ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)

KA3AKCTAH PECITYBJIMKACKI

YJTTBIK FBUJIBIM AKAJJEMUACBIHBIH
K. U. CornaeB ateiHarsl Ka3ak yITTBIK TEXHUKAIBIK 3€PTTEY YHUBEPCUTETI

XABAPJJAPBLI

N3BECTUA NEWS

HAILIMOHAJIbHOM AKAJIEMUU HAYK OF THE ACADEMY OF SCIENCES
PECITYBJIMKU KA3AXCTAH OF THE REPUBLIC OF KAZAKHSTAN
Kazaxckuii HallMOHaJIBHBIN NCCIIE0BATENbCKHIM Kazakh national research technical university
texHuueckui yausepcureT uM. K. Y. Catnaesa named after K. I. Satpayev

I'EOJIOI'USA '’KOHE TEXHUKAJIBIK I'bIJIBIMJIAP
CEPUSACHI

¢

CEPUA

I'EOJOI'MN U TEXHUYECKHUX HAYK

¢

SERIES

OF GEOLOGY AND TECHNICAL SCIENCES

5 (431)

KBIPKYMEK — KA3AH 2018 .
CEHTSIBPh — OKTSIBPb 2018 r.
SEPTEMBER — OCTOBER 2018

KYPHAIJI 1940 XbIJIJAH IIBIFA BACTAFAH
KYPHAII UBAAETCA C 1940 r.
THE JOURNAL WAS FOUNDED IN 1940.

KBbUIBIHA 6 PET IIBIFAZIBI

BBIXOIUT 6 PA3 B TI'O/]
PUBLISHED 6 TIMES A YEAR

AJIMATBI, KP ¥FA AJIMATBI, HAH PK ALMATY, NAS RK



2 Clarivate

Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOmMpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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MATHEMATICAL SIMULATION OF ONE-STAGE GRINDING
OF PRODUCTS FROZEN IN BLOCKS

Abstract. One-stage grinding by milling is energy- and resource-saving process. It allows to create the line for
the production of finished meat products with automatic control system (ACS) for assessing quality of minced meat
based on artificial intelligence within the "untended manufacturing” principle. To design the line, methods of ma-
thematical simulation of both individual machines operation and the entire technological process were used. In the
article, the problem is considered of mathematical simulation of the milling tool (milling shaft) speed control circuit
to construct ACS for grinding process of raw materials frozen in blocks. The objectives of the ACS analysis are as
follows: 1) establishing the covariance of the controlled variable with the driving signal, i.e. the exact correspon-
dence of the milling tool rotational speed to the specified (optimal) value for a given type of grinded raw material;
2) construction of the transient process performance curve in the system for given parameters of adjustment (stabi-
lization). The scheme for cutting speed control circuit of the ACS is shown, where the controlled object (CO) is a set
of devices: asynchronous short-circuited electric motor (AM) of the cutting mechanism; frequency transformer (FT)
of supply voltage that changes the frequency of AD rotation (the frequency of the milling tool rotation); the grinder
milling tool. The parameters of the control circuit are calculated at rated AM power of 22 kW and 11 kW for two
possible configurations of the grinder. The task for synthesis of the control circuit is to minimize the deviation from
the setting of milling tool rotation speed under the influence of external disturbances, which leads to decrease in size
(thickness) variance of the meat chips with the improvement of the meat product quality. A technique is proposed for
calculating the degree of raw material grinding for prediction of its change under the influence of external factors
using Monte Carlo computing experiment. This technique allows to increase the amount of statistical information
(grinding of "virtual" meat blocks) about the change in the rotation speed of the grinder milling tool under the in-
fluence of external disturbances. These estimates determine the prediction for the degree of grinding to plan further
processing of ground raw materials.

Keywords: mathematical simulation, degree of grinding, morphometry, automatic control system.

Introduction. Currently, in food technologies, products frozen in blocks are widely used as raw ma-
terials. Frozen meat (beef, pork, poultry), cottage cheese, fish fillets, etc. are used for processing. We will
consider processing of such raw materials in meat industry.

In meat industry, the use of frozen meat blocks with preliminary defrosting results in losses of meat
juice. In addition, special devices, additional labor, energy resources and time for carrying out the tech-
nological operation of preliminary defrosting are required [1, 2]. There is technology for processing frozen
meat blocks without defrosting using several stages of grinding. The traditional technological chain
includes medium grinding (block cutter), fine grinding (mincing machine) and ultra-fine grinding (cutter).
However, in the multi-stage processing of frozen meat raw materials, the high quality of finished products
is not always achieved [3]. Thus, prevention of losses and achievement of high quality of the finished
product produced from frozen meat blocks, are actual tasks of modern meat-processing industry.

—— 48 ——
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One-stage grinding is energy- and resource-saving process. It allows to provide high quality of
finished meat products. In the grinder of frozen meat blocks, a cylindrical body of rotation (for example,
in the form of milling tool or milling shaft) is chosen as the working part, on the flanges of which there are
cutting edges along the screw lines. Such choice is due to the following circumstances: 1) when grinding
raw materials with milling tool, the area of contact of cutting edges with meat is minimal in comparison
with the area of the lateral surfaces of the cutter knives, so it is possible to reduce the energy consumption
for friction; 2) by changing the parameters of the grinding process using the milling method with remo-
vable milling tools of different design and geometry, it is possible to influence the sizes of ground meat
particle, providing the specified degree of raw material grinding while improving the quality of finished
meat products; 3) when processing the blocks of frozen meat of industrial standard sizes by milling in one
stage, it is possible to reduce the traditional technological chain of meat blocks processing (block cutter -
mincing machine - cutter), which will ensure resource saving. Thus, the new grinding technology of
frozen meat allows energy and resource saving, and also reduces the need for an industrial area to
accommodate equipment due to a significant reduction in the technological chain [3].

On the basis of one-stage grinding of meat raw materials it is possible to create an automatic line for
the production of sausages, semi-finished products, baby foods, etc. with a quality control system for
minced meat based on artificial intelligence within the "untended manufacturing" principle. As a result of
a significant reduction in the cost of finished products, energy saving and improvement of sanitary and
hygienic parameters, meat products obtained by the proposed technology may be accessible for a wide
range of buyers, including low-income population.

To design the line, it is reasonable to use methods of mathematical simulation of both individual
machines operation and the entire technological process for meat products manufacturing. For computer
simulation it is necessary to develop discrete numerical models realized by a complex of algorithms and
programs. On the computer, in algorithmic form, it is possible to perform a digital simulation of the real
technological equipment operating within the automatic line.

Structural and mechanical (rheological) properties of raw materials are considered to be the main
ones in justifying the optimal technological and mechanical conditions for manufacturing of meat
products. Instrumental control of these properties makes it possible to ensure stable quality of the pro-
ducts. In meat product technology, structural and mechanical properties are largely determined by the par-
ticle size of the ground raw materials, i.e. by the degree of grinding [1, 2]. With the help of structural and
mechanical properties, it is possible to control the technological parameters of raw materials and minced
meat, the quality of products at any stage of the technological process, as well as the texture of the
finished products. Thus, machine control of the degree of grinding for frozen meat raw materials largely
determines the control of the entire technological process for the production of sausages, semi-finished
and finished products.

