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This work is devoted to the process of formalizing the search for a rational version of the layout solution for mechatronic
disassembly systems. Based on the developed models for disassembling products and the kinematics of industrial robots, it
became possible to select a robot with an appropriate degree of mobility in an automated mode. The next step in the selec-
tion of industrial robots is to analyze the feasibility of the task, taking into account the accuracy, weight and dimensions
of the disassembled elements. For disassembling products, those robots are selected whose technical characteristics allow
disassembly taking into account the characteristics in question. The robots are ranked based on their value. Robots with
the lowest cost have the first rank. If the robot in question does not meet the selection criteria or the structure of the pro-
duction site does not coincide with the structure of the disassembly technological scheme, then a robot with a large rank is
selected and the analysis of production manufacturability is performed again.

From the point of view of disassembly technology, a product is a set of types of connections of its parts. The process
of transformation of the type of connection during operation is influenced by a number of factors: — operation time; — operat-
ing conditions; — the degree of residual impact on the environment.

The developed technological models of geometric and kinematic movements of products and executive bodies
of robots adequately describe the location of the disassembled parts in space and their movements during disassem-
bly. The classification of industrial robots on the basis of their structural and kinematic characteristics makes it possible
to select them, taking into account the necessary kinematics and accuracy when disassembling joints, the robot’s
carrying capacity and the ability to work with objects of certain dimensions. The main idea of the concept presented in
the work is to develop a methodology for a systematic approach to the design of highly efficient technological systems
used in the reconstruction, modernization and restoration of the operability of technical means and objects of material
production in mechanical engineering.

Key words: technological system, simulation, structural synthesizing, mechatronic systems, selective disassembly,
kinematic movements, robots, optimization.

DOI https://doi.org/10.32845/msnau.2021.3 .4

BicHuk CymcbKoro HauioHanbHOro arpapHoro yHiBepcureTty

24

Cepist «<MexaHisaLjig Ta aBTomaTi3aLjis BUpoGHU4YMX npoLieciy, Bunyck 3 (45), 2021



Introduction

Analysis of modern technologies for the repair of equipment
shows a significant difference in the level of technological
equipment and technologies that are used in industrial
and repair enterprises. At the stage of repair, the complexity
of solving problems is high due to the fact that the path to
the place of the defect is original. This is one of the restrictions on
the introduction of mechatronic systems into repair production.
Therefore, the automation of the process of disassembling
critical products is an urgent task.

Formulation of the problem

Among the whole variety of types of technological
equipment, such systems can be distinguished into
a separate group, which are subject to increased
requirements for the safety of operation, maintenance
and repair as a result of the specific features of their design
and functional purpose. Examples of such equipment are
high-power gas turbine engines, special equipment, nuclear
power engines, including special-purpose vehicles, etc.

At the stage of reengineering of such products, that is,
restoration of their performance, repair and modernization,
it becomes necessary to disassemble the failed part
(Konoplianchenko et al., 2017, c. 27; Konoplianchenko
et al., 2017, c. 21). It is known that complete disassembly
of equipment during repair or modernization is one
of the undesirable operations, since even with qualified
savings disassembly, the connection of worn-in parts
and normal tension in grooves with fixed landings are
disrupted (Tarelnyk et al., 2015). Some of the parts are
damaged during disassembly (tides, quotes, flanges break,
the edges of bolts and nuts are knocked off, cotter pins, rivets,
etc.). Units and parts that do not require repair are generally
not recommended to be removed from the equipment due to
a possible decrease in the performance of the machines as
a whole. Therefore, the issue of optimizing the access path
to a failed unit or a worn-out part is relevant.

Analysis of major achievements and publications

When formalizing the solution to the problem
of determining the sequence of disassembling a product,
it is necessary to develop its mathematical model, select
an optimization criterion, develop a system of indicators
that limit the enumeration of a set of options, develop
a method for solving the problem, present it mathematically,
algorithmically and programmatically.

Sometimes in production practice, when determining
the sequence of disassembly, a technological scheme
for assembling a product is used. Most of the work is
performed on the basis of the experience and intuition
of the technologist.

