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Background. The cutting process is carried out in a closed elastic technological machining system and is always accompanied by
vibrations. Vibrations arising during cutting, depending on the amplitude, can very slightly affect the machining result, and can lead
to a catastrophic loss of stability of the whole process. In any case, all researchers agree that vibration is the factor that ultimately
determines the productivity of the cutting process and the quality of the machined surface.

Objective. The aim of this study is to develop new technologies for selecting parameters for controlling the cutting speed to suppress
chatter by passive methods, as well as to control the drive of the forming motion to suppress chatter by active methods.

Methods. The goal is achieved by creating new technologies aimed at the study of dynamic processes occurring in the cutting. It is
noted that the mathematical model of the cutting process should be built taking into account the loop closed of the elastic
technological machining system and the function of the delayed argument, which represents machining “on the trail”. When studying
the cutting process, four main groups of factors that influence its mathematical representation are taken into account, and three
approaches are used to determine the stability diagram: frequency analysis, root analysis of the characteristic equation of motion of
the system and the numerical method. The numerical method using the amplitude-frequency characteristics according to the
corresponding stability criterion is considered to be the most effective.

Results. The results of theoretical studies are used in practice in the form of technologies for passive and active chatter reduction
during cutting. A technology has been developed to suppress vibrations during face milling when controlling the spindle speed
according to a harmonic law. An application program for simulating a process for determining the parameters of the control law is
presented. For active control, a new technology is proposed, based on the use of a CNC machine drive with an additional closed
system, introducing a harmonious signal into the channel of the shaping movement, the amplitude and phase of which are
automatically adjusted using the coordinate-wise descent algorithm according to the criterion of the minimum amplitude of the
motor current.

Conclusions. The technology of chatter suppression during face milling by controlling the spindle speed according to the harmonic
law is limited by the speed of the spindle drive and its inertial characteristics. The active chatter control system uses a standard
servo drive of the CNC machine, which has an additional closed loop for automatically searching for the amplitude and phase of the
compensating control signal.

Keywords: chatter, cutting process, mathematical model, stability of the cutting process.

Introduction

The cutting process is always carried out in an elastic closed technological machining system (TMS) and is
necessarily accompanied by vibrations. The loop closure of TMS is manifested in the fact that the cutting force, which
depends on the cutting mode, causes elastic deformations that change the parameters of the removed allowance layer,
and this, in turn, changes the cutting force and so on.

Among the reasons for the self-oscillations, the nonlinearity of the cutting force characteristics is noted, the
structure loop of dynamic system and the reason which the researchers rightly consider come main is the machining
“along the trail”.

The vibrations arising from cutting, depending on the amplitude, can have very little effect on the result of the
machining, but can lead to a catastrophic loss of stability of the entire process. In any case, all researchers agree that
chatter is the factor that ultimately determines the productivity of the cutting process and the quality of the machined
surface.

Now it can be stated that the development of the science of cutting metals has reached a level where, in
combination with the theoretical knowledge of modeling with modern computer technology with extensive process
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control capabilities provided by CNC machines, there are opportunities to control such a phenomenon. Therefore,
recently, the number of studies devoted to the development of technologies capable of anticipating, identifying and
suppressing chatter during cutting has sharply increased [1].

The purpose of such technologies is theoretical development to create mathematical models that can adequately
represent cutting processes, on the basis of which practical applications are implemented to eliminate vibrations for
various types of processing: turning, milling, grinding, etc. However, creating of adequate mathematical models and
convenient criteria for predicting the vibration stability of the cutting process, which will allow you to create effective
technologies for eliminating chatter, it is still relevant.

Analysis of literature data and problem statement

All researchers mainly distinguish three types of vibrations depending on the reasons for their occurrence: free
vibrations of the system, forced vibrations and self-excited (regenerative) vibrations. When building a mathematical
model of a process, four groups of factors are mainly taken into account, and a mathematical model is built with one,
two, three or four degrees of freedom in the single-mass dynamic model representation [2, 3, 4].

