop system is:

Q) Tyyp=-ys+1-a@)p(z,d);
(10) T,y, =-y, +a@e(z.d);

(M) z=-p(z,d)+y,+u;

(12) O=ka(zpef —2)+ko (mw)-w);
(13) 7=kslkalyy ‘yfref)+kz(1(77)—7]));

(14) w=-y, +ki(zy —2)+6,
(15) v=1(m).
For a more precise understanding of the presented above

method in figure 2 the structure scheme of the control system
is shown.
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The control law derived in [7] is:
4 w=mw);
(5) l//=‘yr+kl(zref_z)+9;
6) 6=k (Zrer = 2) + ko (M) - ) . N OO L
7 v=iap;
(8) 1 =kska(yy TYf ) 2 G -m) - :
Figure 2. Block diagram of the control system of the
where m(y) = sat[o, umax 1) W (1) = sat[0, vy, 1(7) . one chamber ball mill
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3. Multiple-Model Control Strategy

One of the adaptive control strategies, which is not based
on the recursive parameter estimation of the model, in contrast
with the classical adaptive control, is the multiple-model control
strategy of one chamber ball mill. The behavior identification of
the plant is based on the weighted behavior of a set of prelimi-
nary identified models (bank of models) for the different oper-
ating regimes [11, 12] (figure 3). The models can appear in
result of identification in an open loop for each of the regimes
when prior knowledge about the operating area of the plant is
available. The design of the model bank has essential signifi-
cance for good quality control. The selected models number is
usually related to the operating conditions number over which
the control system is expected to work. The number of the
models into the bank is also important.

| 5 s Weighted [ u
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i i Controller 1 L OBJECT
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Controller 2 P =
Model 1
g T
: ' ;
=
H
Controller N H
H H
'
Bank of Contrellers

Figure 3. Basic structure diagram of multiple model
adaptive control

It is confirmed by numerical experiments, existing in the

literature statements [8] that after determined number of models
into the model bank the quality control can change for the worse.
It is possible a large set of models to be used and for each
regime only one model is chosen among them which is the
closest to the real model in the current moment. The number of
the models in the model bank determines the number of the
controllers in the bank of controllers — multiple controller. The
essential property of this type of controller is its robustness for
the changing area of parameters which is covered from the
model bank.

The basic discrete multiple-model adaptive algorithm for
control of the continuous input-output object proposed from Garipov
[13] and finally formulated in [6, 14] consists of the following
steps:

Step 1. The number N of operating regimes has to be
specified. The plant is expected to be known or identified off-line
in these N operating points. The reference signal is given.

Step 2. The sample time T, is specified and all multiple-

model adaptive control (MMAC) signals in time range O = MT,

are observed at the moments k7,, x =0,1,...M . A bank of N
discrete-time models for sample time T, is formed.

(16) 4,64 ™)y = B; (@0 k) +e; k) , (j=12,..3),

where Aj.(q“)=1+aj,,q"+...+aj,,mt1'j""’and are

polynomials of the operator q—l . These models correspond to

the continuous-time descriptions of the plant at the N operating
points. The larger number of models will result in harder numeri-
cal complexity of the algorithm, but more accurate plant iden-
tification.

Step 3. The multiple model controller consists of a bank
of N discrete controllers.

(7)) Rjq™u;(0=-8,(")y®)+T,4™ k), (j=12,..N),

where the polynomials R, S/ and T/ have a specific de-
scription according to the design method.

Each of the single controllers is tuned for the exact model
from the bank (16) of N discrete-time models using the multiple-
model adaptive control system (MMACS) error e as an input. The
rules of tuning depend on the desired control and the design
method.

Step 4. The weighted mechanism is a procedure in a
supervisory level to calculate the weights of each control signal
in MMACS. Usually it is suggested that the current values of
weights are functions of the prediction model errors in each

sample time interval with index k and duration Ty,
U;(k +1)=Fj[é;(k +1) and they can be calculated according
to:

(18) éik+D={ytk+D-;(k+1/6)}, k=0,1,..M .

At the moment (x +1) the prediction model output de-
pends on the weight of the control signal at the moment k,
€. Yi(k +1/k) = Pyl (k)1, 1;(0) = u(0) .