The  technological scheme  for  assembling
a product is multivariate, depending on a number of factors
and the optimization criteria used (Konoplyanchenko et
al., 2002). Then the disassembly process will be directed
in the same way. However, the conditions for disassembly
and then assembly at the repair plant and the manufacturer
of the product can differ significantly. The problem is
not only in the availability of the necessary tools for
technological equipment, but also in the cost of individual

parts and assembly units, the likelihood of a defect-free
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disassembly of assembly joints, the qualifications of repair
personnel, the cost of assembly operations to ensure
the specified accuracy, tightness, etc. Therefore, the correct
choice of approach to assembly an element or a failed
part will significantly affect the operability of the repaired
equipment and, accordingly, the cost of the technological
process of repair.

In foreign literature, when formalizing the process
of partial disassembly of products, the method of Gaussian
hemispheres is used (Gupta S. M. & McLean C. R., 1996).
The Gaussian sphere displays the permissible directions
of the movement vectors of the part of the product in free
space. Since the surfaces of the parts are conjugated in
assembly units, inreality they use nota sphere buta Gaussian
hemisphere (Fig. 1, a), which reflects the possible directions
of movement of the part during disassembly along the mating
surface. Applying the techniques of Boolean algebra
and mathematical logic, the problem of finding the directions
of the product disassembly vectors is formalized with
the help of Gaussian hemispheres. (Fig. 1, b).

L

M, M M, 22

Fig. 1. Simulation of the product
disassembly process

Figure 1,c shows the procedure for checking
the separation of the compressor front bearing strut, where
P1 — P9 are normal vectors connected surfaces for the front
bearing support, points B, E, F, C, D, G and A are the points
of intersection between these normal vectors and a sphere
with a unit radius. Since there is no hemisphere that can
accommodate all the points, the A-pillar support bearing
cannot be disassembled in this state.
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Fig. 2. Graph of the planned sequence of dismantling a steam turbine for a virtual service system

To date, a number of models and algorithms are known
that are used to generate assembly and disassembly
sequences of a product (H.C. Yi et al., 2003). Widespread
use of disassembly and assembly sequences to formalize
the generation has led to their representation in the form
of AND-OR-graphs, connection graphs and Petri nets (NP)
(Lakos C.A., 1995). Infig. 2 shows a simulation of the sequence
of disassembling a steam turbine in a service system with
elements of virtual reality (H. Zhu T. & Cong L., 2014).

The analysis of these works showed that the problem
belongs to the class of NP-heavy, and, in fact, its solution is
reduced to a complete enumeration or the use of the branch
and bound method. Thus, it can be concluded that
the existing analytical methods for generating assembly
and disassembly sequences are of low efficiency.

A method called “Wave Propagation” has been widely
used to formalize the generation of disassembly sequences,
the essence of which is to determine the sequence
of partial disassembly, minimized by the number of elements
separated from the product, for specific operating conditions
of the equipment (Gadh R. & Srinivasan H., 2000; Beasley
D. & Martin R.R., 1993). Using this approach, two tasks
are solved: — building a disassembly wave to determine
the topology of access to the part, which needs to be
disassembled; — determination of points of intersection
of disassembly waves to form a variety of options for
the disassembly sequence of the product. To implement
a variety of options for solving the problem of disassembling
a product, it is necessary to create an automated method
for the synthesis of rational operating complexes capable
of performing this task.

Research methodology

This work is devoted to the process of formalizing
the search for a rational version of the layout solution for
mechatronic disassembly systems.

To automate the synthesis process of a rational
version of the structure, mathematical models of geometric

and kinematic displacements of assembly elements
and actuators of robotic assembly equipment were derived
(Konoplianchenko et al., 2020, ¢.186; Konoplianchenko et
al., 2020, ¢.125).

In order to describe mathematical models, we have
introduced the following conventions for elements and events
of the assembly process: a — covering part (sleeve);
b — male part (shaft).

Restrictions: — part a is stationary, fixed in the device; —
part b is positioned relative to part a by the executive bodies
of the assembly equipment.

