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The control of cement grinding/mixing process in an industrial mill regarding SO,
content has been effectively simulated taking into account all its fundamental sides and
particularities. Based on a simulator, two controllers of different philosophy have been
studied: A classical proportional-integral (PI) controller as well as a nonlinear one (step
changes, SC) consisting of certain classes of SO, output ranges that result in certain lev-
els of discrete corrections of gypsum feed. Initially, the simulator was implemented for
grinding of a single cement type each time. Totally, three cement types were investigated.
The controllers have been parameterized and compared using the minimal standard devi-
ation of SO, as a criterion. Both provided satisfactory SO, consistency, but PI was more
efficient against SC as with the double sampling period, the same minimum standard
deviation was obtained leading to equal results with half the sampling actions. The sim-
ulation was also realized in milling of several cement types. A feedforward part was
added to the feedback loop to face the case of cement type changing. The results of op-
eration of this kind of controller in an industrial milling system contribute greatly to the

improvement in cement quality.
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Introduction

Cement is produced by co-grinding clinker,
gypsum and other components defined in the Ce-
ment Standards like limestone, pozzolans, fly ash
and slag. The grinding is usually performed in hor-
izontal ball mills. Gypsum is typically the basic
source of sulphates (SO,) in the cement. The effect
of gypsum on the cement quality is critical and two-
fold. It affects two of the main properties of this
product, setting time and strength.! For this reason
gypsum is added during cement grinding in the mill
feeding, requiring a weight feeder of high accuracy.
Clinker is mainly composed of four mineral phases:
Tricalcium silicate (3CaO - SiO, or C,S), dicalcium
silicate (2Ca0 - SiO, or C,S), tricalcium aluminate
(3Ca0 - Al,O, or C;A) and tetracalcium alumino-
ferrite (4CaO - ALO, - Fe,0, or C,AF). Bogue® in
an historical study, established the mathematical
formulae for the calculation of the clinker com-
pounds — C.S, C,S, C;A, C,AF — and presented data
for the heat of hydration of these compounds.
During cement hydration, one of its main mineral
phases, tricalcium aluminate, reacts with water at a
high rate, which could result in a false set. Gypsum
addition slows down this fast and exothermic reac-
tion and false set is prevented during the concrete
production, transfer and placing. Conversely, the
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addition of an excessive amount of gypsum leads to
detrimental expansion of concrete and mortar.

The optimum gypsum content in cement has
been investigated by several researchers due to its
importance. Lerch,® in his excellent study, found
that the optimum sulphates content in cement, with
respect to mortar strength, is closely related to vari-
ous parameters like hydration heat, length changes
of mortar specimens cured in water, alkalis, C;A
content, and cement fineness. The influence of SO,
on the hydration of the cement mineral phases has
been investigated by several researchers.>® Soroka
et al.* concluded that gypsum accelerates the rate of
hydration, when its addition is below the optimum
SO, content, but produces significant retardation
when the addition exceeds the optimum. Jansen
et al.® analysed the changes detected in the phase
composition during the hydration process. They
concluded that the cement phases involved in the
aluminate reaction (bassanite, gypsum, anhydrite
and C,A) reacted successively. Several researchers
have also investigated the impact of limestone addi-
tion to the hydration process and sulphates opti-
mum.”® Tsamatsoulis et al.” determined the effect
of cement composition and mortar age on the opti-
mum sulphates content using as criterion the maxi-
mization of compressive strength. Extensive exper-
imentation has been performed to achieve this
purpose by utilizing four cement types and measur-
ing the strength at ages ranging from 2 days up to
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63 months. The compressive strength is correlated
with the ratio of sulphates to clinker content, SO,/CL.
Odler'® presented a review of existing correlations
between cement strength and basic factors related to
several properties of the cement and clinker. One of
these factors is the sulphates content of the cement.
Kheder et al.'' found also a significant correlation
between strength and cement SO, content in their
multivariable regression model.

While extensive literature exists about the posi-
tion of the optimum SO and its relation with several
cement characteristics, there is limited information
about the regulation of gypsum in the actual produc-
tion process, so that the values of SO, are continu-
ously near the target. Such research is provided by
Dhanial et al.'? by studying the automatic control of
cement quality using on-line XRD. Efe'3 also, by de-
veloping a multivariable control of cement mills in
the aim to control the process, states that the SO,
content is one of the main parameters determining to
what extent the final product satisfies desired specifi-
cations. For the cement industry, it is not sufficient to
find the optimum gypsum content in the laboratory:
Such research must then be applied to the industrial
scale process. The objective of this study is to inves-
tigate the control functions for regulation and control
of the sulphates content in industrial cement milling.
Optimization (i.e. parameter identification) of control
functions was performed by simulating the grinding
process in cement mill No 6 (CM6) of Halyps plant
regarding the sulphates content. Actual analyses of
the raw materials had been taken into account, in-
cluding their uncertainty.

