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Warping of basic parts, as well as distortion of rotational
parts (shafts, spindles, gears, etc.), is one of the main rea-
sons for the premature loss of required mutual movement
accuracy of various machine components in space. In some
cases, this may lead to the complete loss of performance for
machines and instruments [1-3]. Changes in the shape and
size of the cast or welded parts are caused by residual internal
mechanical stresses resulting in the process of their uneven
cooling, as well as during mechanical processing.

To reduce residual stresses and stabilize the geometric
dimensions of the cast or welded parts, thermal deformation
and mechanical deformation methods are used.

Common methods for reducing residual stresses are
based on the thermal and force factors affecting the metal.

Depending on the prevailing factor, there are two main types
of methods [4] (Fig. 1):

— when the part is not subjected to significant force ef-
fects (natural aging, annealing);

— when a special type of force is created that performs
mechanical stabilization treatment (vibratory stress relief,
static loading).

The method of dynamic loading or the method of vibra-
tory stress relief is the impact on the part by means of mecha-
nical pulses generated according to a certain law [4, 5]. It
differs from the static load in that the loading and unloading
of the part take place cyclically, and the loaded state time is
relatively short. Vibratory stress relief causes a superposition
of stresses, during which local plastic deformations of the
metal occur for a certain period of time. During this, the
residual stresses caused by the deformation of the crystal




lattice, are reduced due to the metal imparting energy pulse
in the process of vibration [5].

Stress relief methods for

metal parts
Vibrator.y Static Thermal Anneal Natural
stress relief loading shock aging
~ %/—/

Stress relief of a deformed
metal part with no force
effect

Forced plastic deformation
of parts by means of force
action

Fig. 1. Stress relief methods classification

Unlike most of residual stress relief methods, vibratory
stress relief is undemanding to mass, shape and dimensions
of the part. Therefore, it is one of the most versatile ways
to reduce residual stresses in cast and welded parts. Energy
consumption during vibratory stress relief is an order of
magnitude lower than during heat treatment, therefore, im-
proving methods of its implementation is an actual scientific
and technical problem.

2. Literature review and problem statement

Traditionally, vibration processing to remove residual
stresses is carried out at the resonant frequencies of the part
or at frequencies close to the resonant ones, if processing at re-
sonant frequencies is impossible for any technical reasons [6].

The main advantage of vibratory stress relief at the re-
sonant frequencies of a part against processing at frequencies
other than resonant is the low energy consumption per unit
mass. This approach makes it possible to remove internal
stresses in large and massive parts [7].

From the standpoint of a systems approach, the instal-
lation for vibratory stress relief can be represented as an
electromechanical system, which implements an algorithm
of the required processing method. In this case, the electro-
mechanical system can be represented as three subsystems:
control, executive and interface. The executive subsystem
has a structure, allowing it to perform the reaction, formed
by the control subsystem and to process the part applying
mechanical pulses of a given shape and duration, performing
on the resonant frequency of the part [8].

Electromechanical systems with unbalanced mass (Fig. 2),
consisting of a platform or vibration-insulating supports 2
used to install a part 1; vibration exciter 3, attached to a part
with clamps or bolts are widely used. Such a system includes
a control panel with recording devices 4; a vibration sensor 5
attached to the part for the frequency and amplitude of oscil-
lations feedback. For example, in [9] such a system is used for
vibratory stress relief of welds.

A vibration block consisting of a DC motor and several
unbalanced masses, mounted on its shaft, acts as the execu-
tive body [10].

Significant disadvantages of vibratory stress relief me-
thod, implemented by an electromechanical system with un-
balanced mass are:

1. The laborious and time-consuming process of searching
for resonant frequencies, due to the necessity of DC motors
rotational frequency change with a small step.

2. The need to use expensive high-speed DC motors.

3. The operating point shift on the non-rigid motors me-
chanical characteristic when entering or leaving the resonant
mode, which requires the feedback in the control system.

4. The change in motor current used to control the vi-
bratory stress relief process depends on a large number of
permanent and variable losses in the vibration system. The
part installation method, the vibration block attachment
quality and other factors unrelated to the process can also
affect currents value and change. In addition, the percentage
change in power consumption during the process is small and
comparable to the measurement error.