The following idea is applied in the paper: let Fi express

the inverse proportional dependence of each weighted control
coefficient on the corresponding prediction model error by:

-1
N
(19) Hik+D=J"k+ 1)[2],-4& + 1)J k=0,1..M

i=]

where

N
(20) J;(k+1)=22(k+1) and Z“i("“):l

i=1
A numerical problem with the implementation of the
described algorithm arises from the possible underflow and
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overflow in the calculation of the model probabilities. This
problem usually exists when the true system mode is very
different from one or more models used in the algorithm.

A common technique to circumvent the numerical prob-
lems of the standard implementation is to place a lower bound
on the model probabilities to prevent any model probability from
becoming too small. Aithough this technique enables each model
to be practically activated quickly, it is only an ad hoc trick
without solid theoretical justification [10].

Step 5. Start of the described algorithm. All initial values
of the weighted coefficients in MMACS can be assumed equal
as u(0)=1/N , i.e. the weighting mechanism starts with an equal
weight of each controller in MMAC.

The block diagram of the multiple-model control system
presented in figure 1is developed further and specified for the
described in section 2 plant.

Controllerl [
(o |

2

SUPERVISOR Modelq [ {?

€ e e

Figure 4. Structure diagram of the multiple-model
control system of ball mill with recycle

The special feature of the plant requires two channel
controls to be realized. The first channel is: controlled value —

load z of the mill, control action — feed flow rate u . Controlled

value for the second channel is finely ground material yr and
control action is speed of the separator v .

The first channel is designed to eliminate the mill obstruc-
tion when the characteristics of the feed material are changed
and for improving the work of the load disturbance when the
hardness 4 is changed. This is the reason of proposing the
multiple-model approach for control which can deal with abrupt
changes in the operating regimes. This is the situation when the

hardness of the feed flow rate changes from ¢, to d,
(d[ Sdz or dl ZdQ )

The load z of a millis desired to remain equal to constant
preliminary set values Zref =const . Using a multiple-model

control scheme this condition is satisfied but only for hardness
values lower or equal to 1 (4<1). When 41 and for the
purposes to prevent abrupt changes of the mill, it is needed to
decrease the load z at other equal conditions v =const . The
decrease of z is one decision of the mentioned problem but on
the other hand the decrease of z, which ford =133 is
with 22.4[11, leads to a rapid wear of the inner equipment be-
cause of the direct contact between it and the grinding balls.
Therefore, it is necessary also to control one of the two param-
eters yy ory,, aiming at increasing values of z. This is

possible to be realized by impact on speed of the separator v .

4. Experiments and Results

It is necessary to note that at this type of mill an obstruc-
tion appears when the values of the hardness of the feed ma-
terial for grinding are high. In this situation the amount of the out
flow rate tends to zero and the load — to infinity (figures 5, 6).
The feed flow is with different hardness because its character-
istics vary in time. The results presented on figure 6 are for
constant values of p .

Jl \
glow ¢ \

20 40 80 80 100
Sample Time

Figure 5. Behavior of ¢ Figure 6. Behavior of 7

The multiple-model control strategy needs models for
each of the probable regimes. For the particular task these are
the models for different hardness values. The experimental
results show that only one model for description of the behavior
of the mill for hardness to 0.8 in relative scale can be used.

The tasks that have to be solved can be separated com-
monly in two:

® Modeling;
® Control.

The first task — identification of the set of models and
proof of their applicability for the control purposes of the corre
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sponding regime. Second task — design of multiple-
‘ model control system, which includes: design of the model
bank, design of robust multiple-model controller, basic algo-
‘ rithm for operation of the supervisor. At the end a controller is
necessary to control the separator, so that the load z has
} constant values.

The models for different values of d are identified for
channel u-z. The response of the plant z when the control

action is u,.¢ is a process which can be approximated with a

first order lag. Table 1 presents identified analytical models for
d=0.8; 1; 1.33.

- In figure 7 the load of the mill with different amount of

material with different hardness d is shown (open loop). Three
models are estimated out of the presented characteristics in
figure 7, by identification using an optimization approach, and
the results for the estimates are shown in table 1. They describe
the behavior of the plant in three different regimes.

