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Abstract:

The main aim of presented article is present methodology how sophisticated products as compressor equipment
can be considered and analyzed as a complex technical system which consists of jointly operating components —
a set of hardware, software, operational staff and documented information. In process modeling, these compo-
nents can be in different processes of inputs, outputs, mechanisms (resources) or management. Based on the
regulatory requirements for each component of the system, a key indicator efficiency can be identified. This will
allow to control the process and make appropriate decisions to improve the system. The application of the pro-
posed methodology for the development and implementation of an integrated management system reduce the
cost of resources and significantly improve the quality of the implementation of processes.
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INTRODUCTION

Existing concepts of sustainable consumption and produc-
tion of goods are necessary to ensure the careful use of
resources and energy, create environmentally friendly
and stable jobs, and provide access to basic services and
information resources. Sustainable economic deve-
lopment is becoming an important condition for effective
planning and implementation, reducing economic, envi-
ronmental, social costs and losses, increasing the compe-
titiveness of enterprises, can significantly improve the in-
dex of the quality of life of the population and provides
higher living standards [1].

Modern signs of competition: randomness, dynamism,
aggressiveness, unpredictability require the development
of appropriate regulatory and methodological support to
identify competitors, assess the competitive status of en-
terprises and their competitiveness. The competitive po-
sition of national companies in the market depends on:
the scientific and technical level and the degree of perfec-
tion of production technology; use of the latest inventions
and discoveries; introduction of modern information
technologies and production automation tools.

The competitive advantage is the formed chain of busi-
ness processes. The subject of intra-chain competition is
its existing and potential participants (or their subdivi-
sions, business processes) that create or may create part
of the aggregate value of the chain product, affecting its
competitiveness in the product markets.

A characteristic feature of complex products (for example,
metal-cutting, compressor, printing equipment and oth-
ers) that is used to manufacture the finished product is an
ordered hierarchical multifunctional and multi-element
organizational structure of interrelated processes at the
stages of their lifecycle.

The disadvantage of existing process models at the stages
of the life cycle of complex products is their fragmenta-
tion, inconsistency of results and the inability to reflect
the most general, fundamental nonlinear laws of the or-
ganizational and technical mechanism for the sequential
formation of emergent properties of software. in the pe-
riod from the justification of their development to the end
of operation and further disposal [2].

The lack of scientific approaches and appropriate regula-
tory and methodological support that take into account
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the organization of the structure of processes in the de-
sign, manufacture and operation of SW depending on dy-
namic changes in the internal and external environment
leads to significant unreasonable costs. information, ma-
terial and energy resources while satisfying the require-
ments of consumers and other interested parties [3]. His
decision will allow to develop recommendations for ap-
propriate regulatory and methodological support.

The criterion for optimal management of the lifecycle pro-
cesses of a complex product, as a rule, is a set of technical
and economic parameters, and the limitation is the inter-
nal environment of the enterprise and the strategic goals
and objectives of its development.

The nature and characteristics of the conversion of reso-
urces into products are determined by a variety of tech-
nological tools and the characteristics of organizational
and economic restrictions on their implementation. Un-
fortunately, so far the general theory of scientific and
technological progress, which is recognized as a decisive
factor in economic development and leads in the number
of publications in the economic literature, is mainly used
not for production purposes. It has not yet become the
basic tool for the formation of scientific and technical pro-
grams and projects in industry. In this regard, the con-
struction, by analogy with the P. Romer model of a gene-
ral model of the joint functioning of processes at the sta-
ges of the life cycle, is important to ensure a qualitatively
new set of characteristics and the degree of usefulness of
complex technical products that are used in the manufac-
ture of other products and services.

Thus, the modern scientific direction of research is the ra-
tionale for the effective use of technical and economic in-
formation at the stages of the product life cycle and deci-
sion making, taking into account the self-consistent inte-
raction of processes in the design, manufacture and ope-
ration of an open system, the self-organization of which
affects the results achieved to meet customer needs.

LITERATURE REVIEW

A literature review is dedicated to researching industry
best practices and production rules for managing the life
cycle of complex products. The article analyses the organ-
izational perspectives found in the literature.

