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Abstract: The paper considers the issues of synthesizing a predictor controller as part of a control system for a
non-stationary dynamic plant with a predictive model. Technological processes in industry, in essence, have non-
stationarity properties, the parameters of which can change during the execution of technological operations. To control
such nonstationary dynamic control plants, controllers built on the basis of predictive models have found wide application.
The article is devoted to the issue of studying automatic control systems of a non-stationary dynamic plant with a base
regulator-predictor. To synthesize a regulator - predictor, it is proposed to use a predictive model of a non-stationary plant,
which makes it possible to ensure the best trajectory of the controlled variable feature of using the regulator — predictor the
presence of an accurate model of the plant. A mathematical model of the impregnation reservoir has been developed in an
analytical method using material balance controls. To determine the value of optimal control actions, the least squares
method was used. To check the reliability of the proposed methodology, a simulation experiment was carried out, changing
the parameters of the control plant to produce a harmonic effect with a certain amplitude and frequency. Based on the
obtained transient processes, the quality indicators of the control system were determined. Comparative and analysis of the
results obtained allowed us to draw a conclusion about the advantages of the proposed regulator-predictor over others.

Keywords: control system, regulator-predictor, predictive model, non-stationarity, dynamics, synthesis,
optimization.

Annotatsiya: Maqolada bashoratlovhi-rostlagichni bashoratli model bilan statsionar bo ‘Imagan dinamik obyektni
boshqarish tizimining bir qismi sifatida sintezlash masalalari ko ‘rib chigilgan. Sanoatdagi texnologik jarayonlar
mohiyatan statsionar bo ‘Imagan xususiyatlarga ega bo ‘lib, ularning parametrilari texnologik amallar davomida o ‘zgarishi
mumkin. Bunday nostatsionar dinamik boshgarish obyektlarini boshgarish uchun bashoratli modellar tomonidan qurilgan
rostlagichlar keng qo'llaniladi. Magola statsionar bo ‘Imagan dinamik obyektni bashoratlovchi-rostlagichga asoslangan
avtomatik boshqarish tizimlarini o ‘rganish masalasiga bag ‘ishlangan. Bashoratli-rostlagichni sintez lash uchun statsionar
bo lmagan obyektning bashoratli modelidan foydalanish taklif etilgan, bu esa bashorat giluvchi rostlagichdan
foydalanishning nazorat gilinadigan o zgaruvchan xususiyatining eng yaxshi traektoriyasini - obyektning aniq modeli
mavjudligini ta’minlash imkonini beradi. Moddiy balansni boshqarish vositalaridan foydalangan holda analitik usulda
singdirish vannasining matematik modeli ishlab chigilgan. Optimal boshqarish ta’sirlarining giymatini aniglash uchun eng
kichik kvadratlar usuli qo ‘llanilgan. Taklif etilgan usulning ishonchliligini tekshirish uchun ma’lum bir amplituda va
chastota bilan garmonik ta’sir hosil qilish uchun boshqarish obyektining parametrlarini o ‘zgartirgan holda imitatsion
tajribasi o ‘tkazilgan. Olingan o ‘tkinchi jarayonlar asosida boshgarish tizimining sifat ko ‘rsatkichlari aniglangan. Olingan
natijalarni tagqoslash va tahlil gilish bashorat giluvchi rostlagichlarning boshqgasidan ustunligi hagida xulosa chigarish
imkonini beradi.

Tayanch so’zlar: boshgarish tizimi, bashoratlovchi-rostlagich, bashorat giluvchi model, nostatsionarlik, dinamika,
sintez, optimallashtirish.
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MANAGEMENT OF TECHNOLOGICAL PROCESSES