Three cement types conforming to the norm EN
197-1 : 2011 were utilized: CEM A-L 42.5 N, CEM
II B-M (P-L) 32.5 N, CEM IV B (P-W) 32.5 N. Their
characteristics according to the mentioned norm are
provided in Table 1. The results of Tsamatsoulis’
models, derived from the same cement types pro-
duced in the same plant, were also taken into account
to determine the SO, target per cement type.

Table 1 — Cement types conforming to EN 197-1:2011

CEM Type

Composition and Strength | A_1 42 5|B-M (P-L)|IV B (P-W)

N 325N 325N
%Clinker >80 >65 >45
%Fly Ash

<55
%Pozzolane
<35

%Limestone <20
Maximum %SO, 3.5 3.5 35
Minimum 28 days Strength
(MPa) 42.5 325 325

Gypsum is not included in the composition but added
according to SO, target

Process simulation

The control and regulation of grinding process
regarding the SO, content is performed by sampling
cement in the mill outlet, measuring the SO, con-
tent, and changing the gypsum percentage in the
cement feed composition. The simulation involves
all the basic components of the process: The trans-
fer functions of SO, within the mill circuit, cement
sampling and measurement, and the control func-
tion applied. A simplified flow sheet, showing the
basic components of a closed grinding system is
presented in Fig. 1. The raw materials via weight
feeders are fed to the ball mill (CM). The product
of the mill outlet is directed through a recycle
elevator to a dynamic separator. The high fine-
ness stream of the separator constitutes the final
product, while the coarse material returns to CM
to be ground again. The block diagram and trans-
fer functions of the grinding process concerning
the control of SO, content are shown in Fig. 2.
The blocks represent the subsequent sub-processes:
GP = mixing of materials inside the milling installa-
tion; GS = cement sampling; GM = SO, measure-
ment; GC = controller. The signals of the feedback
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Fig. 1 — Closed circuit grinding system
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GP=Cement grinding %FA=%Fly Ash %S03_5=S03 sampled e=Error
GS=Sampling %G=%Gypsum %S03_M=S03 measured d=Disturbance
GM=Measurement %S03=S03 in mill  SO3_T=S03 Target n=Noise
%CL=%Clinker outlet

Fig. 2 — Block diagram of the SO, regulation feedback loop
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loop are denoted with the following symbols: %G,
%CL, %FA = percentage of gypsum, clinker and
fly ash respectively. %SO3 = cement sulphates.
%S03_S, % SO3_M = SO, of the sampled and
measured cement correspondingly. %SO3 T =
sulphates target. ¢ = %SO3 T — %S O3 M. d =
feeders disturbances. n = noise of the SO, measure-
ment.

Description of the simulator

Three raw materials contain SO,: Clinker,
gypsum and fly ash. A complete series of analyses
has been considered and the mean values and
standard deviations of sulphates have been comput-
ed to be used in the simulation. When gypsum is
changing, pozzolane or limestone is changing si-
multaneously, depending on the cement type. There-
fore, clinker is kept constant for all the cement types
and the same for fly ash in CEM IV. An uncertainty
of 2 % is assumed for the clinker percentage. The
corresponding uncertainty for fly ash is 1 %. The
simulator parameters are shown in Table 2. Total
run time of the mill, 77, , equaled 300 hours. The
sampling period, T, is a simulator parameter rang-
ing from 1 to 4 hours. The delay due to the sam-
pling, analysis, and sending the new setting of
gypsum to the mill feeder is 7,, = 0.33 h or 20 min-
utes. The reproducibility of the SO, measurement
was also included in the simulator. To incorporate
disturbances, the following technique is applied:
Sulphates and fractions of the three raw materials
are kept constant during time intervals computed by
normal distribution and random number generator

Table 2 — Simulation parameters

as follows: Gypsum SO, is assumed constant for a
time interval 7, ., not exactly determined, but
considered to be within the interval [T, ., T, .-
e - in,G> ~ Max,G
Then, by utilizing a random generator, a number,
x, between 0 and 1 is selected. To find the inter-
val of constant SO, of gypsum, formula (1) is ap-

plied.