The papers [4, 5, 6] consider product life-cycle manage-
ment (PLM) as a strategic business approach to support
the joint creation, management, dissemination and use of
product information within and within the expanded en-
terprise, bringing people, processes and technologies to-
gether. So far, most of the effort has been in a study on
the use of knowledge-based methodologies in production
management. The PLM system must be designed with
evolution and adaptability in mind, depending on the en-
vironmental conditions, i.e. there is always the risk of
short-term narrow planning based on the direct extrapo-
lation of past experience, and the main source that allows
the system to exist for a long time and to keep updated, is
its adaptive capacity that manifests itself in the path of
evolution. The industrial application of these approaches
is not yet well understood. To do this, you need to review

the scenarios of a PLM environment that extends it to
manage the data of complex organizational systems. It is
necessary to formalize and define best practices and stan-
dard rules for the joint interaction of technical systems,
software products and qualified professionals to meet
specific production and customer demands.

A lot of research [7, 8,9, 10, 11] is devoted to the concept
of sustainable development. An integrated regulatory fra-
mework is being developed to understand the persistent
problems and factors affecting the economic, environ-
mental and social aspects of production and consump-
tion.

The papers [12, 13] emphasize the development and im-
plementation of process-oriented control systems that
comply with international standards for control systems.
The main goal of introducing such systems is to satisfy the
needs of various stakeholders, and their satisfaction indi-
cator becomes a criterion for the excellence of the enter-
prise.

In papers [14, 15, 16], the options for improving the pro-
ductivity, availability and productivity of the initial test
processes using modern technologies available on the
market are analyzed.

Articles [15, 16, 17, 18, 19] deal with one of the modern
methods of managing economic systems — the analysis of
functional costs. The set of works on introduction and use
of functional cost analysis is considered, the stages of ana-
lysis using the IDEFO functional modeling method are de-
scribed. In addition, a work schedule, in the form of a
Gantt diagram, is available for the management of the
functional cost analysis work to agree on the timelines for
the phases of the work.

Unfortunately, the generally accepted practice is the use
of completely irrelevant approaches and tools for mana-
ging company business processes, which exclude a detai-
led analysis of production features, product specifics and
current market requirements [20, 21, 22, 23, 24, 25, 26].
Our research involves the integration of the design, pro-
duction and consumption phases. The results can be use-
ful in the development of long-term sustainable PLM mo-
dels [27, 28, 29].

The aim of the work is to improve the methods of pro-
cessing and using technical and economic information in
the design of complex products based on structural-para-
metric models, which take into account the possibilities
for increasing the efficiency of use of resources and en-
ergy [30, 31, 32, 33], as well as the development of sus-
tainable infrastructure of processes at the stages of the
life cycle [34, 35, 36, 37].

METHODOLOGY OF RESEARCH

The information that circulates in the system of processes
of the life cycle of a complex product can be divided into
three types: data on the product (product) data on the
processes performed; data on the resources needed to
complete the processes.

The information contains specific property values that de-
termine the objective, true sides of a complex technical
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product at different stages of its existence. This infor-
mation can be used in many information systems, includ-
ing systems implemented in various organizations. The ex-
change of information between different hierarchical lev-
els of the life cycle of a complex product is carried out due
to the structure of existing feedbacks: some generalized
information arrives at a higher level, and it is specified at
the lower levels. The information received is compared
with the existing one.

Evaluation of the efficiency of creating complex products
in the research is based on data on the actual costs of time
and material resources at the stages of the life-cycle.

At the first stage (the design stage), a functional configu-
ration of the future product is formed in the form of a vec-
tor of requirements (Req) for its characteristics (Char):

ReQCharo =
[Ulk(:l (ReqcharpivReqcharpijetharplv'”)k]: (1)
i,j,l€1,N

The processes at the stages of the life cycle of any complex
product can be described using three parameters: cost C,
time T, and technical characteristics of the Char complex
product. These parameters are interconnected. Their re-
lationship is described by the equation of state of proces-
ses at the stages of the life cycle of a complex product,
which in the general case has the form: f(C, T, Char) = 0.
The specific form of the equation depends on the pro-
ducts and multifunctional and multi-element complex
technical systems that carry out their design, manufacture
and operation guides.
When processes are implemented at the stages of the life
cycle, their cost and time can change. At the same time,
the characteristics of the product also change.
A convenient way to visualize these changes is to use a
chart. Each point in the diagram (Fig. 1) corresponds to a
different state of the process.