When cutting the frozen meat with milling tool, there is a significant difference from traditional
materials (metals, wood, plastics, etc.), i.e. a significant heterogeneity of frozen meat raw materials in
structural and textural characteristics affecting the quality of grinding [3]. Different amounts of ice (water)
in frozen meat at different storage temperatures, the presence of fat and connective tissues are the main
factors of structural heterogeneity. The quality of the grinding is affected by the different orientation of the
muscle tissue fibers in block relative to the milling tool blades, which is the factor of textural hetero-
geneity in raw materials.

The influence of the above factors on the degree of grinding is of accidental nature, therefore, when
establishing the process parameters, it is reasonable to carry out a statistical analysis of the sizes of meat
chips obtained as a result of raw material cutting with the milling tool. In this regard, the mathematical
simulation of the frozen meat grinding process by the milling method requires to develop discrete
mathematical models for the factors of influence on the degree of raw material grinding, including the
factors of the environmental influence on the grinder operation.

Materials and methods. The object of this study was the grinding process of frozen meat blocks by
the milling method. From the theory of cutting the materials with milling tool it is known [4] that when
cutting the workpiece (block of frozen meat) crosswise to the milling tool, the cutting mode is uniquely
identified by the cutting speed and feed rate to the grinding zone at a constant milling width. We also
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assume that the longitudinal axes of symmetry of the meat block and the milling tool lie in the same plane,
so this is the case of symmetrical milling.

Let's consider in general the problem of mathematical simulation for the work of the rotation speed
control circuit for milling tool (milling shaft) of the grinder and determine the goal for constructing the
automatic control system (ACS) for the grinding process of frozen meat raw materials.

The purpose of the ACS for raw material grinding using the milling method is to maintain the speci-
fied degree of grinding, which is optimal for certain technology of minced meat production, as well as the
prediction of its deviation from the specified value due to disturbances in the system. Then, the tasks of
analyzing the grinding process control system are: 1) establishing the covariance of the controlled variable
with the driving signal, i.e. the exact correspondence of the milling tool rotational speed to the specified
(optimal) value for a given type of grinded raw material; 2) construction of the transient process perfor-
mance curve in the system for given parameters of adjustment (stabilization). Looped by a negative feed-
back, rotation speed control circuit of the grinder milling tool may be represented as shown in figure 1.

Control object (CO)

Y

Figure 1 — ACS control circuit for cutting speed, where U is a signal corresponding to the setting of milling tool rotation speed;
F, is disturbance influencing the input of control circuit; € is adjustment error; U, is signal at the output of controller;
FT is frequency transformer; AM is asynchronous short-circuited electric motor of the cutting mechanism;
Kpr is a transfer factor of FT; Ty is a time constant of FT control circuit; B is the rigidity modulus of the linearized mechanical
characteristic of AM; T, is the equivalent electromagnetic time constant of AM stator and rotor circuits;
Ty is the electromechanical time constant of AM; M is the moment of AM;
F, is the noise of milling tool rotation speed measuring; Kg, is a transfer factor of feedback loop; p is the Laplace operator

Hereafter controlled object (CO) means a set of devices: asynchronous short-circuited electric motor
(AM) of the cutting mechanism; frequency transformer (FT) of supply voltage that changes the frequency
of AD rotation (the frequency of the milling tool rotation); the grinder milling tool.

For the scalar law of adjustment of AM rotation speed, mathematical model for the electric motor
("Model AM") may be represented as shown in figure 1 [5, 6, 7].

Considering the process of electromechanical energy conversion in AM, it should be noted that the
equations describing this conversion are nonlinear, since they contain products of various variables
(current in AM windings, current linkages of phase windings, inductances and mutual inductances of
stator and rotor windings). The analysis of transient processes in AM should be done using the full
structural scheme of electromechanical energy conversion in motor. However, in the case of analyzing the
transient (dynamic) processes in the ACS for grinding process, it should be taken into account that the
system operates in the mode of AM speed stabilization, i.e. limited in motor angular speed variation. In
addition, in the rotation speed adjustment, the control system maintains a constant magnetic flux in AM.
In this case, it is possible to linearize the non-linear equations describing the electromechanical energy
conversion in AM of the grinder. The equations obtained as a result of the linearization allow to use the
simplified model of AM in the analysis of transient processes. This model takes into account the influence
of the electromagnetic inertia of the motor on these processes with amplitude-limited oscillations of AM
rotation frequency near the points of static characteristic [6]. This model has limitations for the applica-
tion. There are two main limitations: 1) the considered structural diagram (model) is obtained by neglec-
ting the active resistance of the stator chain in AM; 2) AM operates only in the working (linear) part of the
motor mechanical characteristic within the absolute slip values s, < s, where s, is the critical slip of AM.
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The first limitation determines the range of AM rotation speed adjustment, within which the application of
the simplified model is correct. At AM rotation frequencies close to the rated ones, i.e. with a small
adjustment range, the active resistance of the stator circuit may be neglected in comparison with the in-
ductive resistance. Such speed can be applied when grinding raw materials in producing cooked sausages.
For deeper speed adjustment, for example, when setting AM (milling tool) speed, which is optimal for
making minced meat for summer sausages, more precise AM structural scheme should be applied, since in
this case the inductance resistance of the stator circuit decreases with decreasing frequency of the supply
voltage and becomes comparable to the active resistance of the stator chain. Consequently, neglecting the
active resistance in this case is not correct.

Taking into account the considered limitations, the parameters of AM model are calculated as
follows:

1. Rigidity modulus of the mechanical characteristic:

.8 = ZMcr/(wO * Scr)

where M., s.; are the critical moment and the slip of AM; oy, — AM field velocity.

Since the adjustment of the AM rotation frequency occurs at a constant magnetic flux and, therefore,
at the constant overload capability of the motor, M., and s., may be calculated from the specification of
AM:

My = Am "My qtea

Ser =S+ O + [y = 1)

where M ,.q — rated moment of AM; s — rated slip of AM; A,, — maximum overload capability of AM.
2. The electromagnetic time constant is calculated by the equation:
1

((‘)Oel.rated ' Scr)’

TEQ =

where Oqeraed 15 the angular velocity of the electromagnetic field of AM at its rated frequency

firatea = 50 Hz.
Woelrated = 2T * firated

3. Electromechanical time constant is calculated by the equation:

TM=]A?M

where J4,, is the moment of AM inertia (determined by specification).
For simulation of frequency transformer FT in dynamic processes, it can be represented by an inertial
unit of the first order with a transfer function [6]:

_ Ker
Wrrep) = /(TFT'p+1)

where Kgr is a transfer factor of FT; Ty is a time constant of FT control circuit; p is the Laplace operator.

Results and discussion. The calculation data for the AM model at Py = 22 kW and Ppyeq = 11 kW
for the two possible configurations of the grinder are summarized in table 1.

For modern industrial FT, time constant Tgr does not exceed 0.001 s [6]. The speed sensor that
outputs an information signal about AM rotation frequency to the negative feedback circuit is represented
by a mathematical model in the form of proportional unit with the gain factor Ky The open-circuited
structural diagram of CO may be represented by the serial connection of the simplified structural circuit of
cutting motor AM ("Model AM" in figure 1) to the dynamic model of FT ("Model FT" in figure 1)
operating in this motor.