The study on stability with the aim of building a stable area (the so-called "stability lobe diagram") in the
coordinate depth (width) of cutting — cutting speed is performed by three methods (Fig. 1). The results of such studies
provide the ability to assign cutting conditions that reduce the likelihood of vibrations during cutting. The use of
numerical methods in the study of the model with the function of lateness in combination with the determination of
stability by frequency criteria gives real results [5].

In practice, methods for eliminating vibration during cutting can be divided into two directions: passive (Passive
Chatter Control — PCC) and active (Active Chatter Control - ACC).

The methods of passive control include various types of dynamic vibration compensators, which are performed
constructively as additional masses attached to the element of the machine, which directly performs the cutting process,
through an elastic connection with damping. Sometimes the parameters of such devices can automatically adjust, adapt
to the actual cutting conditions (Adaptive Turning Mass Damper — ATMD). In addition, passive methods also include
controlling the frequency of rotation of the machine spindle (Spindle Speed Variation — SSV), using tools, usually
milling cutters, with variable tooth pitch, etc. [7, 8].

Cutting force Dynamics data of Cutting mode Cutting tool’s
model ™S (MRR) geometry
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Fig. 1. The structure of the research stability of the cutting process

Here, it should be noted studies aimed at creating methods for the rational choice of parameters for harmonic
modulation of the spindle speed of a lathe [9]. A program for modeling the turning process is proposed, in which you
can select the amplitude and period of the harmonic signal modulating the spindle speed. Similar studies have been
performed for the milling process [10]. It is noted that the choice of the amplitude and frequency parameter of the
superimposed signal is one of the unsolved problems. Some research is being carried out in this area [11], although
there is no exhaustive work on the experimental verification of their statements.

Recently, technologies for actively eliminating chatter are rapidly being introduced. All such technologies, one
way or another, are based on the use of the principles of automatic control of feedback systems, when the signal from
the vibration sensor is used to suppress the vibration itself. Among them, one can single out the use of piezoelectric and
magnetostrictive drives, vibrational magnetic devices mounted on the spindle. It is noted that such technologies make it
possible to increase the cutting depth by 50% [13, 14].

The purpose and objectives of the study
The aim of this study is to develop new technologies for selecting cutting speed control parameters for vibration

suppression by passive methods (Passive Chatter Control), as well as to control the drive of a forming motion to
suppress vibration by active methods (Active Chatter Control).
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Passive Chatter Control

As already noted, the main task when using spindle speed control as a passive method of vibration suppression is
to determine the parameters of the cutting speed control law. A technique is proposed for solving the problem, based on
numerical modeling of the face milling process with modulation of the cutting speed.

The Mathematical model. Considering that control of the cutting speed changes the character of perturbations
affecting the elastic TOC in time, the influence of such control on the excitation of vibrations can be established by a
mathematical model. For this purpose, it suffices to consider a model in the form of a single — mass system with one
degree of freedom in the direction of longitudinal feed [15]. In the functional diagram (Fig. 2, a), the cutting process is
represented by a block, at the input of which the actual feed per tooth (F.),, and at the output — the horizontal
component P, of the cutting force along the X axis. The component P, causes elastic displacement JdF:, which, due to
the closed loop of the TMS, provokes a change in the actual feed per the cutter tooth: (£,), = (F,), —06F, .

The peripheral component of the cutting force on one tooth can be determined by the formula:

P, =C,(F)"™(H)™sin" " o, (1)

where C,, k and u are the coefficient and exponents that depend on the mechanical properties of the material being
processed, F: is the actual feed to the tooth, H is the actual cutting depth, ¢ is the angular coordinate of the tooth.
The radial component P, = 0.6P,, of the cutting force, which acts in the direction of the X axis, is determined
from the geometric relationships of the location of the vectors of the components of the cutting force:
P =P +P =P (cosd+0,6sin0). 2

In addition, it is necessary to take into account the machining “on the trail” when each next cutter tooth cuts off
the allowance layer that was formed by the previous tooth (see Fig. 2, b):

(F) = (F)g—8F.(1-¢™"), 3)

where (F)y is the preset feed per cutter tooth, 7 is the passage time of the angle between two adjacent teeth, s is the
Laplace operator.