The displacement diagram illustrating the mathematical
models is shown in Fig. 3.

z
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Fig. 3. Scheme of geometric displacements
of assembly elements.
According to fig. The 3 main events in the build process are:

Al,AJ A — linear movement of the part and along
the axes (X, Y, Z);
ol 0l 0l —rotation of the part a around the axes (X, Y, Z);
A}, A}, A} —linear movement of the part b along the axes
(X, Y, 2);
w, ,o, ,w; —rotation of the part b around the axes (X, Y, Z).
g ab — connection of part a to part b.
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Depending on the structural and kinematic diagram,
industrial assembly robots are classified into 4 groups (Table 1).

Based on the developed models for disassembling
products and the kinematics of industrial robots, it became
possible to select a robot with an appropriate degree
of mobility in an automated mode.

The next step in the selection of industrial robots is
to analyze the feasibility of the task, taking into account

the accuracy, weight and dimensions of the disassembled
elements. For disassembling products, those robots are
selected whose technical characteristics allow disassembly
taking into account the characteristics in question.

Next comes the selection of industrial robots by cost.
When analyzing the manufacturability of the assembled
products, first of all, those robots are selected that have
a lower cost.

Table 1

Classification of industrial robots.

Kinematic diagram
implementation

Block diagram of implementation

Characteristic representative

Rectangular (Cartesian) coordinate system

Adept SmartCartesian

Rectanguiar Coordinate Robot
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SCARA Robot

Kinematic diagram
implementation

Block diagram of implementation

Gantry Robot

Angular coordinate system

SCARA Robot
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The robots are ranked based on their value. Robots
with the lowest cost have the first rank. If the robot in
question does not meet the selection criteria or the structure
of the production site does not coincide with the structure
of the disassembly technological scheme, then a robot
with a large rank is selected and the analysis of production
manufacturability is performed again.

According to the above classification of industrial robots
(Table 1), for each class of robots it is possible to write down
the condition for fulfilling the type of movement:

—rectangular (Cartesian) coordinate system

IR, = Ab A A" A Ab
6eM
where M ={1,...,¢} —many industrial robots of this class;
— cylindrical coordinate system

_Ab . AD . b
0GEIMF\’Q7AXAA},/\0)Z,

where M ={1,...,¢} —many industrial robots of this class;
— spherical coordinate system

b b b
IR =0, A® AA
oM 0 X y z

where M ={1,...,t} —many industrial robots of this class;
— angular coordinate system

_ b b b
eeEIM.’-'\’e—(ox/\coy/\coz,

where M ={1,...,¢} —many industrial robots of this class.

To be able to implement each type of connection, taking
into account the assembly equipment, it is necessary to
describe the mathematical models of typical options for
the gripping devices of manipulators. Table 2 presents
mathematical models for the implementation of geometric
displacements of typical gripping devices.

At the stage of synthesis of the layout solution
of an industrial robot to implement a given type of connection,
a logical expression is used as a condition for selecting
a gripper:

3K,

cel S

=((~R,AS™)=2Z,),

where 1={1,2,...,1} —many layout solutions.

The use of the developed methodology makes
it possible to formalize the process of automated
disassembly of the product, which makes it possible to
introduce mechatronic systems at the stage of repairs
and modernization of critical equipment.

Further research in this direction revealed
that an important influence on the optimal variant
of the disassembly sequence is carried out by: the availability
of the necessary technological equipment and its cost;
the cost of disassembly and assembly operations, debugging
and control of individual machine units; the cost of individual
parts included in the product; environmental safety of access
to parts operating in conditions hazardous to humans.

The adaptation of the above methods consists in
formalizing the process of disassembling products, taking

into account the influence of both operating conditions on
the product and taking into account the degree of impact
of residual negative operational factors in the product on
the environment (Konoplianchenko et al., 2017, c. 27).