NPOMBIULEHHOCIU, NO CYWeCmsy, UMerom C8oUCmea HeCmayuoOHApHOCMUY, Napamempsl KOMOPLIX MO2YI USMEHAMbCS 8
meyenusi 6bINOIHEHUsl MEXHOI02UYecKux onepayui. s ynpaenenus noOoOHbIMU HeCMAYUOHAPHBIMU OUHAMUYLECKUMU
06vbeKmamu ynpasieHusi Wupokoe npuMeHeHue Hauiu pecyisimopsl, NOCMpoeHHble Ha 6a3e NPOSHOUPYIOWUX MOOEel.
Cmamus nocssiuena 60npocy UcCie008aHUsl CUCEM AGMOMAMUYECKO20 YNPAGIEHU HEeCMAYUOHAPHBIM OUHAMUYECKUM
obvekmom ¢ Oazou pe2yiamopom- npeockazamenem. [ cummesa  peyisimopa-npeockazamens  NpeonoHceHo
UCNONb306AHUE  NPOSHOZUPYIOWAS MOOeNb HECMAYUOHAPHO20 00bEeKMA, NO36ONAI0WAs  0Decneyums — HAULY4ulds
MPAEKmMopusi KOHMPOAUPYEMOU NEPEMEHHOU O0COOEHHOCMbIO NPUMEHEHUs Pecysamopa-npeouKxmopa Hamudue moyHou
Mmodenu obwvekma. Paspabomana mamemamuyeckas mooeib NPORUMOYHOU BAHHbI, AHATUMUYECKUM CNOCOOOM, UCHONbIYSL
VIpAGIeHUs. MamepuaibHo2o bananca. [ns onpeoeneHus 3HaAYeHus ONMUMATbHBIX YIPAGIAIOWUX 8030€liCIBUll NPUMEHEeH
Memoo HauMeHbWUX K8aopamos. [{ns npoepku 00CmMo8epHOCHU NPEOLOHCEHHOU MEMOOUKYU NPOBOOUNCS UMUMAYUOHHBIU
IKCHEPUMEH, USMEHANUCh Napamempsbl 00beKma Ynpasieruu, No0asaiiuch 2apMoHu4ecKoe 8030elicmsue ¢ OnpeoeieHHol
amnaumyoou u wacmomol. Ha ocnoge Oanuvix Obliu noIYy4UeHHbIX nepexooHble npoyeccos, Oas onpedeneHvl NOKa3amels
Kauecmea cucmemsl ynpasienue. AHAIU3 NOTYYEHHbIM Pe3YIbmamos No3680IUMU COeNamy 3aKIoyueHue 0 NPeumMyujecmeax
NPEONOACEHHOU Pe2yNAMOPaA-npedcKa3ameis nepeo Opyum.

Kniouesvie cnosa: cucmema ynpasnenue, pe2yisimop-npeoukmop, npocHOUpyouas Mooeib, He-CmayuoHapHoCmb,
OuHamuKa, cunmes, ONMUMUIAYUAL.

Introduction

Currently, automatic control systems are widely used in industry, the use of which is due to
the need to improve the quality of the technological process, as well as to improve the quality
indicators of the control system as a whole [1,2]. It is known that most technological objects operating
in industry are non-stationary causes control plants. Non-stationarity is the change of dynamic
properties and order of the dynamic model of the plant in real time. It is known that control of such
plants using traditional classical PID controllers does not provide the control system with the desired
properties [1,3,4].

The first method improving the goodness of automatic control systems for non-stationary
control plants is to combine a standard PID controller with a fuzzy adaptive controller. The fuzzy
controller is most often tuned on the basis of the Mamdani controller [5].

Also, recently, controllers built on the basis of a predictive regulator-predictor model have
been widely used to control non-stationary dynamic plants. To synthesize such a controller, it is
necessary to have an accurate mathematical model of the control plant, on the basis of which the
controller predicts the change in the controlled variable for a certain period of time in advance and
determines the effective quantity of the control signal to ensure the best trajectory of the variables
controlled [4,6].

Research Methods and the Received Results

The paper discusses the issues of synthesizing an automatic control system for a non-stationary
dynamic plant, the parameters of which can change during the technological process of its operation.

We will consider the dynamics of the control plant both through the control channel and
through the disturbance channel. The dynamics of the control plant is described by the transfer

function W,' (p) for control and the transfer function W,' (p) for disturbance:
k

W,'(p) = e P
o (P) Tp+l
o &
W) (p) ==& "
0 (p) Tfp+1

During the technological process, when the operating mode of the plant changes and when the
dynamic characteristics of the processed material change, the blocks of the transfer function defining

the control plant along the control channel W*(p) can change. In the case under consideration, the
alters of the control plant will be defined by the given transfer functions:
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k
W!(p) = o
(T,p+1)-(T,p+1)-(T,p+1)- @
k' !
Wf(p):m-e "

As an example, let us consider the technological process of whitening of fabrics in the textile
industry. The process of bleaching is a chemical process and occurs as follows. There are two
reservoirs, one of which contains water at a temperature of 20-40 °C, the other contains a dosed liquid,
mainly a solution of caustic soda and hydrogen peroxide (NaOH + H,0,).

Additionally, altering the parameters and dynamic properties of the control plant, stepwise
disturbances of unknown amplitude and duration also operate during the technological process.

The diagram of the proposed system for automatic control of the bleaching process with a
predictor regulator is shown in Fig. 1. The proposed control system was implemented in the
MATLAB/Simulink package. A predictor-regulator was synthesized using the MPC Toolbox software
tool.