(TMax.G - TMin,G + 1)
X+ TMin,G

(1)

TConst,G = Il’lt(

The calculation of the periods 7., ; is continued
until ET Const.G = I, In case this sum is greater, the
last 7, ; 1s truncated to be ET Const.6 = Lot -

The next step is to determine the SO, of gyp-
sum fed during 7, . .. As previously described, a
random number, X, belonging to the interval [0, 1]
is chosen. Then, the inverse of the normal distribu-
tion is applied with probability x, while the values
shown in Table 2 are used as SO, mean value and
standard deviation. Thus, sulphates percentage is

found by formula (2).
SO, ¢ = Normalnv(x. SO, 4,,,, SO; ;) (2)

Exactly the same procedure is followed to find
a time interval of CM operation with constant SO,
of clinker, T, -, constant SO, of fly ash, T, .,
and SO, contents, SO, , and SO, ,, corresponding-
ly. The minimum and maximum time intervals for
each raw material used in the simulation are shown
in Table 2.

The simulation starts by feeding the mill with a
certain cement type having initial gypsum content

| %S0, Time of constant property in hours
Materia

Mean Std. Dev. Min Max
Gypsum 40.0 2.0 Gypsum SO, 4 16
Clinker 1.40 0.2 Clinker SO, 4 8
Fly Ash 1.20 0.5 Fly Ash SO, 8 12
%S03 measurement reproducibility 0.05 % Clinker 4 8
Measuring Delay, 7},, (h) 0.33 % Fly Ash 4 8

%Clinker SO, Target Str28,,. .
CEM Type

Mean Std. Dev. Min | Max | Step (MPa)
CEM I A-L 425N 80 2 2.0 3.8 0.3 50
CEMII B-M 325N 65 2 1.6 34 0.3 38
CEMIVB 325N 52 2 1.5 33 0.3 38
%Fly ash of CEM IV 20 1
Mill run time, 7o, (h) 300
Number of Iterations 200
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between 3 % and 5 %. This initial percentage is also
selected using a random number generator. A sam-
pling period 7 is preselected. In the moments /- 7,
where /=1 to T, /T, spot samples in the outlet of
mill circuit are taken and SO, is measured. This
measurement is introduced to the controller, deriv-
ing the new gypsum content, which is transferred to
the cement composition at time /- 7, + T, . The pro-
cedure continues until time / - 7, equals 7, . The
average and standard deviation of SO, over all the
cement results are computed. The simulator de-
scription implies that the dynamics of sulphates in
CM circuit shall be known. Due to the fact that the
initial data are generated randomly with respect to
some specified limits, for the same initial settings
the simulator performs a defined number of itera-
tions. A value of 200 iterations is chosen. Then, the
average results of all the runs are computed. In this
way, some undesirable noise can be avoided.

Dynamics of SO, in the mill circuit

To model the dynamics between SO, in CM6
inlet and those of the final product, an industrial ex-
periment has been carried out. During stable opera-
tion of the mill, the gypsum was reduced to 2 % for
two hours. The gypsum was then increased to 6 %,
and simultaneously, high frequency sampling start-
ed in the final product stream. Sampling lasted one
hour. Thus, the step response of the system had
been determined. The experimental points of SO, as
a function of time are shown in Fig. 3. A first order
dynamics with time delay described by eq. (3) fits
very well with the experimental data.

SO;(1) = SOy =1—exp(t_TD) 3)
SOsp4x = SOspy Ty

where SO,(1) = SO, during the transient period,
SO, SO, = the steady state minimum and
maximum values of sulphates, 7,, T, = the delay
time and first order time constant, respectively. The
unknown parameters had been identified using
Newton — Raphson non-linear regression. Their val-
ues are the following: SO,, . = 1.69 %, SO
3.28 %, T,,=0.133 h, T, = 0.233 h.

The numerical method used to simulate the
SO, measurement is based on this dynamical mod-
el. The sampling time interval, T, is partitioned in
minutes and the convolution between SO, in CM
inlet and the impulse response of the system is com-
puted. To calculate the SO, in CM inlet, the simula-
tor takes into account the SO, of the raw materials
at moment / - T—1, determined from equations (1),
(2), and the cement composition at moments / - 7—1
and [ - T-1+T,,. Thus, the SO, in the grinding cir-
cuit outlet is computed in time / - 7, where I =1 to
T,,/T.. Then an error, following the normal distribu-
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Fig. 3 — Step response of %S0, in CM circuit (a) Regulation
with step changes controller (b) Regulation with I
controller

tion with mean value equal to 0 and standard devia-
tion equal to the measurement reproducibility, is
added to simulate the measurement procedure.

Control functions

Two control strategies of different logic are im-
plemented by the simulator. The first one is a con-
troller of step changes (SC), while the second is a
traditional proportional-integral (PI) controller. The
SC controller is a characteristic example of nonlin-
ear control methodology. If at time I, a measure-
ment SO,(1) occurs, the error between target and
measurement is defined by eq. (4).

e(I)= SO, , — SO,(I) (4)

Then the controller is described by the set of
egs. (5):
e(l)yE[—a,*a]=> DG=0

e(l)Ela,3a]l=DG=k
e(l)€[3a,5a)—= DG =2k
e(l)>5a—- DG =3k
e(l)e[-3a,—a]l-> DG =—k
e(l)E€[—5a,—3a]—= DG =-2k
e(l)<—=5a-DG=-3k (5

where 2a is the length of error interval, and £ is the
minimum discrete change in gypsum feed. These
two variables constitute the parameters set for this
kind of controller. With DG the change of gypsum
feeder is denoted: If in time /, gypsum content is
G(1), then in time I+1, G(I+1) = G(I) +DG.