O
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Fig. 2. Face milling process: a - functional diagram, b - machining “on the trail”

The mathematical model of the motion of a dynamic system according to Fig. 2, a can be represented in a transfer
function:

8F,(s)  1/C
P(s) T +2eTs+1’

W(s)= 4)

where T is the period of self-oscillations, ¢ is the damping coefficient of oscillations.
The Technology for cutting speed control. The control of cutting speed according to the harmonic law (Sinusoidal
Spindle Speed Variation) is applied:

V(t)=V, +8VCos(2nt/T), 5)

where V) is the specified cutting speed, ) is the amplitude of the change in speed, T is the period of change.
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This law of change in cutting speed is provided by a corresponding change in the frequency of rotation of the tool
spindle of the milling machine:

o(f) = 20007 (¢)/ (60D,,) , (6)

where D,, is the diameter of the mill. Note that, according to the dimensions adopted in the theory of cutting in
equation (6), the cutting speed has a dimension of m/min and the cutter diameter is mm, so the rotation frequency will
have a dimension of rad/s.

A change in the rotational speed of the cutter affects the actual feed to the mill tooth:

_ Fyln
E0O= 060 )

where F) is the feedrate specified in the control program (mm/min), Z is the number of teeth.

Therefore, a change in cutting speed affects not only the frequency of the pulses from the cutting force, but also
the parameters of the allowance cut by each tooth. Thus, the wavy trace on the treated surface from the vibrations of the
previous tooth changes not only its amplitude along and the location along the length of this surface. Therefore, this
control eliminates fluctuations caused by monotonously repeating allowance changes at a constant cutting speed.
Obviously, the control efficiency will depend on the given amplitude and period of fluctuations in the cutting speed.

It is not possible to solve the problem of determining the optimal parameters of the control law in an analytical
way, since the control acts on a non-linear dynamic system, which is described by a differential equation with a delayed
argument (see Fig. 2, a).

The Simulation. Numerical modeling methods that use the 4th-order Runge-Kutta procedure to integrate the
differential equation of the system, as well as the numerical procedure for determining the parameters of the geometric
and force interaction of the cutter tooth with the machined surface, taking into account the trace from the previous tooth,
allow us to solve the problem.

Fig. 3 shows the interface of the created simulation program. The parameters of the dynamic model as a single-
mass system, cutting mode, and tool geometry are taken as initial data. An animation of the movements of the
workpiece 1 and the cutter 2 is presented in the graphics window. The cutter teeth are conventionally shown with circles
located on the periphery of the outer diameter of the mill. The cutter rotates with frequency ®, and the workpiece moves
with feed F. During the simulation, the results are displayed on the oscilloscope screen: line 3 rotation frequency o, line
4 — cutting force component P, acting along the X axis, line 5 elastic movement JF in the feed direction.

At a constant rotational speed of the cutter spindle (Fig. 3, a), the specified parameters of the cutting process lead
to a loss of stability, as evidenced by an increase in the amplitude of oscillations of the component P, of the cutting
force to 2000N and elastic displacements to 0.08mm after 0.5 s of simulation. Using the SSSV option with the
amplitude and the oscillation period indicated in window 6 of the interface provides a stable cutting process with the
same parameters as in the previous experiment: the amplitude of the cutting force component and elastic displacements
is reduced by 2 times (Fig. 3, b).
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Fig. 3. Simulation program interface: @ — constant cutting speed, b — variable cutting speed
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An increase in the oscillation period of the spindle speed control law leads to a decrease in method efficiency. It
should be expected that a significant limitation to the practical use of such control will be the dynamics characteristics
of the spindle drive of the machine, as well as the thermal loads of its engine.