We simplify the task of analyzing the control circuit by setting M. = 0, F;=0, F,=0. In production
conditions, this situation may occur when ACS is output by the grinding process to the rotational speed of
the grinder milling tool specified by the meat processing technology, without entering the grinding zone.
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Table 1 — Calculation of AM and SC parameters

Grinder configuration
Configuration with Cantilever arrangement
Parameter two bearing assemblies of milling tool
Type of AM
AIR180S2 AIR132M2
Rated power, kW 22 11
Rated phase voltage, Ugyied, V 220 220
Rated moment Mg, N-m 71.98 36.10
Maximum overload capability A, 2.7 2.2
Rated rotation speed, rpm 2919 2910
Rated slip s 0.027 0.03
Rated angular velocity of field ®ogeds st 314 314
Critical slip, s¢; 0.14 0.13
Critical moment M., N-m 194.34 79.42
Rigidity modulus of linearized mechanical characteristic {3, 8.842 3.891
Equivalent electromagnetic time constant Teg, s 0.023 0.025
Time constant of FT control circuit Tgr, s 0.001 0.001
Inertia moment of AM Jy;, kgm? 0.057 0.023
Type of milling tool Milling shaft Milling tool with small tooth
Milling tool length, m 1.00 0.25
Milling tool diameter D, m 0.16 0.16
Inertia moment of milling tool J;, kg-m? 0.06 0.02
Electromechanical time constant of the controlled object T,,, s 0.013 0.006
Factor of proportional part of SC 6.500 3.000
Differentiation constant of SC, s 0.150 0.075
Integration constant of SC, s 0.002 0.002

Let's consider the transfer function of the open-circuited structural scheme of CO by the control
action (speed setting signal):

= Y@ : : 1 —= [Krr_]. 1
Weow = 7y = Ker/(Trr P+ 1)] {[(Teq-p+1)-B-TM-p+1]} T [(TFT'IH'U] [(TM-TEQ-p2+TM-p+1)] )

It is obvious that W¢o(p) is the transfer function of two series-connected units: the inertial unit of the
first order and the inertial unit of the second order. In automatic control theory (ACT) [5, 7], the method of
sequential correction of transfer functions, such as (1), is considered to obtain the desired transfer function
that provides the specified quality of transient processes in the transmission path of the control action, in
accordance with the technological requirements for the equipment. In this case, speed controller must be
included in the driving signal path. This controller is to have transfer function, which compensates for the
inertia of the CO and provides the specified quality of transient processes in the rotation speed control
circuit of the grinder milling tool.

Calculations show that the largest time constants in the control circuit are the time constants Teq u T,
which are more than an order of magnitude greater than the time constant Tgr (table 1). Thus, to achieve
high performance of adjustment, speed controller (SC) must compensate for these time constants, since
they mainly determine the inertia of the CO and, therefore, the nature of the transient processes in the
control circuit. Then Tpr is assumed to be uncompensated time constant.

Qualitative indicators of transient processes in the system include performance, overadjustment and
damping factor. Performance may be characterized by the adjustment time, during which the controlled
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variable reaches the specified value for the first time. Overadjustment is characterized by the maximum
deviation (opposite to the initial value) referred to the specified (steady-state) value of the controlled
parameter. The oscillation of the transient process may be characterized by a damping factor.

In ACT, various standard settings of the controller are considered, which provide the specified quality
parameters of adjustment. Most often, in the control systems for industrial electric motors, the circuits are
set up for a technical (modular) optimum [7]. In this case, a minimum time of adjustment t, = 4,7T, is
ensured, where T, is a small uncompensated time constant of the control circuit; overadjustment is less
than 5% with a damping factor of V2/2.

We set up the speed controller SC of rotation speed control circuit of milling tool for the technical
optimum.

For ACT it is proved [5, 7] that in this case, the optimal transfer function of the open-circuited control
circuit with series-connected controller in the driving signal path, must be equal to:

1
Wopen.opt T 2Tup-(Tyup+D] *

where T, is a small uncompensated time constant of the control circuit.
We define the transfer function of the open-circuited control circuit for rotation speed (frequency) of
milling tool with SC controller included as follows:

1

W 2Ty P (Typ+1)]

paz = Wsc () - Weo(p) = Wec(P)  [Kpr/(Ter v + D] - [ 3)

By equating (2) and (3) and assuming a small uncompensated time constant of circuit Try, we obtain
the desired transfer function of SC controller:

(Tw'TEQP*+Typ+1) _ Ty
2Trr'Krr'Ko.c'P 2Trr'KFr Ko c.

. . p 1
+(TM TEQ) QTrr 5rr'Koc)  2TFrKrrKoc P

Wsc(p) = )

As it is seen from (4), the transfer function of the proportional-integral-differential controller (PID
controller) is obtained. Using the PID controller, we compensate for the largest time constants (Teq u T,)
by excluding them from the control circuit. By correcting the control circuit in this way, we get the
resultant circuit with high performance due to the small uncompensated time constant T, = Tgr, which
determines the quality parameters of the rotation speed control for the grinder milling tool.

The presence of an integrating element in the resulting circuit results in a zero value of the static error
of the adjustment by driving signal. With no disturbances from the load (M. = 0) in the system and without
taking into account other external disturbances (F;=0, F,=0), the total static error of the adjustment is also
zero. Thus, when ACS is on the specified rotation speed of the grinder milling tool without feeding of raw
materials into the grinding zone. So, when preparing the grinder for the operating mode, we get exactly the
value of the milling tool rotation speed required by the certain technology of meat processing. It should be
noted that in (4) T,, is the electromechanical time constant of the entire CO, i.e. the moments of inertia for
AM and the milling tool are summed up in its calculation. When calculating the inertia moment of a
milling tool, its geometric shape is assumed to be cylindrical, which is a simplification. The structure of
modern FT uses controllers with built-in system software tools that allow identifying CO parameters.
Thus, the total inertia moment of AM and the milling tool can be determined more precisely in auto-
adjustment mode. When selecting equipment, the transfer factors, Kgr (for a certain frequency transformer
FT) and Kg; (for a specific AM speed sensor), are determined. In the calculations, the simplification was
used in [6], in which Kgr and Kg are assumed to be scale factors and to be equal to 1. Such an assumption
will not affect the frequency characteristics of the circuit and the nature of the transient processes in it.

The results of calculating the parameters of the speed controller SC are summarized in table 1.

As a result of the adjustment of rotation speed control circuit of the grinder milling tool, we obtain a
transient characteristic of the control circuit corresponding to the optimal setting. The transient charac-
teristic of the circuit, i.e. the response of the system to the driving signal in the form of a "jump", is shown
in the graph (figure 2). The graph is built in MATLAB for the grinder with electric motor of 22 kW.

Above, we considered the optimal settings for the rotation speed control circuit of milling tool
without taking into account the resistance moment (M. = 0). However, for the synthesis of ACS by the
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Figure 2 — Transient characteristic of the high-speed ACS circuit
(response to the "jump" of the load from zero to the relative "1")

grinding process, it is necessary to adjust the settings of speed controller (SC) taking into account the
disturbances from the load, i.e. in the mode of raw material feeding to the grinding zone. To do this, we
must develop a mathematical model of the load on the milling tool in the process of raw material grinding.