5. The method is limited by the vibration system capa-
bilities that implements it: processing is carried out simul-
taneously at only one resonant frequency, which cannot ex-
ceed 200 Hz.

6. Processing is carried out sequentially only at two or
three frequencies, whereas complex-shaped parts have much
more significant resonant frequencies.

7. Increased time and energy costs due to processing se-
quentially at each resonant frequency.

8. The shape of mechanical pulses acting on the part is de-
termined by the unbalanced mass design and can’t be changed
dynamically during processing. To obtain pulses of the re-
quired shape, it is necessary to produce a special unbalanced
mass, which requires additional material costs.

9. The method does not allow realizing a polyharmonic
disturbing force for simultaneous processing at several reso-
nant frequencies.

10. Low level of automation: often the operator regulates
the motor speed controller manually, records the resonant
points and then sets the desired processing frequency.
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Fig. 2. Typical electromechanical vibration system
with unbalanced mass: 1 — part; 2 — platform or vibration-
insulating supports; 3 — vibration exciter; 4 — control panel;
5 — vibration sensor

Metal parts of low rigidity may be subjected to vibratory
stress relief at nonresonant frequencies. However, this me-
thod of vibratory stress relief is technologically inefficient
and is used only in limited cases [11].

The most progressive from the energy consumption point
of view are vibratory stress relief methods with simultaneous
multiple resonant frequencies vibration exciting. Traditio-
nally, as in the method implemented in [8], processing is



carried out simultaneously at only one resonant frequency,
and in [9] — at two.

In general, studies [5—7] and works [8—10] did not carry
out investigation related to the assessment of unproductive
energy costs, which inevitably arise with a constant shape
and pulse duty cycle during processing.

Thus, it is advisable to conduct a study on the energy
efficiency of mechanical action during vibratory stress re-
lief of metal parts. This, ultimately, will allow solving the
problem of improving the methods of metal parts vibratory
stress relief.

3. The aim and objectives of the study

The aim of this study is to define an effective law of
mechanical action during the vibratory stress relief of metal
parts, ensuring a reduction in energy consumption, a reduc-
tion in processing time, and an increase in the quality of part
dimensions stabilization. To achieve this goal, it is necessary
to solve the following tasks:

—to investigate ways of mechanical action, providing
simultaneous vibration treatment in the frequency band con-
taining resonant frequencies of the metal part;

—to carry out an energy losses estimation during the
vibratory stress relief implementation using polyharmonic
mechanical action in a variable frequency band,;

— to select the executive body of the electromechanical
system performing vibratory stress relief.

4. Investigation of methods of mechanical action,
providing simultaneous vibration treatment
in the frequency band

Often the processed parts have several resonant frequen-
cies. In addition, in the process of vibratory stress relief, the
stiffness coefficient decreases, and therefore the natural fre-
quencies of the part move to the low range. Therefore, during
vibratory stress relief it is constantly necessary to set the va-
lues of natural frequencies. Traditionally, vibration processing
is carried out at all frequencies one by one and this process is
quite time-consuming and has a low energy efficiency.

Let us consider vibratory stress relief processing of a me-
tal part with a harmonic mechanical signal of the type:

P(t)=DPe"", €y

where Py and @ — amplitude and angular frequency of pro-
cessing; i — imaginary unit.

Consider the mechanical system of the vibratory stress
relief installation as linear.

For the linear mechanical system with one degree of free-
dom, the equation of motion with harmonic action (1) can be
represented as:

d’z _ dz ot
mﬁ+ﬁa+kzzpoe y (2)

where m — system’s mass; B — damping factor; k — stiffness
factor; z — part displacement.

If £> ¢4, the solution of equation (2) can be represented as:

2(t)= Py, 3)

where ¢/, — time of the system’s free oscillations damping;
Pg — vibration exposure amplitude on the part; oo — phase
shift between force and displacement.

