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1. Introduction

Consumers of carbon products are various industries
in which production is associated with the need for the

use of electrothermal technological processes. In particular,
such enterprises include enterprises of ferrous and nonfer-
rous metallurgy, machine building, chemical industry and
others.
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The production of carbon products is characterized by
considerable resource and energy intensity, therefore the
actual task is to increase the efficiency of this production
by introducing the optimum operating modes of its compo-
nent technological processes. The solution of this problem
involves experimental studies of technological processes,
including through simulation modeling and research, the
results of which should be created and implemented an
optimal control system.

2. The ohject of research and its
technological audit

The object of research is the process of formation of
carbon products.

One of the main technological processes in the produc-
tion of carbon products is the process of their formation by
squeezing of the electrode mass through a mouthpiece of
the corresponding shape in a hydraulic press. All inherited
properties that determine the quality of finished products
are laid at the stage of pressing the electrode blanks [1, 2].

When conducting the process, it is necessary to provide
a specified temperature regime, so the process of formation
of carbon products is characterized by significant energy in-
tensity. Therefore, the actual task is to increase its efficiency
by introducing optimal energy-saving modes of operation
[2]. The solution of this problem involves the creation of
an effective system for the optimal control of this process.

3. The aim and ohjectives of research

The aim of this research is to study practical aspects
of the implementation of iterative learning control (ILC)
algorithms as part of the control system for the process
of carbon products and the adjustment of such system.

To achieve this aim, it is necessary to perform the
following tasks:

1. To analyze the formation process from the point
of view of its control.

2. To carry out the synthesis of the corresponding
control system, which will meet the resource and energy
saving requirements using the ILC algorithm.

4. Research of existing solution of the
prohlem

In work [3], a strategy for the optimal switching of
heaters is developed, which ensures the heating of the press
with insignificant temperature overheating. To effectively
stabilize the temperature of the formation process, control
methods [4-6] based on the predictive model are proposed.
In [7-9], multidimensional control systems are presented,
the purpose of which is to compensate for perturbations
acting in the regime of heating the press.

The process of formation of carbon products is a typical
cyclic process. For such processes, the control task is, as
a rule, to implement such controls that would ensure that
one or more output variables are tracked by a predetermined
path of motion, which is repeated from cycle to cycle. This
task can be performed by a standard PID controller. However,
the lack of such management is that this does not take into
account the experience gained in previous operation cycles.

Thereby, it seems expedient to apply the iterative learning
control [10—14]. This method just provides for the formation

of controls not only for the error of the current control,
but also for information from previous operation cycles. The
main task of ILC is to create an algorithm that generates
control signals in such way that the quality of control is
improved from one cycle of operation (iteration) to the next.

The notion of iterative learning control was first intro-
duced in [10], and later mathematically formulated in [11].
Since then, much effort has been made to develop and
research this control method. ILC was used to control
many objects, such as reactors and distillation columns
of batch action, pressing [12, 15, 16].

Taking into account the conducted analysis, it is ex-
pedient to apply control elements with iterative training
in the control system of formation of carbon products.

5. Methods of research

It is assumed that the control object is mathematically
described in the state space by a discrete model:

X (E+1) = Axy, (8) + Buy (1) + Vi (1),
0<t<N,k=0,1,2 ..,
Yi() = Cx, () + 04 (),
X, 69{", Uy, G%'",y/g eg{p’ (1)
where k& is the iteration number (operation cycle); ¢ is
the current time. Thus, y,(¢) is the output of the control
object at time ¢ in the k-th operation cycle. v,(¢) and
w,(¢) are limited perturbations acting on the state and
output of the object, respectively. For simplicity, let’s as-
sume that the matrices A,B and C are stationary.
Using equations (1), obtain:

()= 3 CAF1Buy (1) + hy(0), @)
=0

hy(£)=CA x,(0) + iCA‘*”vk(l) +w0,(0). (3)

1=0

Equations (2) and (3) can be rewritten in the matrix
form:
Y =Gu 1y, (4)

where

u(0)
u (1)

(1)
M (2)
= .

ye(1)
u@

k k= ) )

u (N =1) ne(N)

yr(N)
CB 0 0
CAB CB 0
G=| . . . .

CAN'  CAN2B ... CB

In the last expressions, the argument ¢ is omitted.
The matrix G is the lower triangular block matrix known
as the Toeplitz matrix [13, 17]. According to algorithm,
yy and u, of the previous cycle should be remembered
for calculating w,,(¢) of the current cycle.
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In the absence of perturbations and errors of the initial
state, system (1) becomes the form:

X (E+1) = Ax, (£) + Buy (0),
0<t<N, k=012 .,

Yi(8)=Cx, (1),
X eR", u, e R, G e R, )
where variables marked « A » mean «ideal» state variables
and output variables calculated under the conditions of
absence of perturbations and errors of the initial state.
For the given output of the system in (k+1)-th cycle
of operation on interval 1<¢< N, the ideal optimal ILC
is determined by minimization according to the u,(t)
of following quadratic quality criterion:

Jia= X IO OF QOO 7]+
+ 2 A (OF RO (0],

t=0

(6)

where Auy, (1) = (t) —u,(¢) , and the weight matrices Q(t)
and R(t) are arbitrary symmetric positive definite for all.