Let’s consider the rotation speed control circuit of the grinder milling tool when applying one-step
grinding technology with regard to external disturbances. In general, control circuit (i.e. rated control
circuit or high-speed circuit) may be represented as shown in Figure 1. ACS for raw material grinding
process operates by adjusting the deviation of the output coordinate of the system (rotation speed n of
milling tool) with feedback on this coordinate. Controller SC based on the adjustment error ¢, i.e. devia-
tion of the controlled variable n from the target "u", performs the control action U, on the control object
CO. The task of ACS is to reproduce as accurately as possible the target "u" signal at the system output to
minimize the adjustment error €. From the point of view of managing the raw material grinding process,
this means that the ACS must maintain the specified rotation speed of milling tool, which is optimal for
certain type of grinding. In the ideal case (unattainable in practice), we need to get an exact reproduction
of the ACS coordinate output at the system input, so the rotation speed of milling tool must exactly match
the specified value. However, ideally precise reproduction is impossible for the following reasons: 1) the
influence of the dynamic properties of the ACS, in particular the inertia caused by the presence in the
control circuit of an uncompensated small time constant T, assumed in this case equal to the time constant
of frequency transformer Tgr control circuit; 2) the influence of disturbances (F,, F,, M) on ACS (figure
1). Random influences on the ACS for grinding process affecting the nature of the grinding include the
fluctuations F; of the supply voltage of meat processing facility not compensated by the network filter of
frequency transformer FT, as well as possible random interferences F, in the information channel of ACS
(feedback channels for the controlled coordinate), i.e. an inaccurate measurement of the milling tool
rotation speed.

However, first of all, in synthesis of ACS for the grinding process (in this case, defining controller SC
settings that provide covariance with the target), it is necessary to take into account that during the
grinding, the control circuit is affected by the time-varying load M, on the grinder milling tool. Since the
structural diagram of rated control circuit shown in figure 1 represents the mathematical models of the
dynamic ACS units connected in a certain way, then to take into account the effect of disturbances from
the load on the milling tool during the grinding, when analyzing the transient processes in this circuit, it is
necessary to develop a mathematical model of such influence, which fairly well fixes the essential
properties of real influence of raw materials on the milling tool in the operating mode [8]. The essential
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properties of this influence include the random nature of load on the grinder milling tool during the
grinding with the corresponding distribution of grinding resistance moment as a random function. As
noted above, the load on the milling tool when grinding the blocks of frozen raw material of industrial
sizes varies randomly under the influence of random factors: different spatial orientation of fibers in
muscle tissue relative to the cutting edges of the milling tool; change in raw material temperature in the
volume of raw material block; a multicomponent composition of raw materials, i.e. muscle, connective,
fatty tissue with different mechanical characteristics of grinding [3]. As a result of the analysis by the
methods of mathematical statistics it was established that the distribution of the active power consumed by
the electric motor of the cutting mechanism of the plant equipped with a cylindrical milling tool with
small tooth in accordance with GOST 29092-91 obeys the normal law (figure 3), as well as the dimensions
of meat chips (thickness) in with this grinder configuration (figure 4):
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Figure 3 — Histogram of the frequency density distribution Figure 4 —
for power consumed by the electric motor Histogram of the frequency fi* density
of the cutting mechanism of the plant in the operating mode distribution for the thickness of meat chips falling
over the ranges of its measured values into the ranges of its values (beef)

In the first approximation, this suggests the normal law of distribution of the load on the milling tool
when grinding the raw material blocks of industrial sizes. Thus, the factors influencing the anisotropy of
the mechanical properties of raw material blocks, and having a random nature, do not prevail one above
the other. This conclusion is based on the central limit theorem [9], whose meaning in the case under
consideration can be defined as follows: whatever the laws of distribution of individual independent (or
weakly dependent) factors of influence on the mechanical properties of frozen raw material blocks (for
example, the law of distribution of temperature change in the volume of the block), the law of distribution
of their sum of influence will be close to normal.

The ground product is shown in figure 5, and its microstructure is presented in figure 6:

Figure 5 — Figure 6 —
The product of grinding (beef) Microstructure of the ground product sample (beef) (20x)
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Under the conditions of stabilization of the milling tool rotation speed and raw material feed rate to
the grinding zone, it can be assumed that the random loading process of the grinder milling tool is a steady
random process. In the random process theory (RPT), the process is called steady in the broad sense, if its
mathematical expectation and variance are constant, and the correlation function is a function of the shift
between the time arguments [10]. For the case under consideration, this means that the load on the milling
tool during the grinding fluctuates near the unchanged mean value of the load (mathematical expectation
of the load) at a constant variance near the mean value, regardless of the process section (from the moment
of time).

Further, the random process of loading the milling tool will be considered as a centered process (with
zero mathematical expectation), for which the value of the mean square is equal to the variance. The
realization of a centered random process is the deviation of a random process from its mathematical
expectation, while the variance characterizes the degree of realization range. In addition, we accept the
hypothesis that the influence on the ACS from the load on the milling tool during the grinding is an
ergodic random process. In this case, the parameters of the random process are estimated using time ave-
raging. The accepted hypothesis seems to be valid because the time course of the grinding process in the
conditions of stabilizing the cutting regime and supplying raw materials to the grinding zone is uniform,
and ACS operates in a steady mode. Consequently, it may be assumed that any realization of a steady
random process of a certain duration sufficiently fully represents whole array of realizations of the process
under consideration, i.e. the process has the property of ergodicity.

Assuming a load on the milling tool in the process of grinding as a steady random process, we use the
method of the forming filter (FF) for simulation of disturbance acting on the ACS by the load (M, in
Figure 1). The FF method is based on the fundamental property of passing a random steady process
through a linear system, which can be expressed as follows [9, 10]:

2
Sy@) = Wyl * Sxw) (5)

where Sy(o) is the spectral density of the random process at the output of the system; S,(w) is the spectral
density of a random process at the input of the system; | Wer(jo) | ? is square of the module of the transfer
function of the system; ® is the frequency.

We assume that the random process at the input is white noise. The white noise in RPT is the limiting
case of a sequence of very short pulses whose amplitude is an independent random variable with a very
large variance, and the ratio of the variance of these pulses to their frequency is constant (finite) [10].
From the definition of white noise, the spectral density of the input random process is constant over the
entire frequency range and is equal to:

Sx(w) = So = const
If we assume that S, = 1, then the equation (5) will be as follows:

Sy() = |WFF(jw)|2 “Sx(w) = |WFF(J'w)|2 1= IWFFU@)IZ (6)

Thus, in order to realize a random process with the specified statistical characteristic, i.e. the specified
spectral density Sy(w), we must pass white noise with a single spectral density through the linear system
with the transfer function Wer(jo). Such a linear system in ACT is called a generating filter (figure 7).

Entrance Linear system Exit

White noise Forming filter FF Random process
S.(w)=1 S (m)

B
-

Figure 7 — Method of generating filter

To apply the FF method, it is necessary to know the spectral density S,(w) of the random process
being formed. In this case, this means requirement to measure the random process of load on the milling
tool during the grinding. To obtain a consistent assessment of statistical information, it is necessary to
grind frozen raw material blocks of industrial sizes, since only in this case the anisotropy of mechanical
properties affecting grinding resistance can fully manifest itself.
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It should be noted that the design features of the plant do not allow for significant distortion of the
dynamic characteristic of the cutting mechanism motor during operation, since there are no long shafts
resisting twisting force. Therefore, as a starting statistical information, we can use AM moment of the
cutting mechanism M(t) during the grinding of raw material blocks of industrial sizes, or its stator current
I(t). When calculating M,(t), we should take into account the dynamic component of the moment
Jy(dn/dt), where Jy is the total inertia moment of the transmission elements of the plant, which is applied
to the motor shaft. Next, we can use the standard method for measuring random processes for engineering
calculations [10]. In the case under consideration, this technique evaluates the correlation function of the
random process M(t) or I.(t) on a limited time interval under the assumption that the random process is
ergodic. Then the Fourier transformation of this estimate must be performed, which is the desired estimate
of the spectral density of the random process being measured.