The exposure amplitude depends on the frequency de-
tuning factor:

Py =|a(t)] = ——2—— (4)

,/(1—\/2)2 +48%V? ,

where v=m/wy — frequency detuning factor; wy=vk/m —
system’s natural angular frequency; z.,=Py/k — system’s
static displacement due to the force Py; 8=B/2m — viscous
damping factor.

Using (4) the dynamic force factor is determined as:

b=t L 5)

Zom ,/(1—\/2)2 +48%V? .

If v=1, i.e. at resonance, the dynamic force factor can
take values from 0.5 to 5 and more, depending on the dam-
ping factor. Therefore, the vibratory stress relief process is
carried out at frequencies equal to the resonant ones under
harmonic exposure.

Often, the processed parts have several resonant frequen-
cies, in addition, in the process of vibratory stress relief, the
stiffness factor decreases, and therefore the part’s natural
frequencies wy; move to low frequencies. Therefore, in the
process of a vibratory stress relief it is constantly necessary
to determine the natural frequencies’ values. Traditionally,
vibratory stress relief is carried out at all frequencies sequen-
tially and this process is quite time-consuming and techni-
cally difficult to implement. Therefore, there is a problem of
vibratory stress relief simultaneously at all frequencies in the
frequency range:

A(D = ('OOmax - (‘OOmin ) (6)

where ®p.x — the maximum possible part’s natural frequen-
cy before vibratory stress relief; wopi, — the minimum part’s
natural frequency after vibratory stress relief.

Thus, the mechanical pulses exposure is a polyharmonic
disturbing force. If the oscillatory system is linear, then the
total effect of the action of the polyharmonic perturbing
force represented by the Fourier series (7) will be expressed
as the sum of the partial effects from the action of each of the
harmonics:

P(t)=a,+ i(an cos(w,t)+b, sin(wnt)), @)

n=1

where ®,=n® — harmonics frequency; ®=2n/T — the first
harmonics angular frequency.

In the general case, the energy-optimal amplitude spec-
trum with simultaneous vibratory stress relief processing at all
«floating» natural frequencies of a part can be represented as:

S()’O‘)Omin sos ('OOmaxy

S(m):{ (8)

O’O‘)Omax << O‘)Omin’

where Sy — amplitude of all harmonics in the frequency do-
main A®.

The graph of this continuous in the interval from oy,
t0 Womax Spectrum, is shown in Fig. 3.
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Fig. 3. Energy-efficiency optimal amplitude spectrum S(w)

To obtain an exposure function P(¢) having a spec-
trum (8), it is necessary to apply the inverse Fourier trans-
form (9) and relations (10) between trigonometric functions
and the exponential function:

17 +oo
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) n! m_J;f(‘c)cosw( 7)dt 9)
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The inverse Fourier transform can be quite simply rep-
resented with the use of computing. To implement this
function, (8) illustrating the energy-optimal amplitude spec-
trum (Fig. 3) needs to be converted. The conversion is
performed using the Heaviside single function ®(¢), which
has the Fourier transform n-8(w)—i/®, where 8(w) — is the
Dirac function. ®(¢) takes the value 1 at £>0 and the value 0
at t<0. The energetically optimal amplitude spectrum can be
realized using the Heaviside function and the shift theorem.

The resulting dependence takes the form (11), conve-
nient for computing:
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After applying the inverse Fourier transform (9) in sym-
bolic form, the following expression is obtained:

i _e"”om..xf + e’“‘)o..mff +e
T t

P(t):%- (12)

Using (10), dependence (12) can be transformed to:

50 . Sin ((D()maxt) - Sin ((D()mint)

P(t)=="

13
. p (13)
At point =0 function (13) has a discontinuity and must
be extended as follows:

lin Sin(0g,t) ; sin(g,;,¢) o, -

S
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The final expression for the force providing the optimal
amplitude spectrum S(w) will have the form:

~ O iy )’ ift=0,

P(t)= (14)

i . sin ((Donmxt) —sin (wOmint)
T ¢

,ift>0.

The mechanical action pulse of type (14) can be imple-
mented using an electrodynamical linear motor of recipro-
cating motion.