After checking the adequacy of the developed mathematical model in terms of correspondence of the dynamic
parameters of the elastic system (stiffness and mass), it can be used to determine the optimal amplitude and period of
oscillations of the spindle speed control law.

Active Chatter Control

This type of technology for suppressing vibration during cutting is becoming increasingly important [16].
However, the proposed technologies are based on the modernization of equipment, the use of additional servo systems
with actuators and special vibration sensors with appropriate software. Therefore, a technological solution based on the
use of a shaping movement control channel already available on a CNC machine for active influence on the cutting
process can be very promising.

The idea is to measure the frequency of vibrations that occur during cutting in the TMS and automatically
determine the necessary shape of the compensating signal at the input of the drive of the shaping movement, which
controls the movement along the path of shaping, for example, feed. It is proposed to determine the frequency and
amplitude of the vibrations arising during cutting by analyzing the current of the corresponding feed drive of the CNC
machine and act on its input with an additional harmonic signal. Moreover, the amplitude and phase of this signal are
automatically adjusted using the coordinate descent algorithm in the loop of the automatic drive control system.

Fig. 4 shows a block diagram of the drive of a CNC machine, which has additional software designed to perform
feed control in order to actively suppress vibration.

During the operation of the drive due to the cutting process, vibrations occur, accompanied by fluctuations in the
load torque 7; on the motor. These fluctuations due to the presence of a non-self-locking ball screw transmission
provoke a servo response in the form of a change in the motor current. Such a signal can be identified to determine the
frequency w, of the main harmonic, which will correspond to the frequency of the main harmonic of oscillations in the
TMS.

The software, which implements the coordinate-wise descent algorithm, compiles a feedback channel to
minimize errors in the amplitude of the oscillations of the motor current. The coordinate descent is carried out according
to two parameters of the signal V. = ACos (w.t + ¢), which is added to the main control voltage Vj at the input of the
drive: in phase ¢ and in amplitude 4.

A change in the control signal causes a change in the motor supply voltage and the feed motion with the
necessary amplitude and in antiphase to the vibration signal in the TMS, which leads to their suppression, at least in the
frequency of the main harmonic.

Coordinate Descent Algorithm .
ACos(w.t+p) faza @, amplitude A
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Fig. 4. Functional diagram of the drive

The Mathematical model. The standard complete CNC machine feed drive consists of an Amplifier Converter, an
Motor, a tachogenerator encoder, a Ball Screw pair and a Load. The dynamic properties of the amplifier-converter are
described by a first-order aperiodic link with a time constant T, and gain k:

av,
T;JC 7:/[+ VM = kaL’SVl' (8)

In addition, the amplifier-converter includes two non-linear links: with a characteristic of the type "saturation":
ifSVIkac > Vmax’ then VM = Vmax
if Wik, <=V, then V), = -V,

max max

(€)
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and current limiting unit (Motor current) with the characteristic type "insensitivity":

max )

if Byy < —lpax> then 8V} =08V —k;(iy, +i

if iy > ipax, then 8V =8V —k;(iy, —i
{fM max 1 M )’ (10)
max

where iy is the motor current (motor rotor current), k; is the slope of the characteristic.
The mathematical model of a DC motor is represented by two equations — the Lagrange-Maxwell equations:

d
T, =J %+k/mM+Tl, (11)

I

where Ty is the engine torque, J. is the moment of inertia of the engine rotor, wy is the angular velocity, kr is the
coefficient of the linearized dependence of friction on the engine speed, 7; is the load torque reduced to the motor shatft.
Another equation represents the voltage balance in the motor rotor circuit:

Vi :L%+Ri+kEmM, (12)

where L is the inductance of the motor armature circuit, R is the active resistance of the armature, kz - counter-EMF
coefficient (back electromotive force).
In addition, the motor torque is proportional to the rotor current:

Ty = kyiyy- (13)

The torque of load resistance, reduced to the motor shaft, is determined by the equation:

d
T} :Jl%kgc—i_kﬂkagc’ (14)

where J; is the moment of inertia of the load; &y is the linearized coefficient of the dependence of the friction moment of
the load on the rotation speed, k. is the gear ratio of the ball-screw pair.

