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DEVELOPMENT OF A SOFTWARE MODULE FOR OPERATIONAL DISPATCH
CONTROL OF PRODUCTION BASED ON CYBER-PHYSICAL CONTROL SYSTEMS

The subject of research in the article is production management processes based on cyber-physical systems. The purpose of the work
is to automate the management of production processes using the cybernetic component and analyze the results. To achieve this goal,
it is necessary to solve the following tasks: develop an analytical and logical model of the CPPS development management process
taking into account the requirements specified in the terms of reference for the development CPPS; to present the analytical and
logical structure of connections in the form of a model of interaction of the main windows and all the necessary graphical elements for
the implementation of the full-featured interface of the developed CPPS; to carry out experimental researches of efficiency and
practical approbation of the received theoretical results, by comparison of classical methods and the developed ones. Results: The
targets, physical and cybernetic components of the CPPS development management process were combined in a single information
space from the beginning of development to its implementation. The process of checking the achievement of the main goal of CPPS
development has been automated, which makes it possible to make changes and manage the CPPS development process at any level
and stage of the proposed technology. The process of managing the development of the cybernetic component is automated on the
basis of synthesized algorithms of functioning using the GUI elements of object-oriented programming languages, which made it
possible to increase the flexibility of the proposed architecture and technologies for automating the CPPS development process and to
reduce the development time of the cybernetic component. Conclusions: the proposed models and methods will not only automate the
process of managing the development of CPPS from scratch, but will also make it possible to automate the process of managing the

development of the cybernetic component for the modernization and improvement of existing CPPS.
Keywords: Industry 4.0; Cyber-physical Production Systems; technological process; analytical-logical structure of relations;

control; "OSCEM".

Introduction

Trends in the development of the modern world
require a revision of approaches to the use of high
technology and their role in areas of human activity.
Increasing the amount of information, increasing the
requirements for its accuracy and timely submission for
analysis and decision-making, in real time, are forcing
changes in approaches to industrial technologies. Current
trends in the field of production automation and data
exchange in industrial technologies have different names,
but they all belong to the same process [1-2]. We are
talking about a new, more rational production [3-4], which
uses revolutionary for modern industry cyber-physical
systems, Internet of Things technology and cloud
computing.

"Smart production”, related to Industry 4.0, involves
the optimization of production processes through
innovation, control of physical processes, creating a
virtual copy of the physical world, as well as more
accurate and timely decisions [5-9]. Processes in such
production are guided by cyber-physical connections that
allow real-time decision-making and feedback between
planning and actual production [10]. Due to the rapid
development of Cyber-physical Production Systems
(CPPS), the  world is  paying  significant
attention to various aspects of their formation and
operation [11-12].

These systems provide tools to overcome complexity
and provide flexibility, integration with existing
management systems, but there are no appropriate
management architectures that would provide flexible
adaptation during their operation, as well as theoretical
provisions [13] that would allow moving from the analysis
of these features to the synthesis of cyber physical
systems. Consequently, in order to achieve the practical

implementation of CPPS, a systematic methodology of the
process of management, collection, processing and
application of data for CPPS is being developed. This is
due to the fact that CPPS can be successfully implemented
only when all the processing criteria and application
methods for various data are developed, the sequence of
the development process is determined taking into account
their existence in real time due to the nature of the
production process.

Problem statement and research purpose

In this paper, we propose to interpret the CMMI
(Capability Maturity Model Integration) model with a
consistent decomposition of the main goal of CPPS
development, as a set of sub-goals and objectives for each
hierarchical level of CPPS development management
architecture, which must ultimately meet the goal
developing CPPS.

To conduct experimental research and verify the
correctness of the proposed solutions in this work, based
on the developed automation system for managing the
development of complex CPPS, it is necessary to develop
fragments of cyber-physical production  systems
and compare the results with existing standard approaches
to cyber-physical production systems or their
fragments.