Char Char
Charo

\\(\)ne possible state . Initial state
4

To

Fig. 1 The state diagram of the life cycle of a complex product
at a specific point in time (one for each possible cost C, time T,
and technical characteristics Char)

Each pointin the diagram represents a separate state (one
possible state) for the process. When the product goes
through the stages of the life cycle, its state (the state of
the corresponding process) will change in the diagram.
The ability to decrypt the information shown in the dia-
gram allows us to make statements about changes in effi-
ciency when implementing an integrated process man-
agement system at the stages of the life cycle.

On the basis of market research of the use of complex pro-
ducts, customer preferences, market requirements and
competitors' activities, there are parameters: (To, Cp,
Charp) for decision making (Fig. 2):

To — the terms for fulfilment of the orders;
Cr — the product's cost;
Chare — product characteristics.

Customers'
requirements to the
projects for the design
of a complex product

Timing Value

L v Requirements for the
requirements requirements configurations of

for the project for the project Bllbroduct, components and
L : assemblies Char p

Fig. 2 The schema of the formation of the necessary parameters
for project management

Considering the state diagrams of the product and pro-
cesses at its stages of the life cycle, we can conclude that
if the cost and time increase compared to the basic
(planned) indicators, then the performed work (efficiency
of integrated management system) can be identified as
negative (Fig. 3a).

If we see a shift to the left in the diagram in the direction
of reducing the cost and time of work compared to the
baseline (planned) indicators while maintaining the char-
acteristics of the product unchanged or improved, we can
conclude that the performed work (efficiency of inte-
grated management system) can be identified as positive
(Fig. 3b).

Char Char
If time for the design Charu
Chal'o ,r"’is increased the performed
H work can be v, Iftime for the design
S identified as negative T -~3. is decreased the performed
P ==l ® work can beidentified
H ; aspositive
; To « 3 To
T A~ ; 7 e
| T P T
a b

Fig. 3 The sign of the efficiency of integrated management
system from a state diagrams

The performance of complex product lifecycle processes
is largely related to the existence of relevant objective
management laws that can account for the conditions and
changes in the internal (resource conversion to produc-
tion) and external (enterprise resource) environment.
The efficiency of process management at the stages of the
product life cycle is determined by the accepted range of
variation of parameters of independently functioning
multipurpose complex technical system (CTS). As a part of
a STS, in general, three different components can be dis-
tinguished — a sophisticated of technical means (STM),
software (SW) and operational personnel (OP).

There are different models of forming elements of the
organizational and technical mechanism at the stages of
the life cycle of complex products by standardizing a
certain set of works and rules of interaction of their
participants in order to typify the procedures of research
and justification of development, development,
production, operation (use, storage, maintenance, repair)
and recycling of products. Some of them are regulated in
regulatory documents.
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The logical relationship between the parameters (C, T,
Char), which reflects the efficiency of the Integrated Man-
agement System processes at the stages of the life cycle
of a complex product, can be expressed by the formula
(2).