From the point of view of disassembly technology,
a product is a set of types of connections of its parts. The
process of transformation of the type of connection during
operation is influenced by a number of factors: — operation
time; — operating conditions; — the degree of residual
impact on the environment. Time factor — for a long time
of operation of parts, even under normal conditions,
a change in the type of connection occurs, associated, for
example, with wear of friction pairs; configurations of physical
parameters of parts in contact (drying out of rubber seals,
magnetization of the contact surface, etc.). The factor
of operating conditions is the influence of an aggressive
environment, dustiness of the working area, thermal effects,
heavy loads, operation in conditions of hard radiation
(increased radiation), chemical, bacteriological and other
types of contamination. The factor of the degree of residual
impact on the environment — determines the degree
of consequences of the impact of unfavorable operating
conditions on the product as a whole and the parts included
in it (in particular, explosion hazard, residual radiation,
biological hazard, etc.). This is how the concept of resource-
saving partial disassembly of the product is realized until
the part is out of order or requires replacement.

Since the problem of finding a rational disassembly
technology is invariant, that is, implemented by different
methods or their combination, a model for synthesizing
the optimal solution is required.

RESULTS

The set of solutions to this problem at the qualitative
level is described by the equation (necessary condition):

V R _{Rlym|n< maX},

those. for all eX|st|ng options for solving the problem (a
set of technologies), the established criteria for the quality
of the process must be in the range of permissible values
x""” <hp, <A™, to predict the likelihood of a defect-free
d|sassembly of critical products, to ensure the specified
accuracy, tightness, etc. In addition, one of the priority criteria
is the environmental safety of access to parts that operate in
conditions hazardous to humans and / or the environment.

By solving the problem at the technological level
(sufficient condition):

ﬂRvBMvHSTOvHTP

ﬁeﬂ

where 3 R, - the existing solution to the problem;
ﬂR -3 set of options for solving the problem, satisfying
the necessary condition; 3 M, - avallabmty of methods for
solving the problem for each optlon Qa STO, - availability
of technological equment capable of |mplement|ng
the necessary methods; 51 TP, - availability of the necessary
technological modes for technological equipment for each
method.

In this case, from the technological costs of the options for

solving the problem that satisfies the necessary and sufficient
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Table 2

Implementation of geometric displacements by typical options for the layout of gripping devices

Ne Example, sketch Mathematical model of realizable displacements
_ab
1_ mZIA ZE - Ay ,
where A — many devices of this type
37 =a?,
2_ wed O X

where @ — many devices of this type

3 Zmsz,,

we®

¥

7
Z “ where ® — many devices of this type
7
' X
Z,
t = b b
4. 7 X 3z, =(0) A A7),
where Q — many devices of this type
ZI
- L
yl
5 EI:Zmz(Af/\o)‘Z’),
l where TT —many devices of this type
_(.b b
6. Enzﬂ _(wXA(Dy) ’

where TT —many devices of this type

condition, a set is formed, according to the expression
(Konoplianchenko et al., 2013; Konoplianchenko, 2010):

X ] b3 T
iR =()R,v3IM,v3ISTO, v ITP,
{Co}=UqCr k)™ A o
- TR = RIYR" <ve <72}

y=1

The optimization problem according to economic criteria
(minimum technological cost) is then represented by
the expression:

P = Cmiiinmin P, |Cmex IS {CPD} .

CONCLUSIONS

The developed technological models of geometric

and kinematic movements of products and executive
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bodies of robots adequately describe the location
of the disassembled parts in space and their movements
during disassembly.

The classification of industrial robots on the basis of their
structural and kinematic characteristics makes it possible to
select them, taking into account the necessary kinematics
and accuracy when disassembling joints, the robot’s carrying
capacity and the ability to work with objects of certain
dimensions.

The main idea of the concept presented in the work
is to develop a methodology for a systematic approach
to the design of highly efficient technological systems
used in the reconstruction, modernization and restoration
of the operability of technical means and objects of material
production in mechanical engineering.
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Practical application of the proposed approach willimprove | and the introduction of a formalized methodology in real
the quality and safety of the process of repair and modernization | production conditions will increase the level and efficiency
of such complex equipment as special-purpose vehicles, | of the use of available technological equipment.
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Psicha O. B., cmapuwuti suknaday, CymcbKul HaujoHanbHUl agpapHull yHisepcumem, Cymu, YkpaiHa

dopmanizayis cuHmesy KiHeMamuyHUX CMPYKMyp MexampoHHUX cucmeM po36bupaHHs eupobie Ha emani
pemMoHmy cknadHoi mexHiKu