Research and analysis of the obtained results

Based on the requirements set by the customer
to the developed “Integrated system of operational
and control of production of the enterprise
(OSCEM)" we will define the "main goal” (Aim;) and
tasks (Task;) of CPPS development, which are presented
in table 1.
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Table 1. Definition of Aim; and Task; at the initial stage of the process of managing the development of the cybernetic component

"OSCEM"

Aimi Task;

Sub_Sk G(AE0fS);

Production

Current orders

Order archive

Changes in orders

Final product

TCD Acceptance

Adding materials

Acceptance of economic works

Reception of overtime

Warehousing
operations

Purchase of materials

Purchase of goods and materials

Return to suppliers

Sale of goods

Sale of goods

Return to buyers

Warehouse management

Transfer to the warehouse

Admission from the warehouse

Write-off of goods and materials

Write-off of unusable goods and materials

Guides

Enterprise

The structure of the enterprise

Employee map

Position

Discharge

Integrated system of
operational dispatching control
management of the enterprise's

Inventory guide

Trademark

Dimensions

Unit

production

CDT guide

Format

Devices

Technological operations

Descriptions of technological operations

Changes in technology

Counterparty guide

State

Region

City

Type of enterprise

Analysis

Order

Execution of current orders

Completion of the order

Filter by dates

Selling

Sales made

Open sales

Filter by dates

Storage

Quantity in stock

The number of defects in the warehouse

Filter on products

When analyzing, we can decompose Aim; on Task; by
levels: multisystem (MS’%), subsystems (Sub_Sx) and
groups (G(AEofS);)), while the atomic element (AEOfS);
for G(AEofS); will be the elementary graphic element / or
event that is caused by the user as a reaction of the
cybernetic component to an action or flow of input /
output information.

Based on the results of Aim; decomposition (table 1)
it is possible at the initial stage to form the analytical-
logical structure of the developed CPPS, which
determines the main functions and properties that will

determine the future number of visual graphics
(Formy™®r Form,®2¢ of CF; elements) and connection
between them (fig. 1).

At the next stage of "OSCEM" development, it is
need to define the necessary and sufficient set of AEofS;
for each G(AEOofS);, which describes Sub_Sy and allows to
achieve Taskj in accordance with the requirements of the
customer's TT. To do this, the developer, based on the
analytical-logical structure (fig. 1), describes all AEofS;
and their relationships. Here is an example of a fragment
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of the choice of AEofS;and Task; for = "Guides", Sub_Sx =
"CDT handbook" for G(AEofS); = "Device 1" (fig. 2).
Based on the results obtained in Tablel and the
analytical-logical structure of connections "OSCEM",
presented in fig.1, for Task; = "Guides", Sub_Sx = "CTD
Guide" for G(AEofS); = "Device 1", namely the fragment

of selection AEofS; for G(AEOfS); = "Device 1" — "Part 1"
— "Design documentation" and "Technology", we define
that the following hierarchy of HMI (Human machine
interface) of communications for "OSCEM" will be
logical (fig. 2).
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Fig.1. Analytical and logical structure of "OSCEM" relations

| Technological operations |<—

Filter on products L

| Changes in technology |<— .

| Devices |<——>| Format|

"General Information"
"Technical specification of the assembly unit”

G(AEOfS),
: "Device 1" "Detail 1" "Design documentation”

: "Detailed specification”

: "Technology"

: . "Preview"

I "Detail n"

 "Device n"

» "General Information”

H» "List of technological operations”

> "Workpiece size and cutting tolerance"
—» "Operation information”
>
+

"Equipment”
"Additional materials"

Fig. 2. The fragment of selection AEofS; for G(AE0fS); = "Device 1" — "Part 1" — "Design documentation" and "Technology"

According the requirements of the customer's TT, it
is necessary to determine the "parameter name" and
"values" included in each AEofS;. Table 2 shows the
parameters selected by the developer and the type of value
for G(AEofS); = "Device 1" — "Part 1" — AEO0fS; =
"Technology"”, which were approved by the customer and
allow to achieve the goal and requirements of TT for the
developed  "System of operational  dispatching
management of the production enterprise "OSCEM".

