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Improving the efficiency of technological preparation of single
and small batch production based on simulation modeling

Sergei A. LYUBOMUDROYV, Irina N. KHRUSTALEVA, Aleksei A. TOLSTOLES, Aleksei P. MASLAKOV
Saint-Petersburg Polytechnic University of Peter the Great, Saint-Petersburg, Russia

Technological preparation of production is an integral stage of the production process, which is characterized
by high complexity, which is largely felt in the conditions of single and small-scale types of production. The effec-
tiveness of technological preparation of production is increased through automation with the use of simulation model-
ing. The objective of the study is to develop a simulation model that allows you to determine a rational version of the
process for processing a batch of parts. The simulation model described in the article allows to analyze the production
schedule of the enterprise, build processing routes, evaluate options for using various types of workpieces and tech-
nological equipment, determine the acceptable values of cutting conditions, and choose a rational variant of the tech-
nological process of processing a batch of parts. The developed simulation model is based on the principles of modu-
lar technologies, the part is considered as a combination of individual elementary surfaces. Each elementary surface
contains information about the technological processing route, technological equipment and the type of technological
equipment used in its manufacture, cutting conditions and the size of the allowance for each processing stage. The ra-
tional choice of the technological process is selected on the basis of multicriteria analysis according to three criteria:
the value of variable costs, the production time of a batch of parts and the value of the processing error. The analysis
of these criteria is made and the parameters that have the greatest impact on their value are determined. The devel-
oped classification of surface elements is described: design elements, technological elements, basic elements, as well
as a mathematical model based on which the calculation of the values of the criteria for choosing a rational option.

Key words: simulation modeling; cutting modes; processing error; mathematical model; processing route
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Introduction. Technological preparation of production is an integral part of the production
process. Technological preparation of production (TPP) is a set of interconnected processes that en-
sure the technological readiness of the enterprise to produce products of the required quality at cer-
tain time limits, volume of production and costs [3]. The main stages of the TPP are: analysis of the
design of the part and formulation of technological tasks, the choice of the method of obtaining the
workpiece, the development of technological processing routes, the selection of technological
equipment, the design of technological operations, the execution of a set of technological docu-
mentation.

Currently, process control in engineering is one of the most promising areas of its development
[11]. The stage of technological preparation of production is a rather laborious process. The high
complexity of this stage of the production process is largely felt in the conditions of single and
small-scale production, the distinguishing features of which are a wide range of products with a
small volume of output, the absence of specialized work places, high complexity and a long produc-
tion cycle of manufacturing products. Reducing the duration of the TPP stage is possible by means
of to automation based on information technology. Integrated automation of technological training
based on information technology provides [4]: reduction of production preparation time; optimiza-
tion of labor costs and funds for manufacturing products; prompt implementation of changes in the
process when changing external conditions with automatic recalculation of the process.

A large number of scientific articles are devoted to the problems of automation of technologi-
cal preparation of production. In article [14], a model of technological preparation of production is
described, which allows, based on a three-dimensional parametric model, design documentation,
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and information about the material, to design a route technological process, a workshop route and
select preliminary schemes for processing individual surfaces. The article [1] describes an auto-
mated system for selecting processing strategies for design and technological elements (DTE), the
results of which formulate recommendations on the tool strategy for processing DTEs, cutting tools,
cutting modes, as well as a preliminary calculation of the processing time and cost. In the models
described in the scientific literature [1, 2, 6-9, 13-20], the multivariance of technological process
design and the selection of a rational option for manufacturing a batch of parts based on multicrite-
ria analysis are not considered.

The objective of the study is to develop a simulation model of the technological preparation of
production, which allows, based on the simulation of the production process, to choose a rational
option for manufacturing a batch of parts taking into account the analysis of various technological
parameters (technological processing route, type and parameters of technological equipment, cut-
ting tools, values of cutting modes, etc.).

Description of the simulation model. The developed simulation model of technological
preparation of production is based on the principles of modular technologies, according to which
the part is divided into separate elementary surfaces. To implement the modular principle, a classi-
fication of the elements of the part was developed, according to which all elements of the part are
divided into three types.

* Design elements (DE): elementary surfaces of a part forming its contour (external cylindrical
and conical surfaces, groove, threaded surface, etc.).

* Technological elements (TE): allowance elements for each processing step.

* Basic elements (BE): the elements of the part forming a set of technological bases at each
stage of processing.

Figure 1 shows a diagram of a modular description of individual surfaces of a part.

The design elements are individual surfaces or combinations of surfaces that form the contour
of the part (external and internal surfaces of revolution, grooves, threaded surfaces, splined sur-
faces, etc.). Design elements are divided into two types:

* elementary surfaces (ES) — a cylindrical surface, a conical surface, threads, etc.;

« functional blocks (FB) — a set of elementary surfaces of various types that perform a certain
function (mounting holes, center holes, etc.).