The quality criterion (6) can be rewritten in the ma-
trix form:

Jut =1 = Ya " Qlr = Ypu |+ A" 1 RAUy, )
where
Q =diag{Q(1),Q(2),...Q(N)},
R=diag{R(0),R(1,..,R(N -1)},
and
() r(1)
PG O ®
Qk(.N ) 7(N )

Finding the derivative with respect to u,, in expres-
sion (7), let’s obtain an ideal optimal control:

ﬁk+1 = ﬁk + R_1GTQ[T - yk+1]- (9)

For the conditions for the absence of perturbations and
errors of the initial state, an analogous control algorithm
is proposed in [18]:

S(t)=ATS(t +1){I = B[B'S(t +1)B+ R(t + ]!
xBTS(t +1)}A+CTQ(t +1)C,

t=0,1,..,N—1S(N)=0, (10)
Ora () =[1+SE)BR()B"|'[A" X (t +1)+
+CTQ(t +1)e, (¢ +1)],

£=0,1,... N —1; 04 (N)=0, (11)

where e, (t+1)=r(t+1)-y,(t+1).

According to [5], the optimal control is calculated by
the formula:

Uy (£) = 1 (0) =
—[B"S(t)B+R(t)|"' B x S(t) A X1 (1) — 24 (1)) +

+R7'(6)B e (2). (12)

This expression indicates that the ideal control can be
determined iteratively using the ideal value of the state
variables x, and gy, with (5).

Under industrial conditions, there are always uncertain-
ties in the operating disturbances, and also not always the
next cycle of operation completely repeats the previous
one, because the technological parameters and the material
quality parameters may differ for each cycle.

In the presence of perturbations and errors of the initial
state, the calculation must be carried out according to equa-
tions (10)—(12) with the replacement of the quantities x;
and y, by the quantities x, and y,, respectively, determined
from the model (1). Hence, the control law is written as:

U = Uy + R'G" Qe (13)
Ora(@)=[1+S()BR'(0)B" |

X [ATora (t+1)+CTQ( + De(t +1)],

t=0,1,...,.N—1 ¢ (N)=0, (14)
()=, (t) -

= [B'S(@)B+R(O)]" B x S(O) A1 (£) — 2,(8) ]+

+ Rii(t)BTq)kH(t)r (15)

where S(¢) obtain from equation (10).

An important role in ensuring the robustness and con-
vergence of the above control algorithm is played the
choice of matrices Q and R. Let’s suppose:

R=A and Q=ul,

where A and p - positive constants.
, [
Let’s denote p=7-

The choice of A and p values should ensure the ro-
bust stability of the control system.
From the equations (13)—(15) we have:

k
U =T +pG'G)  uy + z P +pG'G)'GT (r —Mpar),
=

k
e =(1+pGGT) Fey =Y (I+pGG" Y ANy

=1
Thus, we obtain a description of the ideal control law.

6. Research results

The efficiency of ILC algorithms is studied using
the example of a system for controlling the rate of for-
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mation of carbon products. For this purpose, a mathe-
matic model of autoregression — moving average — is
built using MatLab Simulink and Control System Tool-
box [19]. This model connects the control signal of the
press drive with the pressing speed. After the transfor-
mation to the model in the state space, this model has
the form:

01 0 0
x(t+D=|0 0 1 |x@)+|0]|uo),
0 0.22 0.65 1

y(1)=[-98.2 147.37 0]x(). (16)

As follows from (16), first a system, in which external
perturbations do not act, is studied.

The above-mentioned ILC algorithm with the settings
Q=R=1 is applied to the system (16).

The signal of the task, which the monitoring system
should monitor, changes, as shown in Fig. 1, a, by a con-
tinuous line.

The control signal shown in Fig. 1, b, and in the first
operation cycle is equal to 0.04. As can be seen from
Fig. 1, a, in the first operation cycle the output signal
is far from the target.

However, the control system demonstrates high con-
vergence already in the second cycle of operation. The
output signal of the system in the sixth and tenth cycles
indicates a clear tracking of the task (the trajectory in
the 6th and 10th cycles is superimposed).

--—--= task
o — —1cycle
g e 2cycle
6 cycle
30
o B 10cycle
Basl .
% H
g e
Ll ,
e
10 J
i
5 L L L L L |
0 50 100 150 200 250 300
Step
a
03 T T T
— —1 cvele
0254 e 2 cycle
6 cycle
0.2 1ocycle
0154 i
=i i
01 | |
eo5p. . L——
] E
0.05 | L L L '
0 50 100 150 200 250 300
Step
b

Fig. 1. Simulation results: a — output variables; b — control

The study is conducted for 10 operation cycles. This
confirmed that ILC algorithm provides a high quality con-

trol in the absence of initial uncertainties and external
disturbances.