It should be noted that the closer the values wgn,y and
Womin are to each other the more difficult the polyharmonic
mechanical action that the motor needs to perform, therefore,
a more complex and functional control system is needed.

Without reducing the quality of vibratory stress relief,
the law P(¢) can be simplified by accepting womi,=0. In this
case, the processing will continue to be carried out at all the
resonant frequencies and the process will increase slightly in
time, but the control algorithms will be significantly simpli-
fied. To illustrate this idea, below are the dependencies P(t)
for 0omin=80 5!, omax=100 s~! and the value S(®)=4,000 N
(Fig. 4) and the same dependence, but for ®min=0s"1,
®gmax= 100 s~ and the value S(®)=4,000 N (Fig. 5).
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Fig. 4. P(t) plot for @omin=80 5", Womax=100 s~
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Fig. 5. P(t) plot for ®omin=0s~", @omax=100s~"

In general, the graph of the action function P(¢), having
a spectrum (11) for @ynix=0, is shown in Fig. 6.

Based on Fig. 6, we can conclude that the proposed ener-
gy-efficient law of mechanical action on metal parts during
vibratory stress relief involves the use of a narrowed band of
resonant frequencies. As a result, the control system and the
corresponding executive body (vibration motor) should be
able to form a polyharmonic force action on the part. Let us
perform an assessment of energy losses in the implementation
of such processing.
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Fig. 6. P(t) plot, having an optimal spectrum for wgmi,=0,

represented in the general form

5. Energy losses evaluation for the implementation
of vibratory stress relief process by polyharmonic
mechanical action

Let us estimate the energy losses when applying the
method of @y, bias to zero. To simplify the calculation, let
us assume that the efficiency of the motor is constant, that is
AA=AW — the change in the work of the force is equal to the
change in the energy expended on this change. Elementary
work dA in rectangular Cartesian coordinates is determined
by the formula:

8A=F.dx+F,dy+Fdz=(F0, +F9,+F9,)d,  (15)
where x, y, z — coordinates of the force application point;
F,, F,, F, — projections of force vector on coordinate axes;
By, Oy, 9, — projections of velocity vector on coordinate axes.

The obtained theoretical dependence P(¢) is universal for
vibratory stress relief processing of any part with any reso-
nant frequencies.

In this case, the force acts only along one of the axes, and
the velocity is also directed along the same axis. Therefore,
(15) takes the form

8A=F.dz. (16)

In the simplest case, in the absence of damping and elastic
elements, (2) takes the form:

d’z
- = P r). 17
m—z=P(t) (7
Double integrated (17) gives the dependence:
S (o w
2(t)==2 | £ Sy, )+ -cos(®,..¢) |-
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S (. o
— =t Si(0y, )+ -cos(®@,,.¢) |- (18)
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Let us define the differential of the obtained function:

S . .
dz= ni;;z ' (Sl ((’OOmaxt) = Si (w()mi"t))dt'

(19)

Next, using the formula (16), let us find the relation-
ship (20), which is necessary to estimate the energy con-
sumption reduction for vibratory stress relief when the fre-

quency range is narrowed, which simplifies the
form of vibration pulses:

52 Sin , maxt _Sin ® mint
)= S Sl0mt) o),

X (8i(@ ) = Si(0,,8))d =

=%I(P(t)jP(t)dt)dt.

(20)

Integral (20) has no analytical solution. It can
be calculated using numerical methods for speci-
fic data. Take for example two cases. In the first
case Wynin=805"", Wymax=100s"1, S(0)=4,000 N,
the processed part mass is m=50 kg, the pulse du-
ration — 1 second (Fig. 4). Value of A=19.072 J.

In the second case 0gpin=0, ®omax=100 571, S(0)=4.000 N,
the processed part mass is m=>50 kg, the pulse duration —
1 second (Fig. 5). Value of A=7.904-10* J. Thus, the frequen-
cy range narrowing by 5 times leads to a decrease in energy
costs by more than 4,000 times.

This leads to the conclusion that when determining
the frequency spectrum of vibration, it is necessary to take
into account the energy costs in the frequency range from 0
to Womin, since the wrong choice of frequency range can lead
to significant energy losses.