With estimate of the spectral density, it is possible to determine the transfer function of generating
filter Wer(jo) by the equation (6) using the standard calculation algorithm [10]. Then the mathematical
model of the random process of load on the grinder milling tool during the grinding is a random process at
the output of the linear system (FF) with transfer function Wep(jw) after passing of white noise with a
single spectral density through it. The FF determined is used in the statistical test method (Monte Carlo
method) in the digital simulation of ACS.

In the synthesis of ACS, mathematical simulation on a computer allows to replace the field
experiment with an equivalent one in terms of the accuracy of the information obtained by a calculative
computer experiment [8]. Structural diagram of a calculative computer experiment using the statistical test
method for the grinder is shown in Figure 8.

As can be seen from the structural diagram of the experiment, for digital simulation it is necessary to
develop white noise generator program N(t). In the simulation of continuous white noise for the analysis
and synthesis of ACS systems operating under random disturbances and interferences, a process close to
continuous white noise is used, which is a sequence of independent random numbers, i.e. continuous white
noise is approximates by discrete white noise [10].

-

l u(t) > 2 nt) o 5

A

Figure 8 — Structural diagram of the experiment on the computer, where 1 is generator program of the signal of the target
for milling tool rotation speed; 2 is linear model of high-speed circuit of ACS; 3 is white noise generator program;
4 is generating filter; 5 is statistical processing of experimental results

By analogy with continuous white noise, a random steady discrete function X[nT] with independent
values for different argument values and zero mathematical expectation is called discrete white noise [10].
Here, n (number) takes the integer values 0, = 1, £ 2, ...; T is period of discreteness. From the condition of
steady state, the variance of the process does not depend on the number of the sequence term and is
constant: Dx[n] = Dx = const.

In RPT, continuous white noise is defined as a random process whose mathematical expectation is
zero, and the correlation function is proportional to the delta function [10]:

K, t,) =q()-6(t; — t3)

where q (t) is the intensity of white noise; d is the sign of the delta function.

From the delta-function properties, o(t; — t;) is zero at the value of the argument (t; — t,) other than
zero, so for white noise, the random variables corresponding to two arbitrarily close sections are
uncorrelated. At a constant intensity, q(t) = q = const of continuous white noise, which we will consider




N E W S of the Academy of Sciences of the Republic of Kazakhstan

below, its spectral density is equal to the intensity: S(w) = q. The spectral density of discrete white noise
with variance Dx and the period of discreteness T is defined as follows [10]:

S*(w) =T-D,
When the continuous white noise is approximated by a discrete one, the equation must be required:
q=T-D,

for a sufficiently small period of discreteness (T—0).
Then the variance of the discrete white noise and the standard deviation from the zero mathematical
expectation are determined respectively as follows:

DX = q/T

U:\/ﬁx: q/T

To determine the period of discreteness T, the Kotelnikov-Shannon theorem on the quantization of
continuous signals is used: if the continuous signal x(t) has a frequency spectrum bounded from above by
the frequency wy, then its time quantization with a doubled frequency w, > 2w, does not lead to a loss of
information, i.e. the signal is uniquely and completely represented by its discrete values with the
quantization period T < w/wy. Then the period of discreteness T for discrete white noise in the white noise
generator program in the calculative experiment of the digital simulation of the grinding process will be
determined as follows [10]:

T=T ,
[ W)

where wy,, 1s the frequency that limits the frequency spectrum of the random process under consideration;
r is factor chosen depending on the features of the internal structure of the random process.

The ranges of wy,, and r values for different technical systems are as follows [10]: wy,, = 20-60 [rad/s];
r = 1,5 to 3. Thus, it is possible to determine the upper limit of the values for the period of discreteness:
T <0.018 to 0.105 s. For this case, let us take a period of discreteness T =0.01 s.

When measuring the active power consumed by the electric motor of the cutting mechanism of the
plant in the operating mode, the industrial analyzer ACM-3192 was used. The minimum time of
discretization, i.e. the time interval between two adjacent measurements, is 2 seconds for this device. This
is much longer than the accepted period of discreteness (0.01 s). Thus, to determine the parameters of the
generator program of the random load signal for the milling tool during the grinding for the digital
simulation of the ACS, the torque of the motor must be measured by another device with a smaller
allowable time of discretization.

Having no statistical information on the grinding of raw material blocks of industrial sizes (the
dimensions of the experimental blocks ground in the experimental plant are much lower than the industrial
prototypes) and not enough information on the measurement of the cutting power (moment), we illustrate
the method by simulating test signals for operation of the grinder in the operating mode. The Gaussian
(normal) discrete noise N(t) with zero mathematical expectation and a standard deviation equal to 1 passed
through the generation filter in the form of an aperiodic unit with a time constant Ty = 0.25 s is used as a
test signal of the influence of the raw material on the milling tool during the grinding [11]. At the output
of FF we get a random process M(t) simulating the load on the milling tool distributed according to the
normal law. The simulation of the random load on the grinder milling tool (teas load) in the operating
mode is shown in figure 9.

At the input of the high-speed circuit, the signal u(t) is generated corresponding to the target of the
rotation speed of the grinder milling tool, in the form of rectangular pulses (figure 10). The horizontal
"parts" of this signal correspond to the constant value of the target (relative "1"). This signal can be
considered a test signal.
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moment, N*m

Grinding resistance

Figure 9 — Simulation of the random load on milling tool during the grinding

The systems of differential equations describing the operation of the dynamic units of the circuit
model (figure 1) are represented in the simulation program in the normal form of the state space (the
standardized vector-matrix Cauchy form):

dx/dt=A-x+B-u
y=C-x+D-u

where x is the parameter of unit state; y is output unit; u is input influence; A is state matrix; B is input
matrix; C is output matrix; D is bypass matrix.

It is noted in the literature [11] that exactly this representation of the dynamics of the model units'
work provides the most accurate calculations for simulation. The model (rotation speed control circuit of
milling tool) has two inputs and one output. The matrix of input influences on the system is: U = [u v],
where u is input influence, v is disturbance from the load. The output coordinate of the system is 7 (rota-
tion speed of the grinder milling tool). The result of simulation, i.e. the change in the milling tool rotation
speed under the influence of the raw material grinding resistance moment (test signal) is shown in figu-
re 11.
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The complete scheme for synthesizing the linear high-speed circuit of raw material cutting of ACS
for the grinding of frozen meat blocks using the milling method is shown in figure 12.

N
N(t) = |'|_" VI (1) |
White noise (S 7 /[//L\AA/\'A’\/\/\/‘_
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Figure 12 — Scheme for the linear high-speed circuit of raw material cutting of ACS

In the mathematical simulation of stochastic systems, the realization of random processes obtained as
a result of a calculative experiment on a computer is used to determine the probability characteristics. The
analysis of the results of the calculative experiment consists in obtaining statistical estimates of the
probability characteristics of the system output parameters characterizing the quality and efficiency of its
operation and determining the compliance with the technical requirements for these parameters [9]. In this
case, the controlled output parameter is the rotation speed of the grinder milling tool. Therefore, to analyze
the results of mathematical simulation of meat block milling, it is necessary to obtain a set of graphs n(t)
corresponding to the implementation of the random influence M.(t) on grinder in the operating mode for
different values of the optimized parameter

a T,

where Ty, is the integration time constant of SC controller; T, is an uncompensated time constant.