Design elements are described by the following parameters:

DE = {Bpg, Tog, PpE},

where Bpg — design element view; Bpg = 1 — elementary surfaces; Bpg =2 — functional blocks;
Tpe — design element type; Ppg — design element parameters.
For an elementary surface ES Bpg = 1:

Tpe = Tgy = {T1; Ta},

where T, — type of elementary surface (outer surface of rotation, etc.); T> — view of the elementary
surface (conical, cylindrical, etc.);

—— TE1 — Finishing

Technological allowance TE2 — Semi-finished processing
TE3 — Roughing

Part Design Element — . o .

Fig.1. Scheme of modular description of individual surfaces of the part
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[pg = I, = {GPpg, ITpk, Rapg, PMPpg; TRPpg, },

GPpgr — ES geometrical parameters; ITpg — surface manufacturing accuracy (tolerance field) of ES;
Rapg — surface cleanliness (roughness) of ES; PMPpg — physical and mechanical properties of ES;
TPRpg - technological route for processing of ES.

For function block (FB) Bpg = 2:

Tpg = TE(]; = {er'lzl (TESE)n };

Ppg = I = {TPRFG; L (TESE )n}’

where TPRyp — functional block processing route.
Technological elements are also described on the basis of two groups of parameters — technical
and technological:

TE = { Ty , TxP; TIP},
TxP = {GPrg, ITtg, Rarg, PMPgs},

TIP = {PStg, PMrg, TEqrE, CT1E, CCri},

where TxP — technical parameters; TIP — technological parameters; GPrg — geometric parameters of
the technological element; ITtg — technological element tolerance field; Rarg — surface roughness of
the technological element; PMPrg — physical and mechanical properties of the technological ele-
ment; PStp — processing step to which the process element belongs; PMtg — processing method by
which the processing of a technological element; TEqrg — technological equipment on which the
processing of the technological element is performed; CTtg — cutting tool with which the processing
of the technological element; CCrg — cutting conditions in which the processing of the technological
element.

The combination of basic elements (BE) forms a set of technological bases (STB), which has
the following parameters:

STB = {PStq; X/, DE,; X TE,},

where PStg — processing stage, to which technological elements belong, processed with this set of
technological bases; DE, — design elements forming a set of technological bases; TE,, — technologi-
cal elements forming a set of technological bases;

Figure 2 shows a diagram of a simulation model of technological preparation of production.
The choice of a rational process option can be divided into 7 stages. At the first stage, many of de-
sign and technological elements are determined, their parameters are set, and a set of technological
bases is formed on the basis of basic elements.

At the second stage, surface blocks (SB) and technological groups (TG) are formed. Under the
block of surfaces should be understood as a set of elementary surfaces that are similar in terms of
technology. A technological group is a set of technological elements that can be processed in the
structure of one technological transition.

Design elements can be combined into a block of surfaces if the following conditions are met:

* design elements included in the block of surfaces belong to one type — the outer surface of ro-
tation, the inner surface of rotation, etc.;

» at each stage of processing, technological elements have at least one common value for each
parameter — the processing method, technological equipment, and cutting tools.

Technological elements can be combined into technological groups if the following condi-
tions are met:
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PART

Definition of design elements
technological elements, basic elements

Surface Block Formation

The formation of many valid technological

: The formation of technological operations
processing routes

Production schedule analysis

Refinement of technological parameters of processing

Correction of many acceptable technological processing routes

Calculation of economic and accuracy parameters
for each process variant

The choice of a rational process option based on multicriteria analysis

Fig.2. Scheme of a simulation model of technological preparation of production

* technological elements that are part of the technological group belong to one stage of process-
ing PStg = const;

« for each technological element included in the technological group, the value of the TBPrg
parameter (set of technological bases for processing TE) is the same.

At the third stage, permissible technological processing routes are formed, which are deter-
mined on the basis of an analysis of the existing technological equipment and the methods used to
obtain workpieces.

At the fourth stage, the production schedule is analyzed according to the following conditions:

» the availability of free time intervals that can be used to process a batch of parts;

* the location of free time intervals should correspond to the technological processing route
(Fig.3);

* the values of free time intervals should be greater than or equal to the duration of the corre-
sponding technological operations.