Table 1
| Hardness ¢ Model
273757
W, it 1O
o =T
, 4.1447
75 Wylp)=—o--—
24.707p +1
31.2646
3 Wpbpya Medaefie ¢
‘ ik 3(P) 80.5556p + |
\
A /, ; P A
il e
5 4 /
f
”ﬁ. T~ 8 [ - 5
a) b)

b .
50 /
z

L T
u SUU LU ISWUT AU Zal oy
Time

c)

Figure 7. Behavior of z at different hardness of the
feed flow

From figure 7¢ it is noticed that z does not accept the
desired value — 78 tons. The reason is that the experiments are

performed with a constant value of v .
A multiple-model algorithm for control of z by influencing

on u — amount of feed flow material, by setting of three single
PI controllers in the bank of controllers, and control of angular

speed of the separator v by one Pl controller which ensures
constant load by correction in v . The reference signal z,.; is
equal of 78 tons all the time.

The successful realization of the described control scheme
of that nonlinear plant leads to the prevention of the mill obstruc-

tion when the values of hardriess d are high.

The discrete analogues of the models presented in table
1 are found. They are used for design of the model bank and
multiple-model controller. After a set of experiments it is deter-
mined that with a set of three models, respectively three con-

trollers, the range of 4 from 0.5 to 1.33 is covered.

For stabilization of z on the desired value the process for
channel v—-y, has to be identified. The result of the identifi-

cation is a model which is used for design of the controller that
realizes a correction of the separator speed v .

The initial conditions for operation of the closed loop
system are defined as follows:

® 2y = 78[¢] and yfref =141.5[rpm] :

*material with hardness d = 0.8 is feed to put the mill in
nominal regime (reaching nominal load 78 []).

*all controllers which form multiple-model controller are
with equal weights «; =1/3;i=1,23 in weighted control action.

When the parameters settle down on the reference signals

the hardness d is changing

according to the profile pre-
sented in figure 8 with which 7
the feed of the fresh material *
with different characteristics is || .
simulated. waf-f

1.2

e

From figure 4 it is seen e LN CHIAH)
that the multiple-model ap-
proach is used for control of the
mill load z, and the speed of
the separator is needed to be
corrected in order to be guaran-
teed constant value of z.

Figure 8. Profile
of hardness

The results from the operation of the system presented in
figure 4 after reaching the desirable regime are shown in figures
9+ 12. In figure 13 the behavior of the weights for the whole
operating interval of the plant is presented.
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Figure 13. Behavior of the weights x;

The results from multiple-model approach are compared
with these from robust control scheme proposed in the literature.
(fig. 14+17), described in details in [7].
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Figure 14a. z and z,,  Figure 146. Behavior of u
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Figure 15. Behavior of the separator speed v
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Figure 17. Behavior
of Yy

The least squares of the estimated time-variant plant con-
trol error are used as accuracy criterion —for the two approaches
shown in fable 2.

Table 2
Algorithm Type Error Value
Input-Output Multiple- 0.0193
model Algorithm
Robust Stabilization 1.6732

5. Conclusions

In this paper a multiple-model approach for control of one
chamber ball mill is proposed. The obtained results are com-
pared with results obtained from a approach proposed in the
literature. The comparison of the results shows that the two
approaches guarantee efficiency of the plant when 4=1 and

without d=1.33 obstruction. The results for more of the ob-
served parameters are identical. The most essential difference
is in the behavior of the load z. At the multiple-model approach
with multiple-model controller, which consists of three single Pl
controllers, z follows the reference signal with smaller oscil-

lations (figure 9a) when the hardness « changes. This behav-
ior of z guarantees longer ,life“ of the mill because this work-
ing regime of the mill is close to the optimal. At the described
in the literature approach for control with only two single P!
controllers the oscillations of z are significant (figure 14a).
This is confirmed with results from table 2. The result for Input-
Output Multiple-model Algorithm Error is achieved by insignifi-
cant higher values of control action u .
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When the behavior of u (figures 9b and 14b) is compared , Manuscript received on 14.01.2008
there can be made the following conclusion. There is a smooth

change in the value of u (figure 9b) generated by the multiple-
model control strategy, while at control with two Pl controllers

(figure 14b) u has smaller values but it changes quickly and
the deviation from the reference signal is insignificant. Physi-
cally, this corresponds to an approximately constant amount of
fed fresh material. This is the reason about significant oscillation
in the behavior of z at the described in the literature robust
algorithm for stabilization.

This study showed the applicability of the multiple-model
strategy for control of the one chamber ball mill.
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