> Wf V
Control y
—»
g plant
Regulator- | Y w,

Y

predictor

Fig. 1. Controlling system based on regulator-predictor.

The structural diagram of the implemented regulator-predictor is shown in Fig. 2. The regulator
includes: a predictive model and an optimization block[6,7,8,9].
The essence of a control system with a predictive model is as follows: a control signal u(t) is

supplied to the input of the plant, and the controlled variable y(t) is measured at the output, while
g (t) isthe desired characteristics of regulated parameters. Since a microcontroller is used as a control

device, we will consider only at moments of time t = k-AT , while AT - is the period of pulse
construction, and K - is some integer.

The main feature of technological process control using a regulator-predictor is the presence
of an accurate mathematical model of the control plant.

g Optimization ‘ U
! block
| ) |
y | | Predictive model
(process model)
Regulator-predictor |

Fig. 2. Structural scheme of the regulator-predictor.
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For this purpose, using the equations of material balance describing the dynamics of the
impregnation reservoir [2,10]:

dﬂ:ZH:Mei_Zk:Maj’ (3)
da = j=1

where m - is the mass contained in a given volume; M and M - are flows of matter entering and
leaving a given plant.

The initial conditions in the impregnation reservoir are: V, = 0.6m’ ¢, =220kg | m’;
Cyo = 30kg /m’; q,=10; q,=12; p, = p, ~1000kg / m®; x=11 m = 0.104xe;
Q, =2,41/min= 0,04*10°m?®/s. Speed of fabric movement v= 80m/min=1,33m/s. It is necessary to
obtain ¢, = 20kg/m®. In order to establish this concentration, it is necessary to supply water to the
reservoir in an amount Q, ~ 60l /min=1 *10°m*/s .

The reservoir receives fabric impregnated in water or solution and wrung out in the previous
machine. Let's introduce the concept of fabric mass speed (kg/s)
M = v =0,104*1.33=0.138(x2/ c),

where g~ is the mass of a piece of dry fabric 1 m long (kg/m); V - is the speed of movement of the fabric
in the machine (m/s).
The extraction of fabric in squeezing devices is characterized by the value

g= Mo _ My 4)
7 M
where M .. - is the mass of the pressed fabric (here the spin g is expressed in fractions, often it is
expressed as a percentage).
Because,
Hores = H+LP,

where L - is the volume of liquid contained in a meter piece of wrung out fabric, p - is the density of this
liquid, then a7 . —a +,and the amount of liquid carried away by the fabric after wrung out (m/s) is

equal to:

pres

vL=q™ _1.1 *(0.138/1000). ()
p

At a constant reservoir volume V, which is achieved by regulating the level by adding water in
the amount of Q, (m/s)> the liquid balance equation in the reservoir will take the form:

M M i
Qu+Qg+0h—=0,—’ thatis (6)
P P2
0.04*107° +1*10° +0.138/1000 = (1.2*1.138) /1000,
where qz - is the spin of the previous machine; p1 - is the density of the solution in it; g2 - spinning the
fabric after impregnation in the reservoir; p2 - is the density of the solution in the reservoir. Equation of
material balance of a chemical reagent in a reservoir at steady state and at k=0
Q.C, = Xq, M c, T 0.04*107°*220 = (1.1*1.2*0.104*30)/1000. (7)
2
Here ¢, - concentration of the chemical reagent in the reservoir (kg/m®).
In unsteady operating conditions we have:

{ann +A(Q,C,) — xq, Mcp —A(xq, ':)Acp)}At :VACp

2 2
Passing to the limit at At— 0 and taking into account (7), we obtain:
dAc M
VELP —AQ6) A0, - ¢,) (8)
t P,
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The terms on the right side of equation (8) are equal to:
A(ann) = (%ann)OACn = Cn,oAQn + Qn,oACn;

M 0 M 0 M 0 M
A(Xg, —c¢,)=(—xq, —cC,)Ac, + (——Xd, —cC,)AQ, + (—Xg, —C,)AM =
(xq, 0, o) (ﬁcn Q, 0, 0)AC, (6q2 Q, 0, p)AQ, (6l\/| d, 0, o)

c
= X0, Mcp + x%cp,oAq2 + X0y 22 AM
P2 P, 2
Here the index zero has values characterizing the average steady state. Substituting the value into
equation (7) and transforming them we get:
dAc, M, 0 Qno M Cpo (9)
X Ac, G, A —9¢, 0Al, —XQ, o =AM
at >+ QZonZ p.0 Q.+ V vp, .00z — X0y 0 Vp,
When a chemical reagent decomposes in a reservoir, i.e. at k=1, equation (8) is transformed into
the equation:

dAc, N X0,0Mo +Vkp2 AQn Qn 0 Ac _x MoCp.0 Ad, — X €00 M (10)
dt Vp, Vp, sz
The dynamics of changes of the concentratlon are described in Equation (8) and its solution in

the reservoir in the presence of disturbances caused by changes in the influx of the feeding solution Aq_
, Its concentration Ac,, Spin aq, and mass velocity of the tissue AM.
If there are no disturbances, i.e. AQ, = Ac, = Ag, =AM =0, then taking into account the fact that
AC, =C, —Cy
where ¢o — is the initial concentration, and ¢t - is the concentration at time t, equation (8) will be written
as:

dCtl
dt

M, L .
qzo Vo 0.¢, = X0 pOC or taking into account equation (6),
dCt M Qn,OCn,O (11)
dt q“’sz Y
When a chemical reagent decomposes in a reservoir , i.e. at k=1, equation (11) transforms into
equation
d7Q+ X0p,0Mg +Vkp, _ QnoCno (12)
dt Vp, \

Solution of this equation under initial conditions t=0, ct=co
Xq2,0M o +Vkp,

¢ = (Cr—Cro QnoP2 e Ve QnoP> (13)
X0, oM, +VKp, X0, oMy +Vkp,
The second term of the equation gives the steady-state concentration value in a given operating
mode
¢ on =lIME =C10 Q0P =220 0.00016571000 =199.4 (14)
£0 2 xd, oM, +Vkp, 1.1*1.2*0.138+0.6*1000

When dry fabric enters the reservoir, the influx of feeding solution is equal to the volume of
liquid carried away by the wrung out fabric, i.e. q_, _ %20 (1270138 _ 04165, and the steady-state

p, 1000
concentration in this case is equal to:
QuoP: Quo
Cy = =,
XG0 My +Vkp, "M, +VK

If the concentration is controlled by measuring the concentration ¢, and the corresponding change
in the inflow of the feeding solution Qn, then the properties of the reservoir as a control plant are
characterized by equation (7), which after transformation is reduced to the following form:
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dAc C xM,C
Vkp, p +Acp _ no P2 AQ, + Qn,o P, Ac, — o%p0 Ag, —
X0, oM, +Vkp, dt X0, oM, +Vkp, X0,,,M, +Vkp, X0, oM, +Vkp, (15)
_ XOp0Cp0
X0, oM, +Vkp,

To move to dimensionless quantities, we introduce the following notation: ¢ = A% __ relative
pro
change in the concentration of the solution in the reservoir; yoAQn - relative change in the inflow of

Qn,max
- relative change in the concentration of the feeding solution;

Ac,
cn,O

¢, =29 - relative change in spin; ¢ _AM - relative change in tissue mass velocity.
2

- Uz, M,

Using this notation, equation (15) becomes:

solution (regulatory effect); ¢ -

Vkp, do - Qn e P2 mﬂ 4 QnoP2 Cno f - (16)
XU, oM, +Vkp, dt X0, oMg +VKp, €, g XU, 0Mq +VKp, € g
X0, oMy f X0, Mg

- XU, oM +Vkp, 2 XU, oM +Vkp, ’

or

To%f*‘@: Kon+ Ky fy =K, f, =Ky fy
Thus, in its dynamic properties, the reservoir is, to a first approximation, similar to a first-order

aperiodic link with a time constant
Vip, 0.6 *100

T= = =3296¢ ~3300¢
Xqy oMy +Vip,  1.1%1.2%0.138

Transfer function of the plant in relation to the regulatory influence

K
W, (p) = —2—,
L(P) T.pil
where |\~ QuuwP: o _ 0.04*107°*1000 220 _8800*10° 181
X0, oM, +VKp, ¢, o 1.1¥1.2*0.138 30 5.46 o

The transfer functions of the plant in relation to each of the disturbances have the same form, but
they differ only in the value of the transfer coefficients Ki, K>, Ka.

It is known that the impregnation reservoir is an plant with distributed parameters, since the feed
solution and water are supplied unevenly throughout the entire volume of the bath, and therefore the
spread of the solution with a changed concentration throughout the entire volume of the bath occurs at a
certain final speed. This leads to a delay and the transfer function of the plant takes the following form.

K
W, (p) = =2
o(P) T.p+1

e P,

where 7- is the delay time .

The value of 7 can be determined experimentally (by taking the acceleration curve of a specific
reservoir).