The mathematical model of a complete electric drive thus compiled, together with the load (8) — (14), is a system
of third-order nonlinear differential equations and can be studied only by numerical methods. For this, the mathematical
model is represented in the form of a system of variable states and is solved by the standard fourth-order Runge-Kutt
integration procedure.

The Simulation. To test the possibility of functioning of the proposed system, an application program was created,
the interface of which in the initial state is shown in Fig. 5. We study a complete (standard) servo feed machine with
CNC, the structural diagram of which is presented in the graphics window of the application program. The drive is
represented by third-order differential equations with two nonlinearities: current limitation and voltage saturation. On
the motor shaft conditionally shows the transmission of motion (ball-screw) and a red rectangle — the load from the
cutting forces. Feedback is provided by an encoder (tachogenerator) signal. Thus, the drive is loop-closed and stabilizes
the feed at a given level.
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Fig. 5. Simulation program interface
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A harmonic signal is artificially introduced into the simulated system, simulating the occurrence of vibrations in
the TOC during cutting as a change in the moment on the engine. The oscilloscope window displays the simulation
results in time: line 1 — motor rotation speed (rad/s — left scale), line 2 — motor supply voltage (Volt — left scale), line 3 —
current (Ampere — right scale), white line 4 — indignation (Nm — right scale).

The harmonic signal of the disturbing moment corresponding to the main harmonic of the vibrations arising in
the system is represented by line 1 in the oscilloscope window and its amplitude is 0.02 Nm. Such load fluctuations
provoke fluctuations in the motor current (line 3, fig.5) due to the closed loop of the servo drive along the loop of the
tachogenerator encoder, just as it happens with real cutting.

After the Active Vibration Reduction (ACC —On) option is enabled, the motor current analysis module
determines the frequency of the main harmonic of the excitation (25 Hz) and the search for the compensation signal
parameters begins. The search is performed automatically in the coordinate descent algorithm in two coordinates: phase
and amplitude. With each iteration, the direction of movement along the coordinates is determined by the criterion for
reducing the amplitude of the oscillations of the motor current, and hence the amplitude of the moment from the
vibrations of the system.

When ACC is turned on, additional windows open on the interface, in which the values of the phase and
amplitude of the compensating signal in each iteration are displayed. The results of the system functioning are presented
in the oscilloscope window, which are shown in Fig. 6, where the same notation is used as in Fig. 5.

It can be seen that the compensating signal caused changes in the voltage and current of the motor, and the speed
fluctuations that occur in anti-phase to the exciting signal led to a decrease in its amplitude by a factor of 10 (0.002 Nm,
see Fig. 6, b).
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Fig. 6. The reaction of the system: a — control signals, b — an enlarged fragment of the moment of disturbance

The search was performed in 93 iterations, the motions in Fig. 7 are represented by lines 1 — by phase, line 2 — by
the amplitude of the compensating signal, the change in the oscillation amplitude is represented by line 3. When
modeling, it was found that the effectiveness of the system to chatter eliminate with a high frequency entirely depends
on its speed reaction.
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Fig. 7. Search paths
Conclusions
1. An analysis of current trends in the development of the science of metal cutting shows that the improvement of
the control systems of CNC machines, computational modeling methods has led to the possibility of solving the most

important problem of mechanical processing — eliminating fluctuations in TOC. It is shown that the determination of the
optimal parameters of passive and active technologies is possible when modeling cutting processes, where it is
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necessary to take into account the loop closing of the elastic technological system, its dynamic characteristics,
geometric and force interaction of the tool with the workpiece, and machining along the trace.

2. The technology of vibration suppression during face milling by controlling the spindle speed according to the
harmonic law is presented. The parameters of the control law must be determined when modeling the process on the
created application program. The control efficiency is limited by the speed reaction of the spindle drive and its inertial
characteristics.