Based on the simulation, the correction of the set of valid technological processing routes is
performed. Variants of technological processing routes that do not satisfy at least one of the condi-
tions are excluded from the allowable set.
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Ttint Production schedule
TEql H \—I . S T E— Processing Route
'\
TEq2 [-— FL p— I TEql == TEq2 == TEq3
TEq3 —— — L e
TEqn F— —r— { i t

Fig.3. Production schedule analysis

Technological processing route (TPR)

The presence of a time interval

for each unit of TEq according to the TPR
Top < T; int
| at V,,
Top < T; int
at V& [Vay; Vinaxl
T[ < T: al
Many valid processing routes Exclusion of TPR from consideration

Fig.4. Algorithm for the formation of many valid options

Figure 4 shows the algorithm for generating the set of valid processing options.

Symbols in Fig.3, 4: TEq — technological equipment; 7,, — the rate of operative time; 7; — pro-
duction time for a batch of parts; 7}, — allowable production time for a batch of parts; 7;in— value of
the time interval on the production schedule; V,, — average processing speed; Vmax — value of maxi-
mum processing speed.

At the fifth stage, technological operations are formed for each admissible processing route.
Each technological operation in the structure of one technological route is a multivariate. The mul-
tivariance of the technological operation lies in the availability of alternative applications for vari-
ous types of workpieces, technological equipment (cutting tools) and cutting conditions.

At the sixth stage, the analysis of many technological processing routes is carried out taking
into account the multivariance of technological operations. Analysis of each technological process-
ing route is based on the production schedule taking into account the loading of each unit of techno-
logical equipment.

At the seventh stage, a rational choice of the technological process is made. A rational version
of the technological process is determined on the basis of the analysis of three criteria: the value of

673
Journal of Mining institute. 2019. Vol. 240. P. 669-677 e Electromechanics and mechanical engineering



A2, Sergei A. Lyubomudrov, Irina N. Khrustaleva, Aleksei A. Tolstoles, Aleksei P. Maslakov DOI: 10.31897/PMI.2019.6.669

Improving the efficiency of technological preparation...

variable costs, the duration of the production cycle and the value of the processing error. To develop
a mathematical model, these criteria were analyzed and the parameters that have the greatest impact
on their value were identified. The following parameters have the most significant impact: the type
and geometry of the cutting tool, the type and technical characteristics of the technological equip-
ment, the method of obtaining the workpiece, the processing method, and the qualifications of the

main production workers.
The content and parameters of each stage of modeling are presented in the table.

Simulation Model Parameters

Prosizgsemg Stage Content Input parameters Output parameters

1 Part Design Analysis Design documentation (detail draw- | A plurality of design elements
The formation of many design elements | ing): technical parameters of indi- A plurality of processing elements,
The formation of many technological vidual surfaces cops
elements A plurality of base elements (sets
The formation of many basic elements technological bases)

(sets of technological bases)

2 The formation of blocks of surface SB A plurality of design elements Mpg | A plurality of surfaces of blocks Mgp
Formation of TG technological groups in | A plurality of processing elements Many technology groups Mg
each block of surfaces TE

Many basic elements (sets of techno-
logical bases) Mgg

3 Technology Group Analysis Many technology groups Many technological
Formation of technological processing Type and technical parameters of Mrpr processing routes.
routes technological equipment

4 Production schedule analysis Production schedule Size and location of free time slots
Determination of the current load of tech-
nological equipment
Identification of free time
intervals for each unit
equipment
Defining free time intervals

5 The formation of the structures of techno- | A plurality of process groups Set of technological documentation
logical operations for each processing A plurality of technological process-
route ing routes

6 Modeling of each technological route Sets of technological documentation | Production cycle duration
taking into account its multivariance Process parameters The value of variable costs
Determination of the duration of the pro- Processing accuracy of the most criti-
duction cycle, the value of variable costs, cal surfaces
the accuracy of processing the most criti-
cal surfaces for each variant of the techno-
logical process, taking into account its
multivariance

7 Determining the value of the objective Production cycle duration The rational version of the process
function for each variant of the techno- The value of variable costs
logical process, taking into account Processing accuracy for the most
weight coefficients critical surfaces
Choosing a rational option on
based on objective function values

Description of the mathematical model. To determine the rational variant of the technologi-
cal process of processing a batch of parts, the following parameters are calculated:

* production time for a batch of parts Tgp;

* variable costs Cyar;

* machining accuracy y;.

The objective function can be written as follows:

Fap = (TBP )1’

(Cvar )1'

(TBP )min

(Cvar)min (Az)min

i=l1

K3+Z[ (Az)i )K

A
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Krt+ Kc+Kpa=1,

where (Tp); — the duration of the production cycle according to the i-th version of the technological
process; (Tp)min — minimum duration of the production cycle for TPR included in M5, ; (Cyar)i —
the value of the variable costs of manufacturing a batch of parts according to the i-th version of the
process; (Cyar)min — minimum value of variable costs for TPR included in M1S, ; (As); — the value of
the processing error obtained by the i-th process variant; (As)min — the minimum value of the proc-
essing error for the estimated parameter obtained during the implementation of the TPR included in
M5S: s K7, Ke, Ka — weighting factors.