CT=M-R-Char (2)
where:
M — the parameter characterizing the level of effective-
ness of a STM that implements this process of the product
life cycle;
R — the parameter that characterizes the efficiency of In-
tegrated Management System for each enterprise (an in-
dividual criterion for the effectiveness of organizational
complex systems management at the product life cycle
stages).
Using To, Cr and Chare as critical planning parameters, it is
convenient to pass to dimensionless variables
= = C, = Char,
T=T_i' CZC_IZ' Char:Ta‘:i’ (3)
Scientific and technological progress allows the use of
new materials, technological equipment and technical so-
lutions. This leads to increased opportunities in the crea-
tion of new products that must meet the growing needs
of society. In turn, the development of these needs leads
to the continuous development of science and technol-
ogy. The regularity of the evolutionary process of devel-
opment is that the share of costs of past labor and the ac-
cumulated information necessary for the development of
advanced products and technologies is continuously in-
creasing.
At the second stage (product development), the possibili-
ties of satisfying customer requests are considered as ac-
curately as possible, taking into account the required
number of products, manufacturing productivity, market
prices, proposals of cooperating organizations (suppliers
of basic systems, components, subassemblies and materi-
als). At the same time, the volume of necessary invest-
ments and the timing of their receipt are calculated, the
projects of the marginal estimated full cost of the product
and batch are determined and approved.
Assessment of product quality is carried out using appro-
priate indicators: purpose, reliability, manufacturability,
standardization and unification, patent law, transportabi-
lity, ergonomics, aesthetics, safety, environmental frien-
dliness, economy.
The quality of the product as a set of characteristics is laid
in the process of scientific research, design and technolo-
gical development, materializes in the manufacture, and
is implemented in the process of operation. The dynamic
of the quality category is that requirements for products
and services are changing very quickly. What is fit today is
tomorrow not enough to meet the needs of the buyer,
that is, of poor quality. The most optimal allocation of
priorities according to the set goals, as well as the market
positions, depends on political, economic, scientific and
technical and many other factors, which must be taken
into account in the complex in all their complexity. At the

same time, there are a number of criteria most often ta-
ken into account by consumers when choosing a product,
which must necessarily be considered by the manager.
In the course of development the design characteristics of
the product and its constituent elements are determined,
which form the same groups as the components of the
vector Req_Chary:

Charp = [Ulk(=1 (Charpl., Charp,, Charp,, -+ )k],

i,j,l€1N

The analysis and formation of the characteristics of so-
phisticated products can be carried out on the basis of de-
termining the factors that affect their level.
At this stage, in general terms determine the design of the
product to be designed. Often the initial data are the tech-
nical results of previous research, ideas, solutions and
prototype designs. Quality management at the stage of
development is to establish the conformity between the
requirements and design values of the product as a whole,
as well as to promptly eliminate the deviations that arise:

Charp = ¥, a;q; (5)

(4)

where:
Charp; ki . . . .

q; = (—) relative consumer satisfaction with

Reqfcharpo
the product's i-th property,
ki = 1 is taken for a property whose growth leads to an
increase in consumer satisfaction,
ki = (-1) is taken for a property whose growth leads to a
decrease in consumer satisfaction,
ai is a weighting factor that takes into account the impor-
tance of the i-th property of the product to the consumer.
The next stage is the development of the product itself:
the overall dimensions of the structure are determined,
the structural material is selected, production and other
restrictions are established [38, 39]. The design decisions
made at this stage mainly determine the cost of the future
product.
At this stage, detailing of the product is performed, calcu-
lations of structural elements and blocks are performed,
as well as the entire product and formalized in the tech-
nical drawings and specifications, determine the manu-
facturing processes, perform work planning and produc-
tion preparation. Planning time for the development and
manufacture of the product itself, as well as delivery to
the consumer in the form of work schedules.
Obviously, not all the procedures preceding the develop-
ment of the product at the early stages of its life cycle are
given here, but this data is enough to state that managing
the cost, time and quality parameters during design and
trim level becomes a decisive factor in ensuring competi-
tiveness.
The planned parameters of the possible implementation
(To, Cpy, Charp ) of the product project are determined
(Fig. 2), which are related by the objective function
Fp = o (6)
where:
Fp is the current planning figure of the product in dimen-
sionless form,
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Chary is the overall assessment of quality, taking into ac-
count the conformity of the product to the consumer's re-
quirements,

— . . .
Cp = Pend is the valuation the cost of the project of the

Pplan
product,
= _ Topian . . L A
T, = ———is the evaluation of project implementation in
Oend

time.

As already mentioned, under the influence of internal and
external factors deviation of the project parameters from
the normative values at each stage of the life cycle may
occur, which will be accompanied by a corresponding
change in the actual characteristics of the project (Fig. 4).