The PI controller in digital form is expressed
via the much simpler eq. (6):
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DG =k, (e(I)—e(i=1)+k-T,-e(I)  (6)

Parameters £ and k. represent the proportional
and integral gains, respectively, and T is the sam-
pling period.

Function between cement SO,
and compressive strength

The results of Tsamatsoulis’® that have been ex-
tracted from the same cement types in the same
plant and correlate the SO/CL ratio with the 28
days compressive strength, St728, were also utilized
to investigate the impact of sulphates variance upon
the strength variance. The two main equations de-
rived in this study are repeated:

2
Str28 = 0019 (SO) 4014 (SO3
Str28Max CL CL

All CEM Types ecxept CEM 1V

Jors

SO
—3-=37 (7)
CLy,,
1728 ’
528 _ —0.020-(&) +0.17-(&)+.63 (8)
Str28,, cL CL

CEM IV

where Str28,, is the maximum strength found in
the optimum SO,/CL position expressed in MPa.
For the three cement types and the considered clin-
ker content, Str28,, ~is shown in Table 2. Using
functions (7), (8) for each SO, value, str28 could be
computed. Concerning the strength measurement, a
3 % coefficient of variation of measurement repro-
ducibility is assumed. Then the average strength
and the linked standard deviation could be deter-
mined for each 300 hours operation, as well as for
the 200 iterations of this operation.

Initial examples of simulator implementation

Two examples of simulator application are
shown in Fig. 4. CEM II B-M 32.5 is chosen with
S0, ,= 2.5 and sampling perlod T =2 h. In the first
apphcatlon SC controller is apphed with £ = 0.5
and a = 0.2. In the second one, gypsum is regulated
with the PI controller with k& = 0, k, = 0.8, therefore
with a simple I controller. The results shown in Fig.
4 indicate that the two algorithms behavior differs
noticeably: The step changes controller acts when
the error is outside of the /-a, «/ interval and the
changes to the actuator are multiples of k. Con-
versely, integral controller actions are continuous
and the changes are larger or smaller depending on
the error magnitude. The results of both controllers
for the selected parameterizations are presented in
Table 3. The strength is computed using eq. 7. Both
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Fig. 4 — Simulation of the gypsum regulation: a) Regulation
with step changes controller, b) Regulation with I
controller

Table 3 — Results of SC and I controller

%S0, %Gypsum Str28 (MPa)

Mean |Std.Dev| Mean |Std.Dev| Mean | Std.Dev

SC 247 0.15 3.86 0.34 37.5 1.12
I 251 0.12 4.10 0.34 37.5 1.12

controllers provide very satisfactory results. A full
implementation of the simulator will provide the
necessary information for the comparison of the
controllers results, their optimization, and their im-
plementation in case of cement type changes.

Implementation of the simulator
for one cement type

The simulator is initially implemented for CEM
II A-L 42.5 and CEM Il B-M 32.5 for the data
shown in Table 2. For sampling periods of 1, 2 and
4 hours, both SC and PI controllers are utilized with
the following set of parameters:

SC:a=0.1,0.2,0.3 and £ =0.25, 0.5, 0.75. PI:
k;= 0.1 to 1.9 with step = 0.1 and kp =0 to 1.6 with
step 0.4. In the PI controller, the low and high limits
are placed to the gypsum dosage. The standard de-
viation of SO, as a function of controller’s parame-
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ters, sampling period, 7, and sulphates target SO, .
is shown in Fig. 5 for CEM II B-M 32.5, wherefrom
the following conclusions can be derived:

(1) In both controllers, for the current raw mate-
rials, sulphates variance is a function not only of the
controller’s parameters and sampling period, but of
the SO, ; also.

(i) Sulphates targets providing the minimum
variance range from 2.2 % to 2.8 % for both regula-
tors. Also noticed is that the optimum SO, deriving
the maximum strength belongs to interval [2.2, 2.8].
Thus, SO, optimum is common for both strength
maximization and minimization of sulphates vari-
ability.

(iii) SC controller provides the minimum sul-
phates standard deviation for & = 0.25 and 0.5,
a=0.1 and T, = 1 h. For the settings of Table 2
with the optimum parameters, a standard deviation
in the range [0.12, 0.14] is obtained.