Further, the study is carried out taking into account
the effect of external perturbations.

At the first stage of the study, the matrices are cho-
sen to be the same as in the previous case, and did not
change throughout the study.

Fig. 2 shows the changes in the output signal (a) and
control (b) (control signal expressed as a percentage of
its change range).

As can be seen from Fig. 2, a, the output signal be-
comes oscillating with increasing amplitude of oscilla-
tions during transition from one operation cycle to the
next (with increase), in contrast to the results obtained
earlier.

—— llcycle

— ftask

— = G cycle
45 T T T -—=-- 2cycle
B A A A — . lcycle

.
h

[ A e AN NN R T T A

=3
T

L Gy
wn

—_
o
T

Qutput variables
— L=
IR

1
0 S0 iy 150 200 250 300
Step

Yo

Fig. 2. Simulation results: a — output variables; b — control

At the second stage of the study, a modified ILC al-
gorithm with the introduction of a variable setting pa-
rameter p is used. p=1 in the first cycle of operation.
In the following cycles, p decreases according to the ex-
ponential law: p=0.6*".

The corresponding output and control signals are shown
in Fig. 3.

As can be seen from Fig. 3, a rapid convergence of
the control algorithm is observed in the second cycle of
operation. Already in the sixth cycle, the output signal
is close enough to the given one, and in the tenth it
actually repeats it.

The study is conducted for 11 cycles of equipment
operation. Thus, the use of the modified ILC algorithm
allows to eliminate the oscillations of the output sig-
nal, providing rapid convergence to a given trajectory
of motion with % increase and stability of the control
system.

4
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Step
b

Fig. 3. Simulation results with the introduction of a variable setting
parameter: a — output variables; b — control

7. SWOT analysis of research resulis

Strengths. The task of building a control system for
the process of formation of carbon products using ILC
algorithm is solved. This control system makes it possible
to eliminate fluctuations in the output signal, ensures
rapid convergence to a given trajectory of motion with %
increase and stability of the control system, which affected
the efficiency of the process.

Unlike analogues, the proposed control system will
allow increasing the technological indicators of process
quality, which in the subsequent stages of production of
carbon products will significantly affect the quality of
the final product.

Weaknesses. The developed control system should be
tested for efficiency. Studies on existing equipment to con-
firm the effectiveness will be carried out in the following
author’s studies. When this research is introduced into
production, it may be accompanied by economic losses due
to the probability of creating an emergency situation, etc.

Opportunities. Verification of the effectiveness of the
proposed control system and its correction based on the
obtained results is the task of further research. This control
system will significantly improve the quality of products
at the subsequent stages of production of carbon products.

Threats. Using a control system with ILC algorithm
elements will require additional costs for the purchase of
modern computer tools and software.

1. The analysis of the existing control systems for the
process of formation of carbon products shows that the

formation process is a typical cyclic process. For such
processes, the control task is, as a rule, to implement
such controls that would ensure that one or more output
variables are tracked by a predetermined path of motion,
which is repeated from cycle to cycle. Thereby, it seems
expedient to apply the iterative learning control.

A new control system is proposed that provides for
iterative learning control in formation of the electrode mass
by squeezing through a mouthpiece of the corresponding
shape in a hydraulic press.

2. The corresponding ILC algorithm is obtained. This
study confirms that TLC algorithm provides a high quality
control in the absence of initial uncertainties and external
disturbances. Further, the investigation is carried out ta-
king into account the effect of external perturbations. At
the second stage of the study, a modified ILC algorithm
with the introduction of a variable setting parameter p
is used. The use of the modified ILC algorithm allows to
eliminate the oscillations of the output signal, providing
rapid convergence to a given trajectory of motion with %
increase and stability of the control system.
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CHHTE3 CHCTEMBI YNIPABNEHKA NMPOLECCOM ®0PMHPOBAHHKA
YIMEPOJAHBIX M3JEMHI

[Ipenioskena HoBasi cUCTeMa YIpaBJIEHUs, KOTOPast Tpejyc-
MaTpuBaeT yrpasjenue ¢ urepaTuBHbiM obydyennem (Y O) npo-
eccom (OPMHUPOBAHMS MPOAABINBAHIEM IJEKTPOIHON MacChl
yepe3 MYH/IITYK COOTBETCTBYIOINeH (HOPMBI B IMIAPABINYECKOM
npecce. IIpemnnoxen coorBercTByonmii Y MO-anroputm. /lanmoe
uccreoBanne noaTBepanso, yro Y O-anaroputm obecrednBaet
BBICOKOE KaYeCTBO YIPABJIEHUSI B YCIOBUIX OTCYTCTBUS HAYATBHBIX
HeoTpe/eJIeHHOCTel ¥ BHEIHUX BO3MYIIEHUI.
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