Planned parameters for the implementation
of the stages of the project
(calculations of the project executors)

_ Projected Design
lmgl:la‘rir;rt\tfaot:_on characteristics
project of the product

Planned
implementation
time for project

Topi Copi Charpg

Fig. 4 Scheme for the formation of the planning parameters
of the project

After the requirements and design characteristics are

agreed upon between the developer and the customer,

the vector Char, — Chargygs, becomes a vector of re-
0 1

quirements for the characteristics of the functional man-
ufacturing subsystem (FMSS). During the manufacturing
process of each product instance, a vector of its physical
configuration is formed:

Charpyss, = [Uf:1 (CharFMSSPi,CharFMSSPj, Chargyss p» )k]
The task of configuration management involves ensuring
that the components of the vectors Charpygs, and
Chargyss, match for each FMSS and for the whole prod-
uct. When such compliance is established and validated
by a developer, manufacturer and their customer, the
vector Charpyss, becomes a vector of requirements for
the product being operated.

The decision-making process at the stages of the life cycle
of a complex product is based on the use of minimizing
the deviation of the Charend project characteristics from
Charpian and their components. The nature and particular
characteristics of resource development in products are
represented by a large number of technological concerns
and special features of organizational and economic shar-
ing in real estate.

The following is a calculation of a similar estimate of the
effectiveness of the current project based on actual costs
of time and material resources that occurred in the pro-
duction of the prototype of the compressor equipment.
In calculations, estimate of marginal costs involved are
obtained by using an exponential and linear relationship
between material and temporal resources.

It is recommended to determine the estimate of marginal
costs involved of material and time resources by minimiz-
ing such functionality

U=y [(1 - C;_‘Zf)z +(1- D)Z] (7)

where:
D is the Harrington desirability function that can be de-
fined by an expression

D =+e e . e g—el-chan) (8)

Model (5) were created experimentally. These research-
ers use the Gauss-Newton algorithm to construct a data
model by minimizing the sum of the squared deviations of
the data and the model.
In this case, the calculations can be carried out by two
methods:
— determine its cost by varying the product design time;
— determine the time taken for the design by varying the
cost of product development.
The parameters obtained in this case remain dimension-
less. To determine the dimensional values, they should be
multiplied, respectively, by the actual time taken for the
design of the prototype and the actual cost of developing
the product.

Method 1. When varying the product development time,
the following exponential dependence of the develop-
ment cost on its duration was used in dimensionless val-
ues:

_ — 7 _,Cp
C=Cp+2 02 (9)

Ty+eCP
With a linear dependence of the development cost on its
duration, the calculation was carried out according to the
following formula:
Tomax-Cop;
To+Copt

C= COpl + (10)

The calculation showed that when the development time
exceeds one third (T, = 1.3), the cost increases by 57%
(Cp = 1.57), and the desirability function D = 0.786 de-
fines the project as a good level.

Method 2. When varying the cost, you can use such a di-
mensionless dependence of duration on the cost obtained
on the basis of formula (8) by solving it relative to time:

Cpmax-Top; (11)
Cp+Topi

Thus, the type of functional dependence between the
controlled parameters of projects significantly affects
their predicted value. If you use a function of the form
_ B
€ = Copy + - (Tozelont) (12)

T—Topt

T=T(]pl -

then you can get average estimates of the cost and time
characteristics of the project. It should be borne in mind
that to obtain reliable estimates of the value and duration
of the current development, the parameters should be
determined on a relatively larger number of prototypes.
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RESULTS OF RESEARCH

In Fig. 5 show the change in the characteristics of the pro-
ject Char depending on the duration T and cost of deve-
lopment C. The source data are shown in Table 1.

