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ADAPTIVE CONTROL SYSTEM OF THE SELF-GRINDING PROCESS
OF ORES IN AUTOGENOUS MILLS

The main goal is development of an adaptive self-regulating system for controlling the loading process of drum
mills for autogenous ore grinding, providing specified indicators of control quality under conditions of uncontrolled
disturbances.

Methodology. To achieve this goal, methods of system analysis and synthesis of automatic control theory systems
and mathematical modeling methods were used to assess the quality of processes for regulating the parameters
of the adaptive system.

Scientific novelty. A method is proposed for solving the problem of synthesizing an adaptive loading control
system for autogenous mills, which takes into account in its formulation restrictions on the level of control action
and a possible change in the structure of the mathematical model of the object.

Conclusions. The feasibility of using adaptive self-regulating systems for controlling the loading of autogenous
fuel mills is substantiated. The problem of synthesizing the main loop of the control system is formulated and solved,
taking into account real restrictions on the control action and possible changes in the structure of the mathematical
model of the object. The dependence of the control time of the main loop on the restrictions on the control action has
been studied. As a result of modeling the processes in the self-tuning loop of the adaptive system, it was established
that the time for setting the model parameters is significantly less than the decay time of the correlation function
of the processes that cause drift of the object parameters. Thus, the fulfillment of the conditions of quasi-stationarity
indicates the operability of the adaptive system.

Practical significance. The use of the proposed adaptive system for controlling the loading of autogenous mills
provides the necessary indicators of control quality under conditions of restrictions on the control action and the non-
stationary nature of the facility.

Key words: autogenous mill, modeling, adaptive system, mathematical model, loading control, self-tuning,
quality indicators, uncontrolled disturbances, uncontrolled disturbances.
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AOANTUBHA CUCTEMA YIMNPABJIHHA NPOLECOM CAMOMNOAPIBHEHHA PYA
Y BAPABAHHUX MJTUHAX

Memotro yiei po6omu € po3pobka adanmueHOi caMoOHaCcmpPOor8abHOI cucmeMu yrpasiiiHHS PoUecoM 3aeaH-
maxxeHHs1 6bapabaHHUX MiuHie camornodpibHeHHs pyd, wo 3abeanedye 3adaHux MoKa3HUKIe sKocmi yrnpaeniHHs
8 ymogax Oii HEKOHMPOIbOBaHUX 30YPEHb.

Memodonozis nepedbavae sukopucmaHHsi MemModie CUCMEMHO20 aHasi3y i Memodie cuHmesy 3 meopii asmo-
Mamuy4HO20 YrpaeniHHa, a makox mMemodu MamemMamu4Ho20 MoOeso8aHHs 071 OUIHKU SIKOCMIi rpouyecie Hara-
wmyeaHHs napamempie adanmueHoi cucmemu.

Haykoea Hogu3Ha. 3anporoHogaHo mMemod supiwieHHs1 3adadyi cuHme3y adanmueHoi cucmemu yrnpasriHHs
3a8aHMaXXEHHSIM MITUHI8 camMonoOpibHEHHS, SIKi 8paxo8yromb y C80Ili yMO8i 0BMEXEHHSI Ha Pi8eHb yrnpaesisitoHo20
8riusy i MOXnugicmb 3MiHU CmMpyKmypu Mamemamu4yHoi Modeni Ub020 06’ekmy.