3. A new system of active control of the drive of the forming movement of a CNC machine is proposed. The
system uses a standard drive, in which an additional closed loop is integrated to automatically search for the amplitude
and phase of the compensating control signal. The frequency of this signal is automatically determined by the frequency
of the main harmonic of the feed motor current, and the amplitude and phase are searched by the coordinate descent
algorithm according to the criterion of the minimum oscillation amplitude. The effectiveness of the control also depends
on the speed reaction of the feed drive of the CNC machine.
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TexHosorii ycyHeHHs1 BiOpauii nmpu pizaHHi meraJis
IO. B. Ilerpakos

Ilpobnemamuka. Ilpoyec pisanus 30iliCHIOEMbCA 6 3AMKHYMIL NPYXCHILL MEXHON02IuHIL 00pOOHIll cucmemi 1 3a6x4cou
cynpogoodcyemvca siopayiamu. Bunuxaroui npu pizauui 6ibpayii, 8 3anexicHocmi 6i0 amnaimyou, MONCYymb 306CiM HEIHAYHO
BNIUBATNU HA Pe3YTbIMAm 00POOKU, a MOXCYMb npueecmu 00 Kamacmpo@iyHoi empamu cmilikocmi 6cbo2o npoyecy. Y 6y0v-akomy
6UNAOKy 6ce OOCTIOHUKU CXOOAMbCA HA MOMY, Wo came 6iopayii € @axmopom, sKuil, 8 KiHye8omy RIOCYMKY, GUIHAYAE
NPOOYKMUGHICIb Npoyecy Pi3anHs i AKiCmb 06poOIeHOl NOBEPXHI.

Mema oocnioxycennsn. Memoio 0ano2o 00CHIONCEHHS € PO3POOKA HOBUX MEXHONO2I 6uGOPY napamempie YNpasuiHHI UEUOKICTIIO
pisans 0as npuoywenHs 8iopayiti NacUsHUMU MeMoOaMU, a MAKONC YNPAGIIHHA NPUEOOOM (POPMOYMBOPIOIOUO20 PYXY 8epCmamy 3
YIIK Ona npudywienns giopayiti akmueHumu Memooami.

Memoouka peanizayii. [locmasnena mema 00CA2AEMbCA WIAXOM CIMBOPEHHA HOBUX TMEXHONO2IU, CHPAMOBAHUX HA OOCHIOHNCEHHS
OUHAMIYHUX npoyecis, wo 6i00ysaromvcs 6 npoyeci pizauHa. Biosnaueno, wjo mamemamuuna mooenv npoyecy pi3aHHs NOBUHHA
0yoyeamucs 3 ypaxy8aHHAM 3AMKHYMOCMI NPYHCHOT MeXHOA02TuHOI 00poOHOT cucmemu i PYHKYIL 3ani3HI0I04020 apeymeHmy, AKull
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npedcmasnse o0bpobky no cnidy. Ilpu Oocuiddicenni npoyecy pi3anHs 6paxogylomvCsi YOmupu OCHOGHI cpynu gaxkmopis, ujo
BNAUBAIOMb HA 1020 MAameMamuyHe YAGIeHHA, A ONA BUSHAYEHHA Oiazpamu CMIKoOCmi SUKOPUCOSYIOMbCA MPU NiOX0O0U:
YACTMOMHULL AHANI3, AHAN3 KOPEHi8 XapaKmepUCmuiHo20 PIGHAHHA PyxXy cucmemu i yucenvrul memoo. Hailbinvw pe3yivmamueHum
BB8ANCAEMBCA  YUCETbHULL MemO0 3 BUKOPUCMAHHAM AMNAIMYOHO-YACTNOMHUX XAPAKMEPUCTIUK 3d 8IONOBIOHUM Kpumepiem
cmitikocmi.