The next step in the development management
process is to present the analytical and logical structure of

relations "OSCEM" (fig. 1) in the form of a model of
interaction (table 2) of the main HMI windows, it should
be noted that in this case it is necessary to use industrial
design requirements:

- convenience and ease of providing access to basic
functions and forms of data (placement of controls,
content, design of output messages and input formats);

- minimization of steps of access to the internal
functionality of the developed system by means of the
user interface.
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Table 2. Interaction models G(AEofS); = "Device /" — "Part 1" — AEofS; = "Technology"

AEO0fS; Parameters Value type
"General information" Order name Texts
Part / assembly name Text numbers
The main material Numbers
Number of parts (pcs) Numbers
Number of billits per 1 workpiece Numbers
Part weight (kg) Numbers
Workpiece weight (kg) Numbers
"List of technological operations" Area Texts
Operation Texts
Equipment Texts
Development Numbers
Number of works Numbers
Party Logically
Unit of norm Numbers
Preparatory / final time, Tpf Numbers
Time per unit, Tun Numbers
"Workpiece size and cutting tolerance" Length (mm) Numbers
Width (mm) Numbers
"Transaction information™ Date Date
"Equipment" Name Texts
Number Numbers
"Additional materials" Name Texts
Unit of measurement Numbers
Number Numbers
Based on the above requirements, it was decided to  (Formrecoy_CAD  Eorm ASUPY the developer builds the

implement HMI using the main window of the application

(Form s and auxiliary windows

directoty _ CAD
techn

ASUP

s FOrMyc")
through graphical elements CD;/"",...,CD/*"" located on

(Form which will be called

master

Form,s,» Dby the event initiated by the user or

system. For convenience of representation of structure of
communications  "OSCEM"  between the main

window  Formyss  and  auxiliary  windows

graphic model of communications of Windows Form on
the basis of the improved methodology Constant
(tab. 1-2). Let’s present in table 3 the designation and
description of auxiliary (called) Windows Form, all other

elements will be implemented within the main window
Formjss based on GUI elements (Graphical user

interface) — Panel, GroupBox, etc.

master

Table 3. Designation and description of Windows auxiliary Forms from the main window Form ,gs

write-off

Marking Description
Form/sor TCD Acceptance
ASUP Purchase of invento
Form purchase i
Form ASIUP Sale of goods
sale
Form ASUE’ Transfer to the warehouse
transfer
FormAsYP Admission from the warehouse
reception
Form ASuP Write-off of inventory

ASUP
Form write-off _TMC

Write-off of unusable inventory

Form/5°

Inventory guide

ASUP
Form directory_CAD

CDT guide

ASUP
contractors

Form

Guide of contractors

Form directory _ CAD

techn

Part manufacturing technology
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Therefore, all Task;, Sub_Sk, G(AEofS);, which are
not shown in the graphical structure model (fig. 3), will be
implemented in the main GUI window "OSCEM"

master

(Formges ) according to the analytical-logical structure

master

—»| Form

of relationships (fig. 1) using the following graphic
elements, presented in table 4.

The graphical model of the Windows Forms
relationship structure in "OSCEM" is presented in fig. 3.

ASUP
B ; I i (ToQIBUHtiON) e,
C l)| ASUP C D ;S uP C D.:I SUP C D: SUP C D;SUP C D[;,,gu P C D;‘S['l/‘ :"C D;SUF! C D;s(,'r C D“:] SUP
: 3 ) ¢ —i
A4 l A 4 $ y
ASUP ASUP ASUP ASUP ASUP
F ()4 m( iccept F orm sale F OYi meWC FO rmdire('mlj'_(f AD FO r’ncumrac{olx
cechn C D érectory 4D
\4 \ 4 v CD| ; X v
TMC
Asup AsuP ASUP G n+3 directory CAD AsUP
F o mm-epum; FO 77711 ransfer FO rm purchase Formleclm B FO rm“"'"i"“ﬂ
- & asup CD;
C D"e ept CDH [7 Pt , F orm write-off | TMC 6 D;u{-/m G ”M' Z
CD 2 C D w r/)lu*uf/ _rMc
Y Y Y \4 Y Y \ 2 Y \4 Y

Fig. 3. The graphical model of the Windows Forms relationship structure in "OSCEM"

master

Table 4. Selecting graphical GUI elements to implement user access to Taskj, Sub_Sk ma G(AEofS)j with the form Form g5

Marking Name of the graphic element

Description

master

Form .qp Windows Forms

Main GUI window "OSCEM"

Task; TabControl

The control is used to display multiple tabs (TabPage),
similar to the separators in the notebook or labels in a set of
folders of the file block

Graphical user interface element designed to accommodate
several other elements (buttons, menus) for quick access