Crar 2
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Fig. 5 Change the project characteristics Char depending:
a) from the duration of development T,
b) from the cost of development c

Table 1
Criteria for evaluating of the results of processes at the stages
of the life cycle, which determine their planned and actual
values and establish the dependence of output
on the characteristics of functional subsystems

The value of the project parame-

Ne Project

/n _ teri characteristics
" T c D

1 1.3 6.03 0.87 high level

2 1.04 1.3 0.73 good level

3 1.3 1.57 0.78 good level

4 1.16 1.3 0,74 good level

The results of the calculation of the project parameters can
be presented in the form of ranges of change:

— when changing the development time T=13...10,
C =1.57...6.03, Char = 0.37 ... 0.95;

— when changing the cost of development
T=1.04...116,C =13 ...10,

Char = 0.37 ... 0.95.
Dependencies in Fig. 5a, b show that the modes of realiza-
tion of complex products at the stages of their life cycle are
determined by a set of conditions and means of many eco-
nomic, technical and social processes that have different
environmental impact and which have different degrees of
inertia.

DISCUSSION

Based on the results of comparing the possible use of re-
sources at the stages of the life cycle of complex products,
the structure of the processes is selected, which ensures
compliance with the established requirements at minimal
cost. This provides a reliable estimate of the future costs
and results of using complex products for their intended
purpose, which reduces the risk and is a decisive argument
in the analysis, planning and quality management.

The results of the conducted researches allow to carry out
the procedures of unified submission, storage, structuring
and exchange of data on processes at the stages of the life
cycle of complex products, standardized, selective and reg-
ulated access to this data, their organized support and for-
mation on this basis of management decisions, which can
be adjusted depending on changing requirements.

The proposed methodological approach to the formation of
management decisions in complex organizational systems
of the life cycle has a general character, which provides the
possibility of its application in various fields of mechanical
engineering. Consistent deployment of these provisions al-
lows you to describe the object of control —the life cycle of
complex products in the form of a hierarchical system, and
to decompose the processes to the level of operations and
functional purpose of each element. Decision-making in
such systems is purposeful, which allows for the formation
of an interconnected system of local quality indicators of a
hierarchical set of processes.

Thus, in the uncertainty of the decision to ensure the con-
formity of complex products to the established require-
ments at the stages of their life cycle, the possibility of com-
plex application of structural-parametric modeling, meth-
ods of dynamic programming, cluster analysis and tools of
inverse point calculations which allows to obtain the inte-
grated result of a consistent function.

Formation of the configuration of complex products is as
follows: on the basis of the information model, the project
parameters are formed, which, after agreement between
the developer and the customer, are considered as an ob-
ject of minimizing the costs of the corresponding CTS at the
stages of technological preparation, logistics, production
and operation. The mathematical tools considered on the
example of dynamic programming methods are an algorith-
mic basis for optimal control of the configuration of a ma-
chine-building product at the stages of its life cycle when
solving problems of forming an integrated information en-
vironment.

CONCLUSIONS

The results of the studies allow us to carry out procedures
for the unified presentation, storage, structuring and
exchange of data on processes at the stages of the life cycle
of complex products, standardized, selective and regulated
access to these data, as well as their organized support and
the formation on this basis of management decisions that
are subject to adjustment depending on changing
requirements.

From the position of a systematic approach to managing
the configuration of a complex product, it looks like a multi-
stage formation process: optimal characteristics, functions,
goals and objectives, limitations, advantage criteria, ways
of presenting design documentation for design,
technological and production solutions.

The formation of the optimal configuration of a complex
product is as follows: on the basis of the information model,
the design configuration of the product is formed, which,
after agreement between the developer and the customer,
is considered as an object of minimizing the costs of the
corresponding FPS at the stages of technological
preparation, logistics, manufacturing and operation. The
mathematical tools that are considered is the algorithmic
basis for optimal configuration management of a complex
product at the stages of its life cycle when solving problems
of forming an integrated information environment.

The proposed methodical approach to the formation of
management decisions in complex organizational systems
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at the stages of the product life cycle is of a general nature,
which provides the possibility of its application in various
fields. The sequential deployment of these provisions
allows you to describe the object of control - the life cycle
of a complex product in the form of a hierarchical system,
and to decompose processes to the level of operations and
functional purpose of each element. Decision-making in
such systems is purposeful, which allows for the formation
of an interconnected system of local quality indicators of a
hierarchical set of processes.
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