BucHoeku. ObrpyHmosaHa 0ouinbHicmb 8uKopucmarHs adarnmueHUX caMOHacmpo8asbHUX cucmem yrpas-
NiHHS1 3a8aHMaXXeHHsIM MIIUHi8 camornodpibHeHHs1. BupiweHa 3adaya cUHMe3y OCHO8HO20 KOHMYypy cucmemu
yrpaseriHHSA 3 ypaxyesaHHsIM pearlbHUX 0OMeXeHb Ha ynpassistoqull 8rius i MoXuee 3MiHEHHS CIMpyKmypu mMame-
MamuyHoi modeni 06’ekma. [ocnidxeHa 3anexHicCmb Yacy peaysoeaHHsI OCHOBHO20 KOHMYpPY 8i0 0OMexeHb Ha
ynpaensioqud ennue. Y pesynbmami MoOerntogaHHs npouecie y KOHmMypi caMoHanawmyeaHHs adanmueHoi cucme-
MU 8CMaHo8sIeHo, WO Yac HacmpoUKu napamempie Modersii 3Ha4HO MeHLe Yacy criadaHHs1 KopernsuitiHoi chyHKUT
npouecis, wo sususaoms dpelch napamempie 06’ckmy. BukoHaHHS yMo8U KeasicmauioHapHocmi ceiduyums npo
npauye3damHicmb po3pobreHoi adarnmueHOi cucmemu yrpasliHHS MIIUHOM.

lMpakmu4Ha 3Ha4Yumicmb. BukopucmarHs 3anpornoHo8aHoi aBanmueHOI cucmeMu yrpaesiHHs 3a8aHmaXxeH-
HSM MIuHie camorodpibHeHHs1 3abe3nedye HeobXiOHI MoKa3HUKU siKocmi yrpaeriHHS 8 yMoeax OOMEeXeHHSs Ha
ynpaensio4dull 8rniiue ma He cmauioHapHicms Ub020 06°ekmy yrpasriiHHSI.

Knro4oei cnoea: mnuH camorodpibHeHHsi, ModernoeaHHs, adanmueHa cucmema, MamemMamu4yHa Molesib,
yrpasesiHHA 3a8aHMaXXeHHSM, caMOHanawmyeaHHs, MOKa3HUKU SIKOCMI, HeKOHMPOTb08aHi 36YpeHHS.

Introduction. The emergence and develop- a classifier for the degree of filling of a self-grinding
ment of modern means of information processing  mill working.
makes it possible to implement effective multi-level Itis known that for self-grinding mills, the degree
systems of automatic management of technologi-  of drum filling is a critical parameter (Novytskyi
cal processes of enrichment technology, in which et al., 2021), the control and regulation of which
the object of management is the entire technolog-  ensures trouble-free (absence of jamming) and
ical line, and the economic efficiency of its work is  efficient operation of the mill.
taken as a quality criterion (Sokur et al., 2020). Therefore, the purpose of managing the local

Such generalized economic criteria are the  system of Fig. 1 — to ensure, by adjusting the fre-
most sensitive to the modes of operation of the  quency of rotation of the feeder blade V, the sta-
resource-intensive devices of the two-stage tech-  bilization of the degree of filling of the mill ¢ at the
nological lines (Novytskyi et al., 2022). Therefore, level of the task ¢, , the value of which is deter-
the development of effective local control systems  mined at the top level of the hierarchy.

for aggregates such as drum mills, which account As an object of control, a self-crushing mill
for more than half of all beneficiation technology = with a classifier along the channel «feeder
costs (Sokur et al., 2016), is an urgent task. blade speed V - degree of drum filling ¢ » is

Setting the problem of research. Fig. 1 pre- described with sufficient accuracy by the trans-
sents afunctional scheme of the control systemwith ~ fer function:
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Fig. 1. Control system for the degree of filling of a self-grinding mill working:
M — autogenous mill, C — classifier, S — mill filling sensor, F — feeder, D — computing device,
EM - executive mechanism, Q,, Q,, Q, — respectively, flows of initial ore, reversible loading
and finished product
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The main task of managing the degree of filling
¢ is complicated by the fact that the self-grinding
drum mill is essentially an inertial and non-station-
ary object — the parameters of the transfer func-
tion (1), such as K,T,,T, , as change in a fairly wide
range (up to 15% of nominal values). The main
reason for the drift of the model parameters is a
change in the physical and mechanical properties
of the original ore sent for grinding (Khotskina,
2014). In addition to affecting the transmission
coefficient K, these disturbances can qualita-
tively change the structure of the object (1), which
acquires the properties of value T, <2T, an oscil-
lating link.