Pesynomamu 0ocnidscenna. Pezynomamu meopemuynux 00CHONCEHb BUKOPUCHOBYIOMbCA HA NPAKMUYi y 6ueisaodi mexHonoziu
NACUBHO20 | AKMUBHO20 YCYHeHHs 8ibpayiil npu pizanui. Po3pobneno mexnonozito ycynenns eibpayiii npu mopyesomy pezepyeani
npu YRpasiinui 4acmomoro 06epmants WNUHOeIs 3a 2apMOHIYHUM 3aKoHOM. TIpedcmasnena npukiaona npocpama mMooeno8anHs.
npoyecy 05 USHAYEHHA NAPAMEmMPI8 3aKOHY YNPABNIHHA. [[lA aKMUEHO20 YNPAGLiHHA NPONOHYEMbCA HO8A MEXHON02iA, 3ACHO8AHA
Ha eukopucmanni npueody eepcmama 3 4I1Y 3 000amk060i0 3aMKHYMOIO CUCMEMOIO, WO 6HOCUMb 6 KAHAL YOPMOYMEOPIOIOH020
PVXYy 2apMOHIuUMULL CcucHan, amniimyoa i @asza AKo20 A8MOMAMUYHO NIOHANAWMOBYIOMbCS 3 BUKOPUCIAHHAM Al20pUmmy
NOKOOPOUHAMHO20 CHYCKY 30 KPUMEPIEM MIHIMYMY AMIIIMYOu CIMpymy 08USYHA.

Bucnoeku. Texnonozia ycymenns 6ibpayiii npu mopyesomy ¢ppe3epyéanHi YNPAGIiHHAM HACMOMOW O00epMAHHA WNUHOeTS 3d
2APMOHIYHUM 3AKOHOM O0OMENCYEMbCS WEUOKOOIEID Npugoody wnuxoens i 1oeo iHepyiuHumu xapaxmepucmuxamu. Cucmema
AKmusHo20 yCyHneHHs 6iOpayiii eukopucmosye cmanoapmuuii cepgonpusoo eepcmama 3 HI1V, 6 saxuii 66yoosanuii 000amroguii
3AMKHYMUL KOHMYP A8MOMAMUYHO20 ROULYKY AMAAIMYOU i hazu KOMREHCYIOU020 CUSHATLY YRPAGTIHHSL.

Knrouoesi cnosa: sibpayii, npoyec pizants, MamemamuyHa Mooeb, CIMIUKICmb npoyecy pi3anHs.

TexHoJ0ruu noaaBJICHUSA Bnﬁpaunﬁ IIPpHA p€3aHuU METAJLJIOB
1O. B. [lerpakos

Ilpoonemamuxa. Ilpoyecc pesanus ocyujecmeniemcs 8 3aMKHYmoul ynpyeou mexnHonro2uveckol odopabamuléaioweli cucmeme u
6cez0a conposodicoaemcs eubpayuamu. Bosnuxaiowue npu pesanuu subpayuu, 6 3a8UCUMOCMU OM AMNAUMYObI, MO2YM COBCEM
He3HAYUMeNbHO 6NUAMb HA Pe3yabmam 006pabomKu, a MO2ym Rpugecmu K Kamacmpo@uyeckol nomepe yCMOUYUBOCU 8Ce20
npoyecca. B niobom cayuae éce uccnedosamenu cX00Amcs HA MOM, 4O UMEHHO GUOpayuu AeiAemcs (Qakmopom, KOMopuli, 6
KOHeYHOM umoze, onpeoeiiaen npousso0UumensHoOCHb NPoYeccd pe3anus i Kavecmso 00pabomantol nogepxHoCmil.

Lenv uccnedoganusn. Lleavio nacmosweco UcCred08anus AGAEMCA paspadomKa HOGbIX MEXHON02ULl 8blOOpa napamempos
YAPAGNeHUsi CKOPOCMbIO pe3anus 0N NoO0aGleHus Gudpayuli NAcCUSHbIMU Memooamu, d makdlice YNpasneHus Hnpugooom
Gopmoobpazyrowezo dsudicenust Oisi NOOAGIEeHUsL BUOPAYULL AKMUBHBIMU MEMOOAMU.