To optimize the grinding process, at least two random environmental influences on the grinder in the
operating mode must be considered. In addition, the effect of these influences on the rotation speed control
circuit of milling tool should be different. This means that with increasing (decreasing) the optimized
parameter of SC controller setting, the components of the variance of the adjustment (stabilization) error
of the milling tool rotation speed caused by the action of these influences should not simultaneously
increase or decrease. Then the optimization task is to determine the value of the optimized parameter, at
which the variance of the adjustment error is minimal and the synthesis scheme of linear high-speed
circuit of raw material cutting of ACS will make sense.

In addition to the randomly changing load M,(t) on the milling tool during the grinding, random
fluctuations of the supply voltage and interference in the measuring path (F; and F, in figure 1) affect the
operation of the grinder. Fluctuations in the supply voltage of the power supply network in the meat-
processing facility may be caused by the switching-on (switching off) of powerful electrical receivers, for
example, large cutters, etc. In addition, the power supply networks can be prone to frequent fluctuations in
the supply voltage with respect to the rated value. In particular, this is possible in the facilities that were
designed and built in the past years (the "old" power supply schemes). As noted in the literature [12],
random fluctuations of the supply voltage usually obey the normal distribution law. We have reviewed
only the effect of M((t) on the change of rotation speed of the grinder milling tool in the operating mode.
Statistical analysis of the results of the calculative experiment may be implemented by taking into account
the other accidental environmental influences on the work of the grinder, which specified above.
Mathematical models of these influences are constructed in the same way as described above, while the
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matrix of external influences "U" on ACS for the grinding process will be accordingly of greater
dimension.

As noted above, the graphs n(t) derived from the calculative experiment are realizations of random
process. All the values of the milling tool rotation speed in the implementation will be assumed as the
population in the statistical observation. Then a part of the values chosen from the population in a random
way will be assumed to be a sample of statistical observation. The ultimate goal of statistical analysis is to
estimate the variance of the milling tool rotation speed under the influence of random load, i.e. resistance
moment of raw material grinding, which is variable in time Mc(t). Then it will be possible to determine the
variance in the linear size of the meat chips.

To solve this problem, we use point estimates of the mathematical expectation and variance of the
milling tool rotation speed for the sample under consideration, based on the law of large numbers [9]:

N
Mip= (/N ) Wi (®)

Dy, = [1/(1\] - 1)] D=1 Wi (6) — Myy] (7

Here, N is the number of measurements of the milling tool rotation speed on the graph n(t) for each
sample. Since the measurement points may be chosen in random manner, the estimates (7) are random
variables. Then the problem arises to supplement the point estimates with information about its possible
error and reliability, i.e. to estimate the sampling error & = Dy, — D"y (for the variance of the rotation speed
of the grinder milling tool) [9].

To determine the dependence of the size of the resulting meat chips (thickness) on the rotation speed
of the grinder milling tool, we consider the formation of the cutting surface of the meat block (figure 13)
and the corresponding milling scheme (figure 14).

Figure 13 — Figure 14 — Scheme for milling of the frozen meat block,
Forming the cutting surface where: S is feeding the block to the milling tool; n is rotation speed
of frozen meat block of milling tool; a; a, a;is thickness of meat chips at points 1, 2, 3;

B is width of the meat block; D is diameter of the milling tool;
v is angle of contact; d is angle on the cutting path at points 1, 2; 4
is frozen meat block; 5 is milling tool

If we consider the average chip thickness along the length of the contact of the milling tool and the
meat block as the arithmetic mean of the maximum (at point 3) and the minimum value (at points 1 and 2),
then [3]:

_ Qmaxtmin _ D+VD2-B2
a,, = mexZdmin _ ¢ 71T "7 (®)
r 2 z 2D
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where B is width of the meat block; D is diameter of the milling tool; S, is supply of raw material to the
tooth of milling tool.

The supply (8) of raw material to the tooth of the milling tool S, is defined as:

1000-S
Z2= T
where S is the raw material feed rate for the milling tool; n is rotation speed of milling tool; Z is number of
milling tool teeth.

Conclusions. From the presented dependencies, the change (deviation from the target) of milling tool
rotation speed under the influence of external disturbances leads to a variance in the size (thickness) of the
meat chips. It should be noted that it is possible to limit the change in the second dimension of the meat
chips, i.e. width, by the choice of the geometry of the milling tools used, in particular by fragmenting the
segments of the cutting edges of the multi-blade tool of the grinder.

Thus, it is possible to propose the following methodology for calculating the degree of raw material
grinding when predicting its change under the influence of external factors using the mathematical
simulation of the grinding process:

1. The task of ACS for the process of frozen meat block grinding is to ensure the covariance of the
controlled coordinates of the system with the target. The target is determined by the chosen technology of
meat products [13]. The specified task is solved by the corresponding settings of ACS controllers.

2. Calculation of parameters for mathematical models of equipment types that compose the object
controlled by the ACS is performed taking into account the non-linear nature of the electromechanical
energy conversion in the system, or by linearizing the models under the specified conditions for the
correctness of the simplifications used.

3. The work of ACS is considered with the influence of the resistance moment of raw material
variable in time, which is applied to the motor of the milling grinder. It is assumed that the random
process of loading the milling tool of the grinder in the operating mode is a steady random process with
the property of ergodicity. The numerical characteristics of this process (mathematical expectation and
variance) are determined by the control computer (CPC), an ACS component, during the calculative expe-
riment by the Monte Carlo method. Digital simulation of ACS operation is simulating the operating condi-
tions of a real system using calculation algorithms that are implemented in the form of programs on the CPC.

4. The method of generating filter (FF) is used for simulation of disturbances in load acting on the
ACS. It is assumed that the random process at the FF input is white noise with a spectral density that is
constant over the entire frequency range and equal to: Sy(,) = So = const = 1. Then at the FF output we
have a random process with spectral density as follows:

2 2 2
Sy) = Wergay|” * Sxw) = [Wrrgwy| " 1 = [Wer(w)|

To apply the FF method, it is necessary to know the spectral density S(®) of the random process
being formed. In this case, this requires to measure the random load process on the grinder milling tool
during the grinding. To obtain a consistent assessment of statistical information, it is necessary to grind
frozen raw material blocks of industrial sizes, since only in this case the anisotropy of mechanical
properties affecting grinding resistance can fully manifest itself.

5. Measurements of the electric motor moment M(t) during the grinding of raw material blocks of
industrial sizes may be used as the initial statistical information. Measurements should be conducted at
time of discretization not exceeding 0.01 s. When calculating the resistance moment of grinding M,(t), the
dynamic equation of electric motor motion should take into account the dynamic component of the
moment Jy(dn/dt), where Jy is the total inertia moment of the rotating masses; n is the rotation speed of the
rotor. Next, the standard method for measuring random processes for engineering calculations can be
used. In this case, this technique evaluates the correlation function of the random process M(t) on a limited
time interval under the assumption that the random process is ergodic. Then the Fourier transformation of
this estimate must be performed, which is the desired estimate of the spectral density of the random pro-
cess being measured. With estimate of the spectral density, it is possible to determine the transfer function
of generating filter Wgr(jo) using the standard calculation algorithm. Then the mathematical model of the
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random process of load on the grinder milling tool during the grinding is a random process at the output of
the linear system (FF) with transfer function Wrr(jo) after passing of white noise with a single spectral
density through it. The FF determined is used in the statistical test method (Monte Carlo method) in the
digital simulation of ACS.