Sub_Sk ToolBar (ToolStrip)

Graphical user interface element designed to accommodate
several other elements (buttons, menus) for quick access

G(AEO0fS); ToolButton (ToolStripButton)

The child element ToolBar (ToolStrip) is highlighted as a
button with an image

Label

Displays text that cannot be modified by the user

Panel Edit

Designed to enter user data and is a single-line field

DBGrid

Displays data from the database and allows to make and save
changes

AEofS;
DBMemo

Is a multi-line text editor that allows you to edit the text of
the window, the information of which is stored in the
database

GroupBox
DBListBox

Allows the user to select one or more items from a predefined
list of information stored in the database

AEOfS; Button

Represents a standard button that the user can press to
perform an action

Graphic element Panel serves as a container (parent
component), which combines a group of controls, input /
output and playback of information.

GroupBox is a container with a frame and an
inscription, which unites a group of related controls.

Based on the developed analytical and logical
structure of connections (fig. 1) and selected graphical
elements of the GUI (table 4), we present the
implementation of the GUI "Main Control Menu"

(Form ;&5e — Task ; — Sub_S, — G(AE0fS ) ; — AEOfS )
in the form of a graph (fig. 4).

ImageList is a non-visual component that is a set of
images of the same size that can be referenced by indexes
to display them in ToolButton.

Based on the above solutions (fig. 1-2), as well as
selected graphical elements (table 4) and the graph of the
implementation of the GUI of the main window
"OSCEM" (fig. 3), you can make a mathematical
description of the structure of the main window
"OSCEM" ( Forma5). A fragment of the mathematical
representation of the implementation of Windows Forms

master

(Form xgp ) is presented in (1).
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Fig. 4. Graph of implementation of GUI "Main contro

Based on MP%" the developer sets the values that
should belong to the parameters that specify all the
necessary properties of the main GUI window "OSCEM"
and specifies the name "Linguistic Variable" in
Formyas' (Form,g,, PE)[(M

rpASUP i ASUP e ASUP. 1

P master
ASUP

ASUP

(ToolStrip_4)

G(AEofS), :

:4— ImageList
(ToolStripButtion J) i

AEofS,

(1"()")"”“ ory Lw)

master

I menu" of the main window "OSCEM" (Form,gs

(Open_BD, Close_BD), which allows to set the action on
the event (Events) "Load" and "Form Closed", i.e. to
connect to the database (DB) and disconnect from the
database, respectively.

=Form_ ASUP;mpfSUP B

ASUP ASUP
"”P3 3 B

mpASUP

)

ASUP

pl ASUP = false;mp,

3AZSUP =./img/icon. png;mpézsup s

mPGA45UP :Default;MPlAfUP :100;mp6ASSUP

psup ™)
=708,582:mpS > =ASUP; praser

melASUP "Open_BD"me/ >

[(MES

ASUP

(PPasue )]

ASUP

=Close _BD

The next step is to add in (1) a mathematical
description of the GUI parameters of the TabControl
element (CD1ASUP) according to the graph of the

1
pey

( EAmaster

ASUP

)]

implementation of the GUI "Main Control Menu" of the
main window "OSCEM" (fig. 4).

=TabControl _ ASUP, pc::ll_'4 ,=Top; pc:]l'9 s pc% ,p 43~ false;

CFusue [(CD*™)(PC)
p%a pcl pcl =true; pcl =81,25; pcl

17680,237 pcl =llist_ ASUP;

N
@)

51

27741 20
Based on the proposed example of a mathematical
description [13-15] and similarly (1) and (2), the
developer can specify all the parameters, values and
events necessary for the implementation of the analytical-
logical structure of relations "OSCEM" (fig.1) for all GUI
elements are presented in table 4 according to the
developed graph of implementation (fig. 4).
Let’s consider example

of the

(PHASUP )]

directory _CAD directory _CAD
IVIEtechn E echn

"Technology" (Formaie®”-*") and all the necessary

graphic objects CD;™, ..., CD" for input / output and
display the necessary information in accordance with
table 2 and fig. 2. Expression (3) describes the parameters
for creating an empty visual window "Technology"