In an unsteady mode (with a variable volume of solution in the reservoir) that occurs during
forcing, the change in the concentration of the solution in the reservoir over time t at k=0 is equal to:

M
Xl +4Q
20

c AQ,.-
Ac,y(®)=C,(t) ~Cpo = la "¢, |x 1-(1+7Qt) aQ
Xg, — +AQ 0
20
114,293 10
5N
=-30 1—[1+1'3% 120] =-30(1-1.2""%)=—6 kg/m’,
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where cpo - is the concentration of the solution at the start of forcing; cp(t) - concentration after time t
after the start of forcing.
It follows that the time to establish a given concentration will be equal to:
L _o8 t=12min; t= (B5)T,; T,=12/5=2,4*60=144s.
3300
Similarly, using the obtained equations based on the material balance equation, we find the
following values:

;I
—6=-30(1-e™); e

T,=280; T,=138; T,=161, K, =161 K,=08 K,=12 K,=2.
At a certain number of following steps, the presence of an adequate mathematical equations of
the control plant creates chance one to predict the quantity of the controlled variable (Fig. 3).
A

- Prediction horizon |

t o
g() . o ."L.‘_.O L] Y Y
k)
y(t) &)
A'.-.
Past y Future

Control horizon

] L l Il Il Il 1 . Il
T T T U T T T ! T

n-1

.....................’..
T
n

[ .
w
~Ye

1 |
T T T
Now /Y 1

Fig. 3. Graphs of controlling process using a regulator-predictor.

y(t) - the quantity of the regulated parameters of liquid concentration in the reservoir,
predicted at the moment on t, in Fig. 3 are designated as §(t). Over a certain number of steps create

the prediction horizon. The predicted trajectory of the controlled variable will depend on the values
of the control signal u(t).

The essence of the method for synthesizing a control system is to determine the sequence of
quantity of the control signal u(t) that allow us to provide the best trajectory for the regulated

parameters y(t). The control horizon is the duration of control signals u(t). The quantity of the

control signal is calculated as a result of solving the optimization problem.
To solve the optimization problem, you can use the criterion of squared error between the

predicted output parameters of the control plant y(t) and the desired characteristics g(t). As a
functional, you can use a criterion described in the following form:

I+he

1= 3 (30 -y0) + 3 (ui)-u)’ (17)

i=|
where | =1, 2, ..., o; he — he — the number of control cycles for which the behavior of the regulated
parameters y(t) is predicted; hu — is the duration of the control action values u(t).
Using the least squares method [19,20], we determine the required values of control actions

for each control cycle.
Fig. 4 shows the functioning algorithm of the regulator-predictor.

44



MANAGEMENT OF TECHNOLOGICAL PROCESSES

K
u(t)

Prediction changes in the controlled variable, using a mathematical
model of the process, for he steps forward (prediction horizon):

k
W“(p)=——.¢ %
(») Ip+1

()

Search for the optimal control action, by optimizing the
functionality, by /¢ number of steps forward (control horizon):

g(f) > I+he I+hu

J= Z () -y®) + 2 (u(t)—u())’

A 4

u(t)
A\ 4

Implementation of the found optimal control action and
measurement (determination) of the value of the controlled variable

Fig. 4. Algorithm for the functioning of the regulator-predictor.

To synthesize a regulator-predictor, consider a control plant whose transfer function is
presented in (1), the automatic control system was subject to a restriction on the control signal.

The desired quantity for the regulated parameters-controlled variable is set (set-point Y=50%).
Fig. 5. shows the transient processes gained as a result of the reference influence.

Seeing the transition process characteristics (Fig. 5), clearly the controls bring the regulated
parameters to the specified level. In this case, the regulation time of the automatic control system with a
regulator-predictor is 33 s. There is no overshoot of the automatic control system. For the obtained
transient processes, the quadratic integral criterion (J) of the quality of transient processes was calculated
using the given equation:

1=[(g0-y®) dt. (19)

Having analyzed the obtained quality indicators, we note that the best transient process for the
reference action is provided by an automatic control system with a regulator-predictor [19].

60 T T v T
e T :
¢ e b T R g
50 —7 1
o
/
40} " |
]
!
e i
A il R
b i
i
W
o e 1
i
! : :
10 I' ' —— ACS with a regulator-predictor |
! —---ACS with a classic regulator
' -
0 i 1 L 1
0 0,02 0,04 0,06 0,08 0,1

t,h
Fig. 5. Transient processes according to the reference influence.
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Conclusion

This research is devoted to the synthesis of automatic control systems with the proposed
regulator-predictor. The features, both superiority and no superiority of the considered regulator-
predictor are given.

When given the controlled variable to a given level, the best indicators of the quality of transient
processes were shown by a control system with a regulator-predictor. When using a regulator-predictor,
the control time is 3.7 times less than with classic PID controllers
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