A graph of A(@ypin) for @gma=100s"", S(®)=4,000 N,
the processed part mass is m =10 kg, the pulse duration is
1 s and when processed by a pulse with a frequency spectrum
from 0 to ypa=100 s~ is shown in Fig. 7.
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Fig. 7. Work dependency on mgmin for Momax=100 s,
S(0)=4,000 N, m=10 kg, pulse duration—1s
(0omin is changed from 0 to 15s77)

The main energy spectrum (Fig.7) is in the frequency
range Aw=0-10s"!, therefore the limiting frequency must
be at least 10 s™! from zero, otherwise the energy losses will
increase significantly.

The work expended on vibratory stress relief proces-
sing (Fig.7,8) at initial frequencies close to zero is two
orders of magnitude higher than the work that needs to
be done when processing with initial frequencies ranging
from 0 by 5-10 Hz.

This statement is well illustrated by the plot shown in
Fig. 9, which is built in relative units. Here, on the abscissa
axis is the ratio of the minimum circular frequency (variable
value) to the maximum (constant value — this ratio is a kind
of processing frequency range). The ordinate axis is the



absolute value — work in relation to its maximum value,
taken at zero value of the lower limit of the frequency range.
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Fig. 8. Work dependency on @omin for Momax=100s~1,
S(w)=4,000 N, m=10 kg, pulse duration — 1s
(0omin is changed from 15 to 100 s™")
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Fig. 9. Work dependency on ®gmin, in relative units,
pulse duration — 1s

The plot in Fig. 9 is generalizing and valid for any nume-
rical values of the frequency range over a time interval with
a pulse duration of 1s.

Thus, when choosing the optimal mechanical action of
vibratory stress relief of metal parts, there is a contradiction
between the width of the frequency range and the energy
consumption for processing.

The use of a wide frequency range has the following ad-
vantages:

—reduces the time of vibratory stress relief processing
and increases its performance due to the simultaneous expo-
sure on all the resonant frequencies of the part;

— there is no need to monitor the displacement of each of
the resonant frequencies in the low range, since the original
frequency band covers the entire possible range of resonant
frequencies;

— allows simplifying the control system through the use
of a simple algorithm.

However, all the advantages of wide frequency range pro-
cessing fade in assessing the amount of unproductive energy
costs that occur when processing at frequencies other than
resonant ones.

6. Selection of the executive body
for vibratory stress relief

Asynchronous motors and DC motors widely used in
industry do not allow polyharmonic force action. Therefore,

when creating an electromechanical system, linear recipro-
cating electric motors should be used for the technical imple-
mentation of the proposed law of mechanical action.

The main advantage of such motors is their wide func-
tionality, since their principle of operation is based on the
interaction of the current flowing through a moving conduc-
tor with a constant magnetic field. In this case, the force ge-
nerated by the exciter is proportional to the current supplied
to the moving conductor, and completely repeats it in shape.

There are the following types of reciprocating motion
electrodynamic linear motors:

— with a single-rod magnetic core;

— with a double magnetic core;

— with a double gap in the magnetic core;

— with a double-rod magnetic core.

The disadvantage of vibrators with a single-rod magnetic
circuit is a strong magnetic field of scattering, so there is
a need to use special screens that weaken its action. It is very
difficult to create a powerful motor design using a single-rod
scheme due to the excessively large diameter of the moving
coil. In addition, increasing the size of the coil reduces the
rigidity of the structure, which is an undesirable factor from
a technological point of view. The disadvantages of motors
with a dual magnetic core and with a double gap in the
magnetic core include the presence of a magnetic field in the
plane of the table. The main advantage of a linear motor with
a double-core magnetic circuit is the absence of the need for
shielding the processed parts from magnetic flux fields.

The diagram of reciprocating motion electrodynamic
linear motor, proposed for the implementation of vibratory
stress relief, is shown in Fig. 10. This motor is made accor-
ding to a double-rod scheme, its design is technological, con-
venient in operation and has good maintainability.