Thus, to ensure the effective operation of the
control system of such a non-stationary object, it is
necessary to provide for adaptive regulation of the
parameters of the main circuit.

The main goal of the research is development
of an adaptive self-regulating system for controlling
the loading process of drum mills for autogenous
ore grinding, using methods of analysis and syn-
thesis of automatic control theory systems and
mathematical modeling methods and providing
specified indicators of control quality under condi-
tions of uncontrolled disturbances.

Literature review. A large number of works
by domestic and foreign authors are devoted to
solving the problems of increasing the efficiency
of the grinding mill as due to the improvement of
structural elements of mills (Arvidsson, 2006) and
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classifying devices (Morkun et al., 2018) and to
optimization the management process.

Most of them involve a traditional approach
based on the use of information about the char-
acteristics of the input flow of material (Pistun
et al.,, 2002) and the finished product of the
grinding process (Fedoryshyn et al., 2012). The
emergence of modern means of information
processing and management contributed to the
development of the direction based on the use
of adaptive systems (Feng et al.,, 2019). Con-
ventionally, they can be divided into two types:
systems with adjustment of model parameters
(Novytskyi & Shevchenko, 2014), which is con-
sidered in this research paper, and systems
based on non-parametric identification methods.
The second type working with non-parametric
models (mainly neural networks) have a number
of advantages.

However, they have a long adjustment time and
their application in production requires a strict jus-
tification of quasi-stationarity conditions.

Solving the problem. Synthesis of the system
must be performed in two important main stages:

1) determination of the structure and calcula-
tion of the nominal values of the parameters of the
main control scheme;

2) determination of the structure of the self-reg-
ulation scheme.

In the process of synthesizing the main scheme
of the system, two factors must be taken into
account:

— the roots of the characteristic equation of the
object model (1) can be complex;
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— the speed of the feed web is limited by size, i.e.
V<V, (2)

Taking into account these conditions, it is advis-
able to use the synthesis method (Novytskyi & Us,
2017), which provides an aperiodic response of a
closed control system to a typical input influence
with a given adjustment time T_, and re-adjust-
ment of no more than 2%. In Fig. 2 shows the
structural diagram of the main circuit where W,,
and W,, are the transfer functions of correction
devices:

— C1T22
p+C,’

:CS(p+Cz)
p+C,

3)

di

dz2

Calculation of the values of the parameters
C,.C,.C,,C, that ensure the aperiodic response of
the closed system Fig. 2 with a given adjustment
time T, is performed as follows. The transmission
function of the system on the channel «o,, —¢ »
is as follows:

w (p)= Way -Wep W -
¢ 1+W,, W,
— KCICS .
p? +T1+C24T22 p? L KC, +T;c4+1 ‘p+c4 +CZZC3K
T2 TZ -,-2
We denote:
C,+C,C,K
o’ =KC,C, =% 23, (4)
T2

and next reduce the transfer function W, (p) to
the normalised form:

1
2
g TG KO TCL
2 2

, (9)

+1

where p=p/ is a normalised argument.

To ensure the aperiodicity of the response,
the parameters of the transfer function (5) for the
third-order system should have the following val-
ues (Dorf & Bishop, 2022):

P

—»

W

T

4,04
w=
T

adj

ol +2C4T22 _
T, -o

1,9.

_KC,+TC,+1
T22 X (DZ
Thus, the sequence of calculating the values

of the parameters C,,C,,C,,C, of the correcting
devices will be as follows:

4,04
0=—-:
T

adj

_ 0‘7-220) -T
T22

B 2,2.

C,

BT}’ -TC, -1

C
8 K

(6)
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C=——-
'KC,

_ Cszchs — C4
KC, '

The output data are the parameters of the
object model K,T,, T, and the specified adjustment
time T, .

It should be noted that the minimum possible
setting time of T, is determined by restrictions on
the control influence, in this case it is the maximum
speed of the feeder blade V according (2).