6. The statistical information about the random process M(t) obtained with the help of the calculative
experiment allows the CPC to calculate the variance of the population of the process data n(t) and deter-
mine the required number of measurements of milling tool rotation speed n (sample size N) by means of
ACS in real time to calculate the point and interval estimation of the average process value n(t) with the
specified statistical accuracy and reliability. According to the established functional relationship between
the speed of the milling tool n and the typical particle size of the ground meat, the CPC calculates a point
and interval evaluation of the specified size of the meat chips. According to the laws of mathematical
statistics, one can also determine the variances of these estimates themselves, i.e. to determine the degree
of "blurring" of the range boundaries. Using the statistic estimates for the size of meat chips established in
this way, it is possible to specify the technological parameters of further processing the ground raw mate-
rials in order to produce high-quality ground meat.

The scheme of the suggested calculation procedure is shown in figure 15. It should be noted that the
calculative experiment by the Monte Carlo method allows to increase the amount of statistical information
(grinding of "virtual" meat blocks) about the change in the rotation speed of the grinder milling tool under
the influence of external disturbances on the ACS, while the CPC determines the necessary amount of this
information to obtain statistical estimates with the specified accuracy and reliability. These estimates
determine the prediction for the degree of grinding to plan further processing of ground raw materials.
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Figure 15 — Scheme of the methodology for calculating (predicting) the typical particle size of ground meat,
where X is the typical particle size; W is rotation speed of the grinder milling tool
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E. JI. Mckakopa®, /1. E. HpryxaHﬁeTOBa4

' «B. M. Top6aToB aThIHIAFb! TAFAMIBIK JKYHenepin (eaepaibl FhUIBIMH OPTAIIBIFED

PFA ®enepannsl MeMIIEKETTIK OIOIKETTIK FBUIBIMH MekeMeci, Mackey, Peceit

2

*"Mockey TaraM OHIIPiCiHIH MEMJICKETTIK yHHBEPCHTETi
"denepaiabl MEMJICKETTIK OIOJDKETTIK XKOFapbl OiiM Oepy mekemeci, Mackey, Peceid,
3"Bykinpeceiinik cyT HepKaCiGiHiH FBUTBIMH-3€PTTEY WHCTUTYTHI
"denepainibl MEMIIEKETTIK aBTOHOM/IBI FhIIBIMU MeKemeci, Mackey, Peceil,
* AJIMaThI TEXHONOTHSUTBIK yHHBEpCHTeTI, AnMarsl, Kazakcran

BJIOK TYPIHJAE MY¥3JATBIUIFAH OHIMJEPIH BIPCATBIJIbI YCAKTAY
MATEMATHKAJIBIK MOJIEJIBJIEY]

AnHoTtanusi. bip caTbuiblk Qpesepiiik ycaTy — 3HEprusi *oHE Pecypc YHEMJIEY TEeXHOJIOTHSCHI OOJbIN Tadbl-
Janpl, JKacaHIbl MHTEIUIEKT 0a3achlHAa «HeCi3 TEXHOJIOTWsUIapy KaruIachl OOMBIHINA TapThUIFAH €T CarachlH,
COHBIMEH Kartap, aBToMarThl Oackapy xkyiiecin (ABX) KaMTUTBIH aiibIH €T eHIMAEPIiH XKeNiCiH KypyFa MYMKIHJIIK
6epeni. XKenini sko0ayay YIIiH MaTeMaTHKAJIBIK MOJEINBACY SMICTEPl OOJNBII JKeKellereH MalliHanapbIH (anmapar-
TapIbIH) KYMBICHI, COHAAN-aK OYKiJ TEXHOJOTHSUIBIK IPOLECCTi MaiblHaay >KYMBICHI KOJIJaHBULABL. Makanana
MaTeMaTHKAJIBIK MOAENbB/CYIIH MIHAETTEpl PeTiHAE IIUKI3aTThl OJOK TYpiHIE ycaKTan KaTbIpaThlH Iporecci 6ap
ABX xypacTelpy MakcaThIHIA KOHTYPIBIH aifHANY XHUITIH PEeTTeUTiH ycakTarbl ¢pe3iniH ((ppesep OLiri) xy-
MBICH KapacTeipeurrad. ABXK Ttanmay minmerrtepi: 1) altHpIManmer OepeTiH ocep eTy OacKapbUIBIMABI KOBApUAHTTHI
(hakTiCiHIH aHBIKTAIYHI, SSFHA (Dpe3 alfHaIBIC KUUTITIHIH MUKI3aTTHl YCaKTay TYpiHe OaillaHBICTHI OHBIH ONTHMAJIIBI
MOHIHE JI9JIME-/IJI COMKECTIr; 2) eTmeli mporecc xykhecinae OepiireH cana KopceTKilTepiH perTey (TypakTaH/ibl-
py) cunarramanapbia Kypy. ABXK mIHMKi3aThIHBIH KECY JKbLUIIAMIIBIFBIH PETTEUTIH KOHTYPABIH CXeMachl KOPCETUITeH,
backapy oObekrici (BO) periHme kejeci KYpbUIFbUIAP J>KUBIHTHIFbI aJIbIHFAH: ACHMHXPOHIBI KbICKA TYHWBIKTAIFaH
anekTp Ko3ranTkpi (AK) sxereriniy tetirid kecy; AK (¢ppe3ain aifHay )HIiJiriH) aifHaJTy *HUIUIITH ©3repTeTiH Kyar
kepHeyiHiH xuinik Typaengiprinn (OKT); ycakrarsim ¢pesi. AJ] 22 kBt xxone 11 kBT HoMuHanibl KyaTsl Oap ycak-
TaFBIIITHIH €Ki BIKTUMaN/Ibl KYPacThIPybIHA PETTEYIlll KOHTYPBIHBIH IapaMeTpiiepi ecentenreH. PerTtey KOHTYPBIHBIH
CHHTE3 MiHZETI OOJBII CHIPTKBI KO3FAJIBIC SCepiHEH (pe3diH aifHally XHIJiri TanchlpMajapblHaH aybITKYJIapIbIH
azatobl TaObUTAAbI, OYJI OHIMHIH CalachblH apTThIPy OapbIChIHAA €T >KOHKACBHIHBIH JIUCIIEPCHUS MOJIIEPiHiH (KabIH-
IIBIFBIHBIH) TOMeHeyiHe okeneni. MoHTe-Kapio omici 60ibIHIIIA ecenTey SKCIIEPUMEHTIH KOJIJaHa OTHIPHIII, CHIPTKBI
(hakTopTap ocepiHeH OHBIH ©3repyiH OOJDKAWTHIH, IIUKI3ATTHIH YCAKTAy NIEHTeliHe ecenTey omicTeMeci YCHIHBUIIH,
OYJ1 CTaTUCTUKANBIK aKmapaTTelH ("BUPTyanmbl" eT OJOKTapbIH YCaKTay) KOJEMiH apTThIpyFa COHBIH iMIiHJE CHIPTKEI
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KO3FaJIBIC 9CEePIHEH YCaKTaFbl (hpe3iHiH aifHBUTY KULIITiHIH e3repyiHe MYMKIHAIK Oepemi. ¥ caKTairaH IIMKi3aTThI
9pi TEXHOJOTHSITBIK OHICYTE JKOCapiay YIIiH Oyt Oaranay ycakray IeHIeiiH OOKal aHBIKTalIbl.
Tyiiin ce3aep: MaTeMaTHKAIBIK MOICIBACY, YCcaTy Adpekeci, MophoMeTpHsI, aBTOMATTHI OacKapy Kyiieci.