creation a visual window

an ( Form dir;ctory7CAD ) "OSCEM"
. t .
presentation of parameters, values and e
directory _CAD directory _CAD
events MPechn + PBechn \ for
ASUP ASUP
directory _ CAD directory _ CAD mp3 =Form_ ASUP; mp
Formlechn (Formlechn PE)[(MPtechn ) N
mpéASUP ‘mpéASUP ,mpéASUP ’mpf(SSUP:"ue;mpéASUP ASUP plASUP ASUP ~ false: mp:§\ZSUP Jimg techn. prg;
®)
mpéAZSUP ,mpélSUP =Default; mplASUP =100; mpéA?’SUP 708,582; mp7AlSUP =Jlerans; (PPdlrectory CAD )]
techn

techn _.. "
Edlrectory CAD mel ="PostBD

techn

(M )

CAD
(S
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Element AEofS; "General information™ is a visual
element which belongs to Form"ev-CA> “and contains a

techn

set of necessary interface elements (CD1®™, ..., CDy®)

CRaen [(CD™)(PCS™) —

pc]é ,pr:]('s‘pcll2 ,pcl ,pclg :aINone;pc]é ,pclzia,pc]é?):false;pc% :Close;pc%O:chefault;

for data management. Let’s add (3) a mathematical
description of the element (4):

POk 3 PCh PGk 1 PG Py

1372774174246~ ~""20"7"35"7"36"""37

AN

—1:pc1 ,pcl .pcl ,pcl ,p(%g,pcég.pcjzls.pcjs'l:false:pc]él:true:p%szchrag:p%s:derag;

A pr%7 =deanuaI;pc]£‘4 ="Copy"; pc]5'0 =328;p<:]5'2 =75;pc]3' =button _ copy

4)
(PP™) A

ce]é ="Copy_to_clipboard"

A(CEF™) (EA™)

(4) describes the parameters (visualization) and
events (the reaction of the graphic object to the user's
interaction with it) of reaction to a single click on the
Booton interface element, which initializes the "Linguistic
variable" - Copy_to_clipboard, in the name of which in
the knowledge base (KB) the search for a code fragment
to implement the functions of copying data to the
clipboard is done.

Thus, we can present the structure of any visual
window and all the necessary graphical elements for the
implementation of a full-featured interface developed by
CPPS.

<Form_ASUP>

To simplify the manipulation of large volumes of
records and connections of all GUI elements, all the logic
and sequence of constructing an example of mathematical
descriptions (1-4) including: parameters, structure and
events of graphical interface elements hidden from the
developer and implemented at the kernel level
"Automation of CPPS development management
process”. Consequently, (1-2) can be represented as the
following record, based on the mathematical model
presented below.

{?** Creating the main form with the specified parameters and events for creating and closing the form **?
[Name=Form_ASUP; ControlBox, MaximizeBox, MinimizeBox, Showlcon, ShowInTaskbar =true; TopMost, Locked,
Localizable, AutoSize = false; Icon=../img/icon.png; Cursor, Language = Default; Opacity=100; Size=708,515; Text=

ASUP] [Load= Open_BD; FormClosed=Close_BD]

}
# TabControl_ASUP

{?** Creating a TabControl GUI with the specified parameters using the non-visual ImageList component **?
[Name=TabControl_ASUP; Alignment=top; AllowDrop, Locked, Multiline=false; Enabled, TabStop, Visible=true;

ItemSize=81,25; Size=680,237, ImageList=Ilist. ASUP]}

#TabPage_directory
?** Description of bookmarks "Guides" **?

{[Imegelndex=12; Text=Guides; Size=192,67;Locked=false]}

# ToolStrip _CAD
?** Explanation **?

{n

?** Explanation **?

}

#PictureBox_logo
{?** Explanation **?

