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AHHoTauus. B pabore mnpencraBieHa KOMIIBIOTEPHAs CUCTEMa aJaNTHBHOTO YIPABICHUS TEXHOJIOTHYECKOH ormeparmeit
JIA3ePHOH Pe3KH XPYNKHX HeMETAUIHYECKUX H3menuil. OmicaHbl IpoIeypsl CHHTe3a CTPYKTYpPBI HEHpOperysTopa napaMeTpoB
TEXHOJIOTHYECKOH ONepany Pe3KH U aBTOMATH3UPOBAHHOI'O BHIOOpA ONTHMAJBHOM apXUTEKTyphl HEHPOHHOM CETH Ha OCHOBE
3a/laHHBIX KPHTEpPHEB KadecTBAa ajalTaluu ynpasieHus. CTaOumiusanus HapaMeTpoB TE€XHOJIOTHYECKOH OINepalHy Ja3epHOi
PE3KH METOJOM TepMOpAacKaIbIBaHHS IPHBEJeHa Ha IpHMepe 00padOTKU CHIMKATHBIX CTEKOJ DJUIMNTHYECKUMU JIa3epPHBIMU
ITy4YKaMHu.
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Abstract. This paper presents a computer system for adaptive control of the technological operation of laser cutting of fragile
non-metallic products. The procedures for synthesizing the structure of the neural regulator of the parameters of the technological
operation of cutting and the automated selection of the optimal architecture of the neural network based on the specified criteria
for the quality of control adaptation are described. Stabilization of the parameters of the technological operation of laser cutting
by the method of thermal splitting is given on the example of processing silicate glasses with elliptical laser beams.

Keywords: control adaptation system, neural network modeling, synthesis of the structure of the neuroregulator, stabilization
of the parameters of a technological operation.
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Introduction

This paper describes an approach to construct-
ing a computer system for adaptive control of the
technological operation of laser cutting of fragile
non-metallic products based on the technology of
constructing mathematical models of complex tech-
nical objects [1].

Laser splitting is an effective method of special
processing of brittle non-metallic materials. When
implementing this technology, it is important to
form a specified mode of heating and cooling of the
workpiece, especially at the upper limit of the
maximum permissible temperature, which has a di-
rect impact not only on the quality of processing, but
also on the fundamental possibility of forming a
laser-induced crack [2]. At the same time, various
external factors can affect the temperature values of
the workpiece during cutting. Thus, the task of

© Prokhorenko V.A., Nikitjuk Yu.V., Smorodin V.S., 2024
78

developing algorithms for taking into account
destabilizing effects in real time is relevant.

The developed control adaptation system is
based on the use of neuroregulators and allows for
corrective actions on the set of control variables of a
technological operation, in the presence of external
control actions and random disturbances, ensuring
stabilization of laser cutting parameters.

Figure 0.1 shows a diagram of the laser cleav-
age process of a silicate glass plate using an ellipti-
cal laser beam.

The factors in the process under consideration
include:

— laser beam and coolant speed (V);

— laser radiation power (P);

— semi-axes of the elliptical beam (4, B).

Responses: maximum tensile stresses (o,,);

maximum temperature in the processing zone (7 pax)-
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Figure 0.1 — Scheme of the laser cutting process, top
view: 1 — zone affected by laser radiation, 2 — zone
affected by refrigerant; the laser beam and coolant

spot move from left to right

1 Simulation modeling of laser cutting op-
eration control system

The simulation model of the control system
uses signal generators for the responses of the physi-
cal laser cutting process (maximum tensile stress
(0,,) and maximum temperature in the processing

zone (Tmax))- The operation of the generators is pro-
vided by neural network approximation [3]. A fea-
ture of neural network approximation of responses in
the context of this work is the use of not only the
problem factors but also the response values at pre-
vious points in time as input signals of neural net-
works. The data set for constructing neural network
response approximators was obtained using finite
element modeling of the physical process of laser
cutting using software tools developed by the au-
thors [4]. When implementing the finite element
model, a change in the values of control variables
was simulated by randomly changing the values of
the problem factors / and P.

Using the procedure for selecting optimal neu-
ral network architectures [3], neural network re-
sponse approximators with architectures [80-40-1]
for o, and [60-50-1] for Ty, were constructed

(Figure 1.1).
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Figure 1.1 — Heat maps of the distributions of the
mean square error (MSE) values obtained as a result
of cross-validation of three-layer candidate architec-
tures of neural network response approximators o,

(a) and T (b)

The simulation model of the cutting process
control system includes (the diagram is shown in
Figure 1.2):
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— random disturbance generator GENSGN, and
response generators GENSGN, and GENSGN,,
based on the operation of neural network approxima-
tors o, and T.x, which accept the values of the
current set of problem factors determined by the
control variables, and the values of the approximated
responses at the current and previous time steps;

— executors EX,_,, responsible for the execu-
tion of microtechnological operations [1] for setting
the values of the control variables {U,,U,} (change

with a given step towards an increase or decrease).
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Figure 1.2 — Fragment of the signal generation
circuit in the simulation model of the laser cutting
technological operation

2 Implementation of the technological op-
eration control loop

In the control loop of the laser cutting process
operation, the values of the control variables respon-
sible for the factors of the physical process of laser
cutting are set. The control variables {U} of the
software and technological complex for optimizing
the parameters of cutting non-metallic products in-
clude the speed of the laser beam and coolant (U,,),

the power of the laser radiation (U,), and the semi-
axes of the elliptical laser beam (U,,U,). In this
case, {Up,U,} — the power of the laser radiation

and the speed of the laser beam — are available for
adjustment in real time.
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Figure 2.1 — Scheme of adaptation of control of
technological operation of laser cutting
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The technological operation diagram of laser
cutting includes microtechnological operations pre-
sented in Figure 2.1. Operations MTCO,_; are re-
sponsible for starting cutting, performing cutting and
stopping cutting; operations MTCO,; 4 are respon-
sible for setting the cutting parameters V, P, 4, B.