Ki=0.1 to 2.0, Ts=1, 2

(iv) The results of the PI controller indicate
that, for the same SO, ;. and I part, as P coefficient
increases, the standard deviation augments also.
Therefore, the optimal controller is simply an I con-
troller.

(v) The minimum standard deviations of the PI
controller for 7, = 2 h, and of the SC controller for
T =1 h equally result in the superiority of P against
SC, as with the half sampling actions the same re-
sult is achieved. The better results of the PI control-
ler compared with SC are verified also for CEM II
A-L 42.5 in Fig. 6: For the same sampling time, PI
provides lower optimum standard deviation in com-
parison with SC.

Optimum integral controllers for SO, regula-
tion of CEM IV B 32.5 are shown in Fig. 7. The
conclusions derived from the first tvo CEM types
are valid for this type also. From Figs. 5, 6, 7, the
optimal integral controllers — the PI with kp =0-

[10.20-0.22
[0 0.18-0.20
00.16-0.18
[J0.14-0.16
00.12-0.14
[00.10-0.12

Fig. 7 — Sulphates standard deviation as function of controller's parameters, T and SO, ;. for CEM IV B 32.5
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Table 4 — Optimum PI controllers

T=1h
Min k, | Max k,| Min k, | Max k,

T=2h
SO ‘

3T

CEMIIA-L425N 29 1.1 1.9 0.7 1.5
CEMIIB-M 325N 25 1.1 1.9 0.7 1.4
CEMIVB 325N 24 1.1 2.0 0.6 L5

are summarized in Table 4 for sampling periods 1
and 2 hours. For each CEM type as an optimum
region of controllers is considered the one leading
up to a 5 % higher standard deviation from the min-
imum. The results shown in this table indicate that
a common area of controllers exists for all CEM
types. For robustness reasons a k; near to minimum
value could be selected to be applied to the actual
process control.

Uncertainty analysis

The simulator has been built assuming some
uncertainties in the SO, content of the cement raw
materials, and the time intervals of these sulphates
remain constant. These factors influence the stabili-
ty of the cement SO, and their impact should be
investigated. In Table 2, the time of constant SO, of

clinker, T, . ., is restricted to vary between two
limits 7, =4 hand T, . = 8 h. Similar con-
straints are assumed for 7, .. A parametric analy-

sis of the impact of these variables on cement SO,

has been performed: The variable 7, . ., belongs to
intervals [TMin, cr TMax,Cl] = [7-:4ver Cl_l’T;lvei; Cl+ 1]’

where T, ., increases from 3 h to 16 h with a step
of 1 h. Correspondingly, T . varies randomly
within intervals [T, . T\, 1=[T, . ~LT,..;t1],
where 7, . is moving from 3 h to 16 h with a step
of 1 h. The other settings have been taken from Ta-
ble 2. By implementing the simulator for CEM A-L
42.5, the sulphates standard deviations are deter-
mined and presented in Fig. 8. From this figure, it is
clearly observed that the impact of 7, ., is very
strong, much stronger than the impact of 7, . on
the stability of cement sulphates. Therefore, the
higher possible mixing of clinker in a stock silo is
of high importance. Usually the mixing is per-
formed by programmed changing of the extracting

points at the silo bottom.

To further investigate the influence of raw ma-
terials SO, uncertainty on the product sulphates, a
parametric analysis of clinker and gypsum SO,
variance has been performed. The simulation is
again realized for CEM II A-L 42.5 using all the
settings from Table 2, except the SO, uncertainty of
clinker and gypsum: Clinker standard deviation var-
ies from 0.05 to 0.4 with a step of 0.05, while gyp-
sum standard deviation alters from 1.0 to 5.0 with a

s
K
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4 ~ 1005
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Fig. 8 — SO, standard deviation as function of Ty, oy T,..c

step of 0.5. In order to normalize the inputs and out-
puts, the coefficient of variation (CV = 100 x Std.
dev. /Average) has been used for the three variables
under study — SO, standard deviation of clinker,
gypsum and cement. The results are presented in
Fig. 9 where the high influence of both CV,; .,
CVSO3,G on CVS03,CEM becomes obvious. Thus, not
only does the clinker fed to the mill have to be
mixed as best as possible, but in case the plant re-
ceives gypsum from different suppliers, one of the
two following strategies must be applied: (i) Con-
sumption of one supplier material before the usage
of the next, if possible, or (ii) preparation of piles of
mixed gypsum by adjusting the proportions of each
different gypsum to reach a predefined SO, target.
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G
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Fig. 9 — CVy; oy as function of CVo oy CVpo

Impact of SO, target on cement
compressive strength

Using the simulator, the 28-day strength has
been determined for a large range of SO, targets for
all CEM types. The simulator operated with the data
from Table 2 as concerns all settings except SO, , T,
=2 h and k, = 0.8. The results are presented in Fig.
10. The high impact of sulphate content on the level
of the compressive strength at 28 days becomes clear.
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Fig. 10 — Strength at 28 days as function of SO, level

From these results, an optimum SO, , range could be
determined assuming that strength is to be main-
tained in a zone 0.5 % around the maximum. The
optimum range results are indicated in Table 5.