1 2

DN TI
i

o

o

3/ \a

Vil

6 7

Fig. 10. Diagram of reciprocating motion
electrodynamic linear motor: 1 — moving coil;
2 — magnetic flange; 3 — bias coil; 4 — magnetic housing;
5 — control coil; 6 — screen; 7 — rod

The electromechanical system with the proposed design
motor will reduce the energy consumption for the implemen-
tation of vibratory stress relief. However, the reciprocating
motion electrodynamic linear motors are not commercially
produced by the industry and are manufactured only by an
individual order. This can create certain difficulties in the
implementation of the proposed solutions in production.



7. Discussion of the research results
and recommendations for their implementation

When a part is exposed to mechanical pulses with a fre-
quency spectrum containing both resonant and nonresonant
part’s frequencies, nonresonant harmonics are not productive
for the process of relieving internal stresses. Vibratory stress
relief is only effective at resonant frequencies.

The energy efficiency of the mechanical action by the law
determined in this study during vibratory stress relief of me-
tal parts is explained by the narrowing of the low-frequency
band to the minimum necessary.

The proposed solution, in contrast to the traditional
vibratory stress relief techniques carried out by unbalance
electromechanical systems, has several advantages. Among
them: elimination of time-consuming and labor-consuming
process of finding resonant frequencies, reducing processing
time and improving its performance.

The proposed law of formation of force action on a part
allows providing a polyharmonic disturbing force for simul-
taneous processing at several resonant frequencies. Due to
this, all the advantages of signal processing with a continuous
band of frequencies remain.

The typical limitation of the proposed law of mechanical
action during vibratory stress relief is the fact that it requires
a special design for its executive body technical implementa-
tion (vibration exciter). A linear reciprocating electric motor,
the principle of operation of which is based on the interaction
of a current flowing through a moving conductor with a con-
stant magnetic field, can act as such an executive body. The
force created by the exciter is proportional to the current
supplied to the moving conductor, and completely repeats it
in shape. Thus, having formed the necessary polyharmonic
current time dependence, one can obtain the desired law of
the vibratory stress relief process.

As a disadvantage of the proposed solution, the need to
periodically control the magnitude of the range Aw of the
resonant frequencies of the part can be mentioned. This
leads to the need to use a microcontroller or microprocessor
control system and the corresponding sensors. However, the
determination of Aw can be carried out without stopping the
processing and does not require high accuracy. In the future

perspective, for parts of certain classes, mathematical models
can be created to reduce the range of resonant frequencies,
which means no need to use sensors.

With the technical implementation of the proposed
solution, difficulties may arise with the vibration exciter and
the electric drive control system coupling. This is due to the
fact that most modern control systems for electric drives
do not have standard software for polyharmonic control
actions.

The developed electromechanical system can be applied
in mechanical instrument engineering and production for
vibratory stress relief of both large and massive or small
metal parts in order to stabilize their geometric dimensions
and reduce residual stresses. The application of the proposed
method of vibratory stress relief allows, while reducing the
number of frequencies in the spectrum of a vibration signal,
to reduce significantly energy consumption.

Further research prospects are related to the design and
manufacture of a linear reciprocating motor. The use of such
motor as an executive body in the electromechanical system
of a laboratory test bench will make it possible to conduct
experimental studies and confirm the energy efficiency of the
proposed solutions.

8. Conclusions

1. The energy-efficient law of mechanical action during
vibratory stress relief of metal parts was determined as
a result of the performed research. Its feature is the narrowing
of the low-frequency band in the process of processing to the
minimum necessary.

2. As a result of the simulation, it was found that a nar-
rowing of the frequency range by 5 times leads to a decrease
in energy costs by more than 4,000 times. However, in prac-
tice, reducing energy costs largely depends on the shape and
dimensions of the processed part.