Within the developed control adaptation sys-
tem, the required stabilization of laser cutting pa-
rameters is carried out by constructing a neuroregula-
tor using reinforcement learning algorithms [5], [6].

3 Procedure for synthesizing a neuroregula-
tor of technological operation parameters

The neuroregulator generates signals that have
corrective effects on the set of control variables. It
has 5 outputs, i. e. inaction, or changes in one of the
available control variables in the direction of in-
crease or decrease with a step determined by the
implementation of the corresponding microtech-
nological operation. The maximum output of the
neuroregulator determines the activated microtech-
nological operation.

The scheme of the procedure for synthesizing a
neuroregulator is shown in Figure 3.1. The algorithm
for constructing a neuroregulator includes the fol-
lowing stages: determination by the user of the sys-
tem of criteria for the quality of adaptation; search
for the optimal architecture of the neuroregulator,
training and validation.

Initialization of the reinforcement learning
environment based on simulation model

v

Determination by the user of the system of critena for
the quality of control adaptation

v

—b{ Selecting the set of the candidate architectures

v

Training and testing candidate neuroregulators using
policy gradient method

v

‘ Selecting the best candidate neuroregulator ‘

!

‘ Validation of the neuroregulator on SM ‘

10
Is validation successful?

ves

A neuroregulator for the control adaptation system
has been built

Figure 3.1 — Schematic diagram of the algorithm for
synthesizing a neuroregulator using reinforcement
learning

In this work, a multilayer perceptron is used as
a neuroregulator. The adaptation quality criteria are
set by defining the reward function in the reinforce-
ment learning procedure.
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The search for the optimal architecture of the
neuroregulator is implemented using a scheme for
enumerating candidate architectures with varying the
number of neurons in the layers. For each architec-
ture, a reinforcement learning procedure is per-
formed with subsequent testing of the model for 128
episodes. The criterion for selecting a candidate ar-
chitecture is the average reward value obtained as a
result of testing.

The policy gradient [7], [9] with the softmax
[8] learning scheme was used as a reinforcement
learning algorithm. The described simulation model
is used as the environment for training the agent. In
the process of interacting with the environment, the
neuroregulator has access to factors and responses at

the current and previous simulation steps: 7

max ?

T, &', o', V, P, P, Ateach step the neu-

max ? wr Tw?
roregulator has access to 5 actions to change the
control variables {U,,U,} or to do nothing.

The training of the neuroregulator is carried out
over 512 episodes of interaction with the environ-
ment with random initial values of the control vari-
ables {U}. The agent’s reward function when im-
plementing the reinforcement learning algorithm is
the adaptation quality assessment function, which
allows taking into account the user’s requirements
for control adaptation:

R=oR, +o,R, +0,R_,
where Ry — component for assessing whether the
temperature is maintained within the acceptable
range; Ry — cutting speed assessment component;
R_ — component of the maximum tensile stress as-

G

sessment.
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Figure 3.2 -Dynamics of changes in the value of the
quality of control adaptation during the training of
the neuroregulator

To select the optimal architecture of the neu-
roregulator, the candidate architectures are trained
and tested. Based on the results of the procedure
(Figure 3.4), a neuroregulator with the architecture
[7-80-64-32-5] was selected.
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Figure 3.3 — Response values (a, b), control variable (7) (c), selected actions (d) in the process of implementing
the stabilization of parameters by the constructed neuroregulator

e eamen 60 monograph / V.S. Smorodin, I.V. Maksimey. — Gomel:
F. Skorina Gomel State University, 2007. — 369 p.

w0 2 Nikityuk, Yu.V. Physical laws of laser thermal

splitting of silicate glasses and alumina ceramics:

» dis. ... Cand. of Phys. and Mathematics. Sciences

01.04.21 / Yu.V. Nikityuk. — Gomel, 2009. — 165 p.
3. Application of Artificial Neural Networks

and Finite Element Method for Determining the Pa-

rameters of Elliptic Laser Beam Treatment of Quartz

o
Score Test

o Sol-Gel Glasses / Yu.V. Nikityuk [et al.] / Problems
of Physics, Mathematics and Technics. — 2021. —

TR R Ne 3 (48). — P. 30-36.
) m 4. Development of Software Tools for Modeling
Figure 3.4 — Heat map of the mean test reward and Optimization of Laser Cutting Parameters of
values obtained for the selected 4-layer perceptrons Brittle Non-Metallic Materials / Yu.V. Nikityuk [et

al.] // Problems of Physics, Mathematics and Tech-
nics. —2024. — Ne 3 (60). — P. 18-22.

5. Smorodin, V.S. Stabilization of Technologi-
cal Cycle Parameters when Constructing Feedback
Control / V.S. Smorodin, V.A. Prokhorenko // Prob-
lems of Physics, Mathematics and Technics. — 2023. —
Ne 2 (55). — P. 83-88.

6. Prokhorenko, V.A. Adaptive control system
for the technological cycle of automated production /
V.A. Prokhorenko // Proceedings of F. Skorina Gomel
State University. — 2023. — Ne 3 (138). — P. 69-73.

A neuroregulator has been constructed that
provides corrective effects on control variables {U}
(Figure 3.3) with the implementation of the require-
ment to prevent the parameters of the laser cutting
technological process (maximum temperature 7,,y)
from going beyond the permissible interval. from
going beyond the permissible interval. Figure 3.2
shows a graph of the change in the agent metrics
under the control of the neuroregulator in the proc-
ess of reinforcement learning.
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