,Bb.P. Kanoncxnifll, I1. 1. HJ]SIHIelHHl/IKZ, B. A. l'['{e.lmm-lal,
E. JI. Uckakopa’, JI. E. HypmyxauGeroa®

B. U. Usamios'

'DenepanbHOe roCy1apCTBEHHOE GIOKETHOE HAYYHOE YUPEHKICHHIE
«®DenepanbHbIA HayYHBIH HEeHTp NHIIEeBEIX cucteM uM. B. M. I'opbatosa», PAH, Mocksa, Poccus,

? MesiepalabHOE FOCYTAPCTBEHHOE BI0KETHOE 00PA30BATEIPHOE YUPEXKICHHE BBICIIEr0 00Pa30BaHMs
«MOCKOBCKHUH rOCYAapCTBEHHBINH YHUBEPCUTET MHUILEBBIX IPON3BOJCTB», MockBa, Poccus,
3deiepaibHOE rOCYIAPCTBEHHOE ABTOHOMHOE HAYYHOE YUPEkKIEHHE
«Bcepoccuiickuil HayYHO-UCCIIEI0BAaTEIbCKUM HHCTUTYT MOJIOYHOM NPOMBILLIEHHOCTH», MockBa, Poccusl,
* AlIMaTHHCKHIT TeXHOIOTHUeCKHii yHuBepcHTeT, Anmatsl, Kasaxcran

MATEMATHYECKOE MOJIEJTMPOBAHUE OTHOCTAJIUMNHOI'O
MN3MEJIBYEHUA TPOAYKTOB, 3AMOPOXXEHHBIX B BUJE BJIOKOB

Annortanusi. OnHocTaauiiHOe H3Menb4yeHne (pe3epoBaHHEM SBISIETCS SHEPro- U pecypcocOeperaroumu
MO3BOJISIET CO3/1aTh JIMHUIO TI0 BBHIPAOOTKE FOTOBBIX MSCHBIX IPOJYKTOB C CHCTEMOW aBTOMAaTHYECKOTO YIpaBICHUS
(CAY) xauectBOM MsICHBIX (papiieii Ha 6a3e HCKYCCTBEHHOTO MHTEJUIEKTa MO NPUHIUITY «OE3JII0HON TEXHOJIOTHIY.
Jlyst IpoeKTHPOBaHUS JIMHUM HMCIOJIb30BaHbI METOJbI MAaTEMaTHYECKOIO MOJEIMPOBAHHS PAaOOTHI KaK OTIENIBHBIX
MamyH (anmapaTroB), TaK M BCEr0 TEXHOJOTHMYECKOTO IpoIlecca BhIpabOTKH. B craTthe paccMmoTpeHa 3amada
MaTEeMaTHIEeCKOTO MOACIUPOBAHUS pabOTHl KOHTYpa PeryTUpOBaHHS YaCTOTHI BpamleHus Gppe3sl (Pppe3epHOTo Baia)
MU3MENBUUTENS ¢ 1enbio nocTpoerns CAY mporeccoM H3MeTbueHIs 3aMOPOKEHHOTO B BHIIE OJOKOB CHIphS. 3ama-
gamu aHanm3a CAY BeiaeneHsl: 1) yctaHoBieHHe (pakTa KOBAPHAHTHOCTH YNPABIIIEMON IIEPEMEHHON C 3aJar0IuM
BO3/IEIICTBHEM, TO €CTh TOYHOE COOTBETCTBHE YAaCTOTHI BpalICHUsI (pe3bl 3aJaHHOMY (ONTHMAILHOMY) 3HAUCHUIO
Ul JTAHHOTO BUZA M3MENBYEHHS CBHIPbs; 2) IMOCTPOCHNE XapaKTEPUCTUKHM IEPEXOAHOrO MPOIEcca B CHCTEME IpU
3aJlaHHBIX TIOKa3aTelsiX KadecTBa peryiupoBanus (crabunmzanmu). IlpuBejneHa cxeMa KOHTypa PeryJIHpOBaHUS
ckopocTH pe3anusi cbipbsi CAY, rne oobexToM ynpaeienus (OY) BblielieHa COBOKYITHOCTh YCTPOMCTB: aCHHXPOH-
HBII KOPOTKO3aMKHYTBIH 3iekTponasuratens (AJ]) mpuBona MexaHu3ma pesanusi; npeodpasosarens yactorsl (ITH)
MUTAIOIIETO HANPSDKEHHS, U3MEHSIOINK yacToTy Bpamenust A/l (vactoTy Bpamenus ¢pesbl); ppeza U3METbUUTEIIS.
PaccunTanbl mapaMeTpsl perynsaropa KOHTypa Ipu HoMmMHuHanbHOM MmomHoct AJl 22 kBTt m 11 kBt mns aByx
BO3MOJXKHBIX KOMIIOHOBOK M3MEJIbUMTEIIS. 3a/1aueii cHHTe3a KOHTYpa PeryJIupoBaHus BEIOpaHa MUHUMH3ALUS OTKIIO-
HEHUS OT 33JlaHHs YacTOThI BpaIIeHHs (pe3bl M0 BO3ACHCTBHEM BHEIITHUX BO3MYILEHHH, YTO IPUBOANUT K CHHXKE-
HUIO JUCIIEPCHHU pa3Mepa (TONIIMHBI) MACHOW CTPYXKKH MPH TOBBIIICHUN KauyecTBa MACHOTO Npoaykra. [Ipemtoxena
METOJIMKa PacdeTa CTENECHH W3MEIbUCHHS CHIPhsl MPU IIPOTHO3MPOBAHUM €€ M3MEHEHHUS I0J] BIMSHHEM BHEIIHHX
(hakTOpOB BO3AEHCTBUS C MPUMEHEHHEM BBIUYHCIMTEIBLHOTO 3KCIEpHMeHTa 1o Metony MonTte-Kapno, kotopast mo-
3BOJISIET YBEJIIMYUTh 00BEM CTATUCTUUECKON MH(OpMAaIK (M3MEIbUCHNE «BUPTYAIbHBIX)» OJIOKOB Msica) 00 U3MEHe-
HUU YaCTOTbI BpalllCHUA (bpe3b1 U3MCIIBYUTCIIA 110 BJIUAHHUECM BHCIIHUX BO3MyLHeHldl>i. Ot OLICHKU OINpCACIIAIOT
IMPOTrHO3 CTCIECHU H3MCJIIBUCHUA JIs IJIAHUPOBAHUSA ﬂaﬂbHeﬁLﬂeﬁ TEXHOJIOTUYECKOM 06pa6OTKI/I HU3MCIIBYCHHOI'O
CBIPbAL.

Ki1roueBble cjloBa: MaTeMaTH4ecKOe MOAEINPOBAHUE, CTEIICHb N3MENbUCHHs, MOP(HOMETPHS, CHCTEMAa aBTO-
MaTH4eCKOTr0 YIpaBJICHUS
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