Table 5 — Range of SO,

Optimum SO,
Min Max
CEM II A-L 425N 2.5 3.1
CEM II B-M 325N 2.2 2.8
CEMIVB 325N 1.9 2.5

Implementation of the simulator
for multiple cement types

To approach actual plant conditions better, fur-
ther development of the simulator is necessary: The
simulation and optimization of the action system
control to be taken when the cement type changes.
The above has an impact on the SO, variance per
CEM type, due to the fact that for each type another
SO3’T exists. Therefore, some additional rules and
functions have been added to cope with this situa-
tion. A total run time of the mill equal to 600 hours
is assumed. Cement mill operates with certain ce-
ment type for a time interval 7, . .., considered
to be between 7, ., and T CEM By utilizing a
random generator and eq. (1) T, . ., is deter-
mined. The cement type is selected randomly be-
tween the three. When 7, . .\, expires, a next se-
lection of CEM type is performed and a new time
interval is determined. The procedure continues un-
til the cumulative milling time becomes equal to or
greater than the total run time. When the type
changes at a time I, the gypsum changes according
to the following rules:

SO3,N = (SO3,P+ (Clegy N Clegy p) ’ SO3 at

100 @
+(Ashegy = Ashegy p)*SO5 40) 5 S0;
DG =K, (5057 = SOs ) (10)
Gypsey = Gypsep, + DG (11)
where SO, , is the SO, measured at time /, CZCEMP,

CICEM " AshCEM P AshCEM v are the average clinker
and fly ash contents of the previous and new CEM
type, respectively, SO; ., SO, ,, and SO, ; are the
average SO, content of clinker, fly ash and gypsum
correspondlngly Function (9) derives SO, . DG is
the gypsum change, K , is a gain factor multlplylng
the error and needs to be identified/optimized for a
given mill, Gypse, is the gypsum percentage ap-
plied from time /-1 to /, while Gypse,, is the new
gypsum setting to be placed in the feeder. An exam-
ple of application of the simulator is presented in
Fig. 11. The following settings are utilized: Control-
ler with k, =038, 7. o, =12h, T}, = 16N,
K,=0. The SO, targets are 2.8 % for CEM I1 A-L
42.5, 2.5 % for CEM II B-M 32.5 and 2.4 % for
CEM IV B 32.5.
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Fig. 11 — Simulation of the gypsum regulation for three CEM
types

Gain Factor Optimization

The gain K, is a parameter needmg optimiza-
tion: If K, = 0 then the type change is not taken
into account As K, increases, the clinker and ash
contents of previous and next type contribute more
to the resulting action. For the gypsum computed
from (11) two cases are considered:

(i) Gypse,; is unconstrained

(i) Gypse,,, < Gypse, < Gypse,, . The low
and high limits are defined for each CEM Type ac-
cording to the average SO, of raw materials and
margins of + 0.5 %.
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Fig. 12 — Sulphates standard deviation as function of K

The simulation has been applied for 600 hours
of operation and TMm,CEM = 8 h, TMM’CEM = 12 h,
T =2 h. All the other settings correspond to the
values in Table 2. Gains from 0 to 3 with a step of
0.2 are studied. The results are shown in Fig. 12 for
unconstrained and constrained action in the gypsum

when the cement types changes.

A distinguishable optimum K, exists in the
case the action in the gypsum feeder is uncon-
strained. In all three CEM types, this optimum is
located in a position slightly higher than K, = 1.
The constrained action derives noticeably improved
standard deviations than the unconstrained one.
Therefore, a constrained action with K, = 1 and
saturation limits defined from the average SO, of
raw materials and margins = 0.5 % could be regard-
ed as the optimum rule, when CEM type is chang-

ing.