In (Fig. 3, a) presents the transient pro-
cess of changing the degree of filling ¢(t)
in the control system for ¢, =40%, defined

C2

nominal values of the object's parameters:
K =60sec-m™*;T, =16sec;T, =12sec;V,, = 1%

and the parameters of the correction devices (6)
calculated according to C, =0,001; C, =0,0852;
C, =0,0405; C, =0,1448. In (Fig. 3, b) shows the
process of changing the control influence V/(t) —
the speed of the feeder.

From (Fig. 3, a, b), it follows that condition (2) for
limiting the speed of the feeder web in the control

v

Wd2 “{)c

Y

Fig. 2. Structural diagram of the main circuit of the adaptive control system
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Fig. 3. Processes of changes in the degree of @(t) filling (a) and the speed of the feeder
blade V(t) in the management system (b)

process will be fulfilled if the specified adjustment
time T, is at least 30 minutes. In the opposite
case, condition (2) is violated, overregulation
increases and oscillations occur in the system.

To solve the problem of adapting the system
to the physical and mechanical properties of the
original ore, which change and cause changes in
the values of the model parameters of the control
object K,T,,T, itis advisable to use a self-adjusting
system with an adjustable model (Fig. 4).

The control influence V/(t) simultaneously
enters the inputs of the control object and the
model. The mismatch between object and model
outputs ¢ (mismatch function) is used to adjust
model parameters P ={K,,.T,,.T,,} according to
the gradient law:

daP

o (7)
where P —is the adjustable element, a —is the
coefficient that determines the adjustment speed.
In the computing device D (Fig. 4) according to
the adjusted parameters of the model K,,,T,,,,T,,, in
accordance with expressions (6), the values of the
parameters of the correction devices- C,,C,,C,,C,,
are calculated, in which an aperiodic response is

—agrade®,
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ensured in the main circuit and the processes cor-
respond (Fig. 3).

Calculation of processes in the adaptive sys-
tem (Fig. 4) was performed by the methods At . In
picture (Fig. 5) we can see the processes of setting
parameters of the control object model K,,,T,,,. T,
with simultaneous jump-like application of them on
the object by 10 %.

From the graphs (Fig. 5) obtained, it follows
that the process of setting model parameters ends
within 40 minutes. This is significantly less than the
period of quasi-stationarity, which is determined by
the rate of change in the properties of the origi-
nal ore and, in the presence of storage bunkers, is
several hours.

After setting the parameters of the model, the
processes in the main circuit along the channel
«@,, —¢» correspond to the curves in (Fig. 3) and
have the desired quality indicators.

Conclusions and prospects for further
development. In this work, an adaptive system
is proposed (Fig. 2) to control the loading process
of self-grinding mills, which provides the specified
characteristics of transient processes in the main
control circuit in conditions of non-stationarity of
the object.
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Fig. 4. Structural diagram of the adaptive control system: MSB — model setting block,
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Fig. 5. Processes of setting parameters of the adaptive system object model

At the same time, the specified (minimum)
adjustment time in the main circuit is determined by
the limitation on the level of influence of control —
speed of the feeder V (2). Using of an adaptive
self-adjusting control system (Fig. 4) for the filling
of self-grinding mills allows ensuring the neces-
sary indicators of the quality of management in the
conditions of variable parameters of the object of
control (6). As a result of modeling the processes
in the adaptive system, it is established that set-
ting its parameters ends much faster (Fig. 5) than
changing the parameters of the control object.

So, the following is done in this research
paper:
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1) use of an adaptive self-regulating control
system for the filling of self-grinding mills allows
you to ensure the necessary indicators of the qual-
ity of management in the conditions of changes in
the parameters of the object;

2) the adjustment time of the main loop of the
filling control system of the self-grinding mill is
determined by restrictions on the level of control
influence.

In the future, it is proposed to carry out research
on the development of a method for determining
the parameter o (7), which affects the speed of
setting the parameters of our adaptive system
model.
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