# ToolStripButton _dir_CAD

{1 0113

[Name=PicBox_ OSCEM; BorderStyle=None, ImageLocation=../img/logo.jpg; Location=10,98; Size= 200,200]

}

}
</ Form_ASUP>

The results of the compilation of the generated
program code in Visual Studio 2019, based on the
developed system "Automation of the CPPS development
management process” of the main window "OSCEM", are
presented in Fig. 5. As can be seen from fig. 5 this
implementation of HMI on the basis of the selected GUI

elements allows to implement the convenience of access
to the required functionality, in accordance with the
analytical and logical structure of connections "OSCEM"
(fig. 1). Fig. 6 shows the use of GUI elements from table 4
to implement Task;, Sub_Sy, G(AEOofS); of the access levels
to the functionality "OSCEM".
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Fig.6. Fragment of implementation of Task;, Sub_Sk, G(AEofS); levels of access to the "OSCEM" functionality

Based on the results obtained (fig. 5) and the
functionality requirements in TT, this implementation of
the GUI "Main Control Menu" of the main window

"OSCEM" ( Form o) will be unchanged and fixed, and

ASUP
all other elements AEofS; will be placed on the Panel

Windows Form in accordance with the graphical model of
the link structure (fig. 4).

Here are examples of implementing the HMI
interface "OSCEM" "Guides"—"CDT Guide", based on
the GUI element Panel, which contains all the visual

elements in the framework Formjeos" (fig. 7).

H H master
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Fig. 7. Example of implementing the HMI interface "OSCEM" "Guides" — " CDT Guide"
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Let's give, as an example, the result of a compiled
window (Windows Form) implementation of an interface
based on GUI elements (fig. 4, tables 2, 4) for

“Technology" (Formaey-CA2y " For example (fig. 8)

Windows with "CDT Guide" are called separately when
the user selects TabControl "Technology" and information

in DBGrid (table 4).
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Fig. 8. Example of implementing the "Technology" window ( Form

Based on the obtained scientific results, to check the
correctness of the decisions made, studies of the
development management process of the "Integrated
System of operational dispatching control management of
production of the enterprise" (OSCEM) were conducted
on the basis of the system "automation of development
management processes CPPS™ and the classical method of
the development management process, which were
conducted in parallel with another group of developers, as
part of the implementation of a scientific topic
commissioned by the enterprise.

Table 5. Classic "OSCEM" development management process

directory _CAD
techn )

For clarity of the received results of the conducted
experiment by classical process of management of
development "OSCEM" the comparison table (table 5) on
the following parameters and criteria was constructed:

- stages, sub-stages;

- time of the beginning of each substage (from the
beginning of initialization of process of management of
development);

- duration of each stage in days;

- the amount of work in hours, provided that the
length of the working day is 8 hours.

Project stages Substages Start time, days Duration, days Volume, hours
Initialization General statement of project tasks 0 15 120
Definition of requirements 0 10 80
Definition of specification 3 15 120
Definition of TT 4 40 320
Planning Goal setting 15 30 240
Clarification of results 25 34 272
Determining the composition of works 32 40 320
Formation of the calendar plan 40 47 376
Risk assessment 5 70 560
Development Configuration definition 40 64 512
Technical ways to achieve the goal 53 20 160
Realization Creating an interface 65 40 320
Writing code 70 70 560
Metric control 80 60 480
Testing Testing 120 30 240
Verification of compliance with TT requirements 140 34 272
Correction of comments and errors 170 30 240
Monitoring and | Implementation 200 23 184
completion of Correction of comments and errors 220 30 240
the project -
Support of project results 240 40 320
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Based on the obtained experimental data during the
development of "OSCEM" by the classical method of the

control process (table 5), a Gant chart was constructed,
which is shown in fig. 9.
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Fig. 9. The process of managing the development of "OSCEM" by the classical method

Accordingly, for the convenience of presenting the
results, the process of managing the development of
"Integrated system of operational and control of enterprise
production" (OSCEM), based on the proposed models
implemented in the system "Automation of CPPS
development ~management processes”, was built
table 6 according to the following parameters and
criteria:

- stages, sub-stages;

- time of the beginning of each substage (from the
beginning of initialization of process of management of
development);

- duration of each stage in days;

- the amount of work in hours, provided that the
working day is 8 hours.

On the basis of the received experimental data
(table 6) the Gant chart (fig. 10) of process of
management of development "OSCEM" by means of the
developed system is constructed.