3. A reciprocating motion electrodynamic linear motor
was chosen as the executive body of the electromechanical
system that performs vibratory stress relief. The double-rod
design of such motor is constructively technological, conve-
nient in operation and has good maintainability.
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IIpedcmaenena nosa mexnonozis i npuxaaona npozpama 0 aemo-
mamu3zauii npoepamyseanis onepauii pesepyseanns npu eipmyaioHomy
oaszyeanns sazomoexu na cmoai eéepcmama 3 4IIY, xoau mouna ycma-
HO6KA 3A20MO06KU 3a KOOPOUHAMHUM OCAMU 8epCmama YycKiaoHeHd.
Bupiwenns marxoi Hayxko6o-mexniunoi npodiemu 00360711€ UKOHYBAMU
Konmypne (pesepysanns demasnei npu ix 008iIbHOMY POIMAULYBEAHHI
Ha cmoai gepcmama 3 UIIY 3 2apanmoganum 6UpieHI08AHHAM NPUNYCKY
3a mpaexmopieto popmoymeopenus.

Memoouixa nepedbavac nocioosHe UKOHAHHA MPLOX emanie 3 napa-
JEIbHUM BUKOPUCMAHHAM CME0peHoi npuxkaaonoi npozpamu. Ha nep-
woMYy emani 20MyemvCsa eNeKMPOHHA KOnis KpecieHns oemani, aAKka
Micmumob eudijeni pi3HUMU KOJbOpaAMU KOHMYP Oemani i 3a20moeKu.
Taxum wunom, npu ckanyeanui sadenenyemvcsa asmMoMamuHe cmeo-
penns yupposux 060MipHuUx Macusie zeomempuunux oopasie, Heodxio-
Hux 0aa eupiwenns 3agdanns. Ha opyeomy emani 6 cmeopeny npozpamy
8600AMbC BUMIPAHI WYNOM HA 6epcmami KOOPOUHAMU MPLOX MOUOK
3azomoexu. Ha niocmasei é6edenux danux 6 cmeopetniii npozpami eupi-
WYEMbCS 3a60aHHS BUPIBHI08AHH npunycky memodom laycca-3etidens
npu euxopucmanni pozmipnocmi Xaycoopga. Taxuii nioxio doseonse
ompumamu KinoKicuy ouinky nodibnocmi nonizonanviux 06’ckmis, wo
HeoOXiOHo 0na eupimenns 3a0a4vi MIHIMAKCY POIMAUMYBAHHI NPUNYC-
KYy. 3adaua noaseae y susnaueHHi Kopexuyii ynpasasiionoi npozpamu 3a
0éoma NiHIHUMU KOOpOUHAMAMU i 0OHIEIO KYMOBOIO HABKOJIO UeHMPA
Mmac 3azomoexku. Ha mpemvomy emani 6usnaueni 6 npozpami eeauvunu
Kopexuii eeodamoca y cmivxy YIIY eepcmama i nouunaemocs 06po6-
JleHHs KoHmypy.

3anpononoeana memoouxa i cmeopena npuxaaona npozpama oyau
anpob6osani npu o6pobaenni xoumypy oemani na Qpesepromy eep-
cmami VF-3 HAAS. Ilpaxmuuna anpobauis nokazaaa epexmuenicmo
Memooduxu, axa nonseae 6 3abesnevenni Qhpesepyeanis 2apanmosano
0e3 nepesanmaicenns iHcmpymenmy i CKOpoOueHH 4acy odOpodKu npu
sipmyanvHomy 6asyeanns 3a20moexu

Kniouosi crosa: sipmyanvie 6azysanns, ppezepyeanus konmypy Ha
eepcmami 3 UIIY, niozomosxa ynpasnsaiouoi npoepamu
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1. Introduction

It is known that the program for processing any surface of
a part on a CNC machine must be tied to a specific position of
the workpiece in the machining zone [1]. Typically, this prob-
lem is solved in two ways: either the workpiece is installed in
a device that is pre-oriented relative to the coordinate axes
of the machine, or the workpiece is installed directly on the

machine table with the subsequent alignment of its actual
position relative to the axis of the machine.

To implement the first method, it is necessary to ensure
the presence of base surfaces of the workpiece, by which it
is installed in the device, and when such conditions are met,
binding the control program to the actual position of the
workpiece on the machine does not cause difficulties [2].
When it is necessary to perform similar operations for large