Memoouka peanusayuu. [locmasnennas yeno docmuzaemcs nymem co30aHus HOGbIX MeXHON02Ull, HANPABNIEHHBIX HA UCCIe008aAHUe
OUHAMUYECKUX NPOYecco8, NPoUCXooauux 6 npoyecce pezanus. Ommeueno, ymo mamemamuieckas Mooenb Hpoyecca pe3aHust
O00NIJCHA ~ CIMPOUMBCA € VY4eMOM  3AMKHYMOCMU  YAPY20ll  MexXHoa02u4eckoli obpabamvleaioweli cucmemsvl U QYHKYuu
3anazovleaioweco  apeymenma, Komopulili npeocmagnsiem o6pabomky no caedy. Ilpu uccnedoeanuu npoyecca pesanus
VUUMBIEAIOMCA Yemblpe OCHOBHblE 2PYINbL PAKMOPO8, SIUAIOWUX HA €20 MameMamuieckoe npedcmasienue, a Ois onpeoeneHus
ouazpammbl YCMouuuOCmu UCHONL3YIOMCS Mpu NOOX00d: YACHOMHbLI AHANU3, AHANU3 KOPHEl XapaKmepucmu4eckoo ypasHeHus
ogudicenus cucmemvbl U qucieHnvii memoo. Haubonee pe3yibmamuHbiM cuumaemcs 4ucieHHwlll Memoo ¢ UCHONb308aAHUEM
amMnAUMyOHO-4aACMOMHBIX XAPAKMEPUCMUK NO COOMBEMCMBYIOUeMy KpUmMepuio YCmouiugoCcmu.

Pesynomamel uccneoosanus. Pe3yibmamosl meopemuueckux uccie008aHuti UCNONL3VIOMCA HA NPAKMuKe 6 8uoe mexHon02ull
NACCUBHO20 U AKMUBHO20 NOOAasIeHUs subpayutl npu pesanuu. Paspabomana mexnonozus nooasienus eubpayutli npu mopyesom
@peseposanuu npu ynpaeienuu HACMOMOU BpaWeHUs WHUHOeNs NO 2apMoHudeckomy 3axony. IIpedcmaenena npuxiaonas
npoepamma Mooenuposanus npoyecca Ons onpeodeneHus Napamempos 3aKona ynpaeienus. Jns  axmuenoeo ynpaeneHusl
npeonazaemcs HO8As MEXHONO02US, OCHOBAMHAS HA UCNOb306aHUU npusoda cmauka c¢ HIIY ¢ Oonornumensnoll 3aMKHymou
cucmemotl, 6HocAwel 6 Kanal Qopmoobpazyiouezo OBUMCEHUS 2APMOHUYHLIIL CUSHAN, aMHIAumyoa u @aza KOmopozo
agmomamuyecku noOCMpausaromcs. ¢ UCHONb30GAHUEM AN2OPUMMA NOKOOPOUHAMHO20 CHYCKA NO  KPUMepuio MUHUMYMA
amnaumyOobl moka osu2amers.

Bubi6oowt. Texnonozus nooasnenus subpayuili npu mopyesom @pe3eposanuu ynpagienuem 4acmomotl 8pauwjeHus WnuHoels no
2aPMOHUYECKOMY 3aKOHY O2panuyugaemcs Ovicmpooelicmeuem npueooa WNUHOENA U e20 UHEPYUOHHLIMU XApaKmepucmukamu.
Cucmema akmugno20 nooasieHuss subpayull UCNOIb3Yem CmMaHoapmuulli cepgonpueod cmanxa c¢ YI1Y, 6 xomopuiii écmpoen
O00NOTHUMENbHBIL 3AMKHYNbI KOHMYP AGMOMAMUYECKO20 NOUCKA AMAIUMYObL U (Pa3bl KOMNEHCUPYIOWe20 CUSHAAA YNPABIeHUs.
Knrouegwie cnosa: sudbpayuu, npoyecc peanus, MamemMamuieckas Mooes, YCmouuugoCns npoyecca pe3anus.
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