The duration of the production cycle depends on the norm of operating time and the amount of
downtime. The norm of operational time is determined by the formula [5]:

YLp:73+'ﬂw»

where 7, — base (machine) time, min; 7,,x — auxiliary time, not covered by the base one, min.

In determining the variable costs of producing a batch of parts, the following cost categories
were taken into account: the amount of material costs M, Labor costs C, deductions for mandatory
state social insurance O [12];

M =X, Pr,; Mj,

where Pr,,; — purchase price of the natural unit of the j-th material resource, rubles/unit; M; — the num-
ber of natural units of the j-th material resource; m — number of items of material resources;

C= ocN(H—Padd-W),
100

o — the average basic salary of one employee of an enterprise for a billing period of time, rubles /
person.; N — average number of staff for the same period, people.; P,qa.w — average value of addi-
tional wages as a percentage of the basic, %;

o=c>_
100

P — calculated on the basis of legislation, the total percentage of deduction to funds from the amount
of expenses on labor remuneration (rubles).
The processing error (um) is determined by the formula [10]:

Yi= 2[AQ) + u(t, §) = &0 T, u, 1) = Gu(&p) + AT, )] + i3
total positioning error
A =Ki(i+1)+K;
cutting tool wear

_U4+ﬁ

u(i, ) =Kst+ K3(i— 1)+ Ky| 1—e  *

thermal deformation of the cutting tool

i Tﬂxﬂ T

i, Tu, ) =Ko " (1 + Kru)| 1—e & | + e 8 E7 o &)

thermal deformation of the part
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Ca(Ep) = Ko&p;
elastic deformation of the technological system

Ay(t, u) = Kiot(1 + Kijyu) (1 -Ki21);
unspecified part of the random component of the processing error
ni = :|:G,

where i — batch part number; T — processing time of the i-th part; ¢ — cut-
ting depth; Te001 — cutting tool cooling time before machining the i-th part;
Fig.5. Solid state model Ki-K; — coefficients depending on the processing parameters (material of
of the detail «Vtulka» the part, material of the cutting part of the tool, characteristics of techno-
logical equipment, etc.)

Practical application of the model. The described simulation model is used at the stage of
technological preparation for the production of a ship repair plant (St. Petersburg). The main activ-
ity of the enterprise is the repair and maintenance of small vessels, as well as the manufacture of
small lots of parts (single and small-scale production). Fig.5 shows the solid model of the
«Vtulka»part, which must be manufactured in an amount of 200 pcs.

Solved technological problems. The most accurate surface is the outer cylindrical ¢23k6,
Ra0,8, the accuracy of the manufacture of the remaining surfaces in the range of 11-14 qualifica-
tions with the purity of the surface layer Rab.3-Ral2.5.

The options for blanks — round rolling and forging are considered.

The following technological equipment was installed at the enterprise: BMV850 milling ma-
chines (2 pcs.), Multus B200 turning and milling machine, Multus B300 turning and milling ma-
chine, DUS400 turning machines (2 pcs.), DUS560 lathe, circular grinding machine FCD200.

When simulating the manufacturing process of manufacturing a batch of parts «Vtulka» were
considered eight allowable technological processing routes. For each technological processing route
the technological processes are designed. Simulation of each technological transition was carried
out using three alternative cutting tools.

Taking into account all the possible options for technological processing routes, technological
equipment, types of workpieces, and technological equipment, 2531 technological process variants
were modeled. For each variant of the technological process, the production time of a batch of parts,
the value of variable costs and the error value for the most accurate surfaces were calculated. Based
on these indicators, for each variant of the technological process, the value of the objective function
is determined taking into account the weight coefficients and a rational option is selected. The fol-
lowing weights were adopted: K7 = 0.35, Kc=0.45, KA=0.2.

Conclusions. The developed simulation model of technological preparation of production al-
lows us to solve the following problems:

* to analyze the production schedule;

» form a set of acceptable options for the technological process of processing for a batch of parts;

* to analyze each variant of the technological process, taking into account its multivariance (the
use of various options for technological equipment, cutting conditions, types of workparts, etc.);

» for each process variant, determine the duration of the production cycle, the value of variable
costs, the value of the processing error for the most critical surfaces.

* choose a rational version of the technological process of processing a batch of parts based on
multicriteria analysis.

Thus, the application of the developed simulation model can significantly reduce the complex-
ity of the stage of technological preparation of production and choose a rational option for manufac-
turing a batch of parts based on multicriteria analysis.
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