U pobomy nipucesyeHo npouecy chopmanizauii mowyKy payioHarnbHO20 8apiaHmy KOMMOHY8abHO20 PIlEHHS Orisi
MexampoOHHUX cucmem po3bupaHHs. Ha ocHosi po3pobneHux modenell po3bupaHHsa 8upobie i KiHeMamuKu MPOMUCIOBUX
pobomie cmarno Moxnusum subpamu poboma i3 8i0MOGIOHUM cmyrneHeM MObifTbHOCMI 8 asmoMamu308aHOMY PEXUMI.
HacmynHum Kpokom y aubopi npomuciosux pobomig € aHarnia 00YinbHOCMI BUKOHaHHS 3a80aHHS1 3 ypaxy8aHHSIM MOYHOCMI,
gaaU i posmipie enemeHmis, w0 posbuparomscs. [na posbupaHHs eupobig esubuparomb makux pobomie, MexHIYHi
xapakmepucmuku sikux 00380/15tomb po3bupamu 3 ypaxysaHHSIM po3efIsiHymux xapakmepucmuk. Pobomu paHxyrombcs
3a IxHbOoto 8apmicmio. Pobomu i3 HaliMeHWOoW sapmicmio Marome nepuiul paHe. SKwo pobom He sidnosidae Kpumepism
gidbopy, abo cmpykmypa 8UpObHUYOI OisIHKU He 3bieaembCs 3i CMPYKMYpPOK MEXHOM02i4HOI cxeMu po3bupaHHs, mo
subuparomb poboma binbwoeo paHay i 3Ho8Yy NPO8odsMb aHasli3 MexHoI02iYHOCMI 8UPOBHUYMea.
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13 noansidy Ha mexHosnozit po3bupaHHs eupib Mpedcmasnsiemscs K CyKynHicmb eudig 3’e¢0HaHb (io2o YyacmuH. Ha
fpouec mpaHcgopmauii murny 3’c0HaHHS ni0 Yyac ekcrilyamauii ennueae HU3Kka ghakmopig: 4ac pobomu, ymosu pobomu,
cmyniHb 3a/TUWKOBO_0 8M/IUSY HAa HaBKOIUWHE cepedosuule.

Po3pobiieHi mexHonozidHi MoOeri 2e0MeMPUYHUX | KIHEMamUuUYHUX NepemilieHb 8UPobie i BUKOHasYUX opaaHie pobomig
adekgamHO onucyrMb pPo3matlysaHHs y npocmopi demaried, W0 po3buparmbCs, maixHe nepemiueHHs rmid Yyac po3bupaHHs.
Knacudpikauis npomucriogux pobomie 3a iXHiMU KOHCMPYKMUBHUMU i KiHEMamu4YHUMU Xapakmepucmukamu 00380/19€
sudinumu ix i3 ypaxyeaHHAM nompi6HOI KiHemamuku i moYyHocmi ni@ yac po3bupaHHs 3'€0HaHb, 8aHMaxoniotioMHocmi
poboma i moxnueocmi pobomu 3 06’ekmamu regHux posmipie. OcHosHa i0esi pedcmasneHol' y pobomi KOHUenuyii nonsizae
y po3pobnexHi memodosnoeii cucmemMHo20 nidxody 00 MPOEKMy8aHHST BUCOKOEGhEKMUBHUX MEXHOMO2IYHUX CUCmeM, Wo
8UKOPUCMOBYOMbCS MiG Yac PEKOHCMPYKUIi, MoOepHisauii | 6iOHOBMEHHI npaue30amHoCcmi mexHiYyHUX 3acobie ma 06’ekmig
MamepianbHO20 8UPObHUYMea y MawuHObyOy8aHHi.

Knrovoei cnosa: mexHonozidyHa cucmema, MOOeNIt8aHHs, CMPYKMYyPHUU CUHME3, MEXampOHHI cucmeMu, Yyacmkoge
p0o36upaHHs, KiHeMamuyHi nepemilieHHs, pobomu, onmumisauis.

Lama HadxodxeHHs1 31.08.2021 p.
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