Effect of sampling period and number
of changes of CEM type on SO, variance

Normally, the higher the number of type’s
changes during a certain time interval, the higher is
the variance of SO, of each cement type. On the
other hand, as the sampling period decreases, SO,
becomes more homogeneous. To investigate the im-
pact of these two factors on SO, uniformity, the
simulator is applied as follows: For a total grinding
duration of 600 h, parameters T JPp— T Mae CEM
have been varied from minimum to maximum

values by keeping a constant difference of 4 hours

Kch 2 3

. Jor unconstrained and constrained cases

between them. Thus, for the average grinding
time of a CEM type, the following formulae are
applied:

T, Max,CEM T, Min,CEM — 4 (12)
Tvtaxcine + Totin com
Tpvercom = } ) ’ (13)

An optimum controller is applied with &, = 0.8.
The change of type follows the optimum rule de-
fined in the previous section with K, = 1 and satu-
ration limits of minimum and maximum gypsum.
The standard deviations of SO, for the three CEM
types as function of 7, .. and sampling period,
are shown in Fig. 13. It can be clearly observed that
frequent changes of CEM type result in a noticeable
deterioration of SO, standard deviation. The reduc-
tion in sampling period from 7, =2 hto 7. =1 h
cannot compensate this worsening drastically de-
spite that a cost of double analysis frequency is
paid. Consequently, the more the cement mills of a
plant are dedicated in producing one type of ce-
ment, the better is the consistency of sulphates.

Implementation of the two controllers
in industrial milling conditions

Both SC and PI controllers have been placed in
operation in CM6 of Halyps plant and long term
results of control have been reviewed. The same
CEM types analysed are also actually milled. In the
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Fig. 13 — Sulphates standard deviation as function of T,

case of types’ change, during SC operation the opti-
mized feedforward action has not been applied but
the immediate action on the gypsum content was
based on the working experience. Operating data
and controller settings are demonstrated in Table 6.
The parameters of SC controller belong to optimum
or suboptimum region for all three CEM types,
while PI controller continuously operates in the op-
timal parameters area. In the PI case, the average
time of uninterrupted grinding of CEM II A-L 42.5
is higher than the respective value when SC works
at 17 % ( = 35/30-1). For the two other types,
during Pl operation, the periods 7, ., are shorter
than those of SC at 36 % and 32 %. Therefore, on
average and according to Fig. 13, the operating con-
ditions during PI working are worse than those of
SC.

During the production of the mentioned types,
not only spot measurements of SO, are performed
but also a daily sample per CEM type is prepared,
composed from the spot samples. Chemical analysis
is also executed to these average daily samples.
Thus, two criteria of performance of the two con-
trollers are to be utilized for each CEM type: The
standard deviation of SO, in the spot samples popu-
lation and the one in the population of the average
samples. The coefficients of variation could also be
used as additional criteria. The comparison of the
performance is demonstrated in Table 7. From these
results, the superiority of the PI controller against
SC becomes clear. In all the three types, the SO,
standard deviation of both spot and average samples

vercem @nd T

improved considerably: In the spot samples, the ra-
tio of two deviations is from 64 % to 86 %, while in
the daily samples noticeably less, from 36 % to 76

%. The above result occurs despite the reduction in
Table 6 — Operating data and controllers settings

SC controller

|503,r| 7;(h)|TA (h)| T, (h) | 1034

ver, CEM

CEMIT A-L 425 28 2 30 SC parameters
CEMIIB-M 325 25 2 22 a 0.2
CEMIVB325 24 4 22 k 0.5

PI controller

Feedforward

Ty () 1374 Settings

SO; | T [T, s (0)| Gypse,, | Gypse,,,,

CEMIIA-L425 28 2 35 3.9 49
CEMIIB-M 325 25 2 14 3.8 4.8
CEMIVB325 24 2 15 3.1 4.1
Feedback PI parameters K, 1
k 0 k. 0.8

14 i

average grinding time in CEM II BM and CEM IV
B. The big improvement in the case of CEM IV B
could be also partially attributed to the decrease in
the sampling period. The large magnitude of stan-
dard deviation reduction in the average daily sam-
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Table 7 — Evaluation of controllers performance

CEMIIA-L | CEMIIB-M | CEMIVB
42.5 325 325

SC Controller — Spot samples

Average SO, 2.83 2.51 2.45
Std. Dev. 0.179 0.183 0.294
%CV 6.3 7.3 12.0

SC Controller — Average daily samples

Average SO, 2.82 2.50 2.58
Std. Dev. 0.12 0.11 0.16
%CV 43 4.4 6.2

PI Controller — Spot samples

Average SO, 2.81 2.48 2.44
Std. Dev. 0.144 0.157 0.188
%CV 5.1 6.3 7.7

PI Controller — Average daily samples

Average SO, 2.81 2.48 2.44
Std. Dev. 0.050 0.083 0.057
%CV 1.8 3.4 23
% Ratio Std.Dev PI/ Std.Dev SC
Spot samples 80.2 85.9 64.0
Daily samples 42.0 75.7 35.6

ples results from the fact that average daily SO, is
very near to the target. Therefore, the PI feedback
controller, combined with the feedforward part,
constitutes a strong tool of cement quality improve-
ment.

Conclusions

The control of grinding process regarding the
SO, content in an industrial mill has been effective-
ly simulated taking into account all its fundamental
sides and particularities: (1) Analyses of the raw
materials and their uncertainty; (2) CM dynamics;
(3) sampling period and measuring delays; (4) mea-
surement reproducibility; (5) cement composition
and feeders accuracy; (6) variability of raw materi-
als SO, during grinding; (7) grinding of various
CEM types in the same CM with different sulphates
targets; (8) function between SO, and typical com-
pressive strength. Based on the simulator, two con-
trollers of different philosophy have been studied: A
classical PI controller as well as a nonlinear one
(SC) consisting of a dead band of SO, equal to 2a
and step changes of gypsum feed with gain & or a
multiple of k. Initially, the simulator was imple-

mented in a single cement type and the two control-
lers were compared using SO, standard deviation as
criterion of product regularity. The operation with
three different CEM types was investigated. Both
controllers provided very satisfactory SO, consis-
tency but PI was more efficient against SC as with
the double sampling period, the same minimum
standard deviation was obtained leading to the same
result with half the sampling actions. Using the sim-
ulation, the gains of the PI controller were opti-
mized concluding that a simple integral controller
was adequate to achieve the minimum SO, standard
deviation. For all CEM types the optimal interval of
k; was determined. An integral gain belonging to the
common region among the three could be selected
to be placed in actual operation. For robustness rea-
sons, a value near the minimum gain should be cho-
sen. The target of SO, and the uncertainty of raw
materials sulphates play a crucial role in the consis-
tency of products. The mixing of each raw material
before consumption contributes to the reduction in
the resulting standard deviations. Additionally, the
SO, optimal interval to obtain the maximum 28-day
compressive strength is the same with the one lead-
ing to optimum SO, uniformity. Thus, the proper
selection of the target optimizes both strength and
variability.

The simulator was also implemented for mill-
ing of several cement types. Some additional opti-
mization was necessary when the type changed. In
this case, two changes occurred: Sulphates target
was modified and due to the different composition
the SO, fed to the mill also differed. A new setting
of gypsum had to be placed immediately according
to the new data before a new measurement. This
action could be characterized as a feedforward con-
troller. An optimum constrained solution was deter-
mined by optimizing a gain factor and imposing
saturation lower and upper limits for the new gyp-
sum percentage. By applying the optimized feed-
back controller linked with the feedforward part,
the impact of sampling period and of the number of
changes of CEM type on the SO, variability was
investigated. If the number of changes becomes
more frequent, then a decrease in sampling period is
not enough to compensate effectively the deteriora-
tion of SO, uniformity. Thus, as long as a CM is
dedicated to produce a certain cement type, the sul-
phates variability is so much lower.

Both controllers were placed in operation in an
industrial grinding circuit. The PI feedback control-
ler combined with the feedforward part produces
significantly lower sulphates variability, compared
with the SC controller. Therefore, the installation
and function of this kind of controller in industrial
milling systems contributes greatly to the improve-
ment of cement quality.
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Nomenclature

C,A  — Tricalcium aluminate, %

Cl, %CL — Clinker content, %

d — Disturbance

DG  — Change of gypsum feeder, %

e — Error between SO, and SO,, %
%FA, Ash — Fly ash content, %

GC  — Controller transfer function

GM - Measurement transfer function
GP — Materials mixing transfer function
GS — Sampling transfer function

G, %G — Gypsum content, %

n — Noise

k — SC controller gain

K, — Gain factor in eq. (10)

k, — Integral gain of PID controller

kp — Proportional gain of PID controller
R — Regression coefficient

SO, - Sulphates content, %

SO37 aver— Mean value of SO,, %

%S03_M - %SO0; after measurement, %

%S03_S — %S0, after sampling, %

SO3’s — Standard deviation of SO, %

%S03 T, SO3’T - SO, target, %

SO,/CL  — Mass ratio between SO, and clinker content, %
Str28 — Compressive strength at 28 days, MPa

t — Time, 3600 - s

T, — First order time constant, 3600 - s

T,,. — Average time, 3600 - s

T, — Delay time, 3600 - s

TeonsicEM — Time with constant CEM type, 3600 - s
T onsci — Time with clinker of constant SO,, 3600 - s
T Const:G — Time with gypsum of constant SO, 3600 - s
Ty — Measuring delay time, 3600 - s

T, — Sampling period, 3600 - s

T, — Period of simulator operation, 3600 - s

X — Random number between 0 and 1

Greek symbols

2a  — length of error interval

Subscripts

Min — minimum value
Max — maximum value

N  —next

Opt — value of independent variable where optimum
exists

P — previous

Abbreviations

CEM - cement type

CM - cement mill

PID - proportional integral derivative controller
PI  — proportional and integral controller

SC - controller of step changes
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