Table 6. "OSCEM" development management process based on the system "Automation of CPPS development management

processes"
Project stages Substages Start time, days Duration, days Vﬁétr;le’

Target Setting the main goal 0 15 120
Defining sub-goals 15 20 160
Defining tasks for sub-goals 30 31 248
Mathematical description of elementary problems 59 50 400

Physical Defining the functions of each level 108 20 160
Development of an organizational and technical 120 8 64
structure

Cybernetic Development of an infological structure 128 10 80
Development of an information structure 138 14 112
Development of control algorithms 149 19 152

Development Developing a CPPS description in the modeling 165 10 80
language
Updating the code and HMI interface 173 30 240
Checking whether the main goal has been achieved 200 5 40

Testing and Testing 205 15 120

monitoring Implementation and monitoring 219 10 80
Support service 220 40 320
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Fig. 10. "OSCEM" development management process based on the system "Automation of CPPS development management

processes"

For convenience of comparison of the data received
during experimental researches during OSCEM
development we will construct the petal diagram in which
we will designate through 1,2,..., n substages of
development and volume of hours spent on each of them
for the developed management process presented in fig.
11a, and the classical (fig. 11 b).

As can be seen from fig. 11 the developed automated
control process, implemented in the system "Automation
of control processes for the development of CPPS", has a
number of advantages over the classical method of
control, that is:

a)

- the number of stages and sub-stages in the
developed technological process of CPPS development
management is less than in the classical method;

- the developed system "Automation of CPPS
development management processes” can reach the

maximum amount of time required to solve problems in
the sub-stage "Mathematical description of elementary
problems™ - 400 hours.

We will combine the obtained experimental results
for the classical and developed control method, by
superimposing the obtained data in the form of a petal
diagram presented in fig. 12.

b)

a) the developed CPPS development management process; b) the classic method of managing the development of CPPS
Fig. 11. The amount of hours spent at each sub-stage of the "OSCEM" development management process
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@ Classical management process

@ Developed management process

Fig. 12. Diagram of comparison of costs of volume of hours at use of classical and developed process of management of development

"OSCEM"

Also, on the basis of the system "Automation of
CPPS development management processes" the following
solutions were developed for:

- automation of TP management in production:

1) "Voice control of the robot RM-01" (author's
certificate Ne57666 dated 17.12.2014);

2) Programming and remote control of the mobile
robot “"Programming robots"” (author's certificate Ne59439
dated 24.04.2015);

3) Automated system for designing the technological

process of manufacturing accelerometers "AsSAM"
("AsSAM")  (author's certificate Ne 65348 from
16.05.2016);

4) "Module of automated design of technological
schemes of assembly of robots" Mach-CAM " (author's
certificate Ne 74619 from 13.11.2017);

5) "Automation of computer vision and video stream
processing for mobile robots” (author's certificate Ne
80306 dated 16.07.18);

- automated systems of TP
standardization:  Standardization  system
(author's certificate No57667 dated 17.12.2014);

- automated systems of design training: "Module of
automated design of robots" Max-Robotics "(copyright
certificate Ne 74642 from 13.11.2017);

- automated non-destructive testing systems:
"Program for determining the synchronous control of
temperature regimes of boards in the production of"
QUAcontrol  "(copyright certificate Ne59980 from
04.06.2015);

- software development system for computer-

design  and
"NORM"

integrated system of technological preparation of
production: "Automated software design system for
corporate  information  systems of technological

preparation of production" "CAD-Programming Code"
(author's certificate Ne 74576 from 09.11.2017).

Conclusions

Based on the proposed models, in this work, to test
and verify the correctness of research decisions, a system

"Automation of CPPS development management
processes” was developed. Given that the developed
system allows not only to automate the process of
managing the development of CPPS from scratch, but also
allows you to automate the process of managing the
development of the cyber component for the
modernization and improvement of existing CPPS.

Introduction of technologies of automation of
processes of management of development of CPPS will
allow:

- to combine the target, physical and cybernetic
components of the CPPS development management
process in a single information space from the beginning
of development to its implementation;

- automate the process of verifying the achievement
of the main goal (TT requirements) of CPPS development,
which allows to make changes and manage the process of
CPPS development at any level and stage of the proposed
technology;

- automate the process of managing the development
of the cybernetic component (HMI) based on synthesized
algorithms using GUI elements of object-oriented
programming languages.

- increase the flexibility of the proposed architecture
and technologies for automating the CPPS development
process, which reduces the development time of the
cybernetic component by expanding the database

"ContainerSolutions”,  which  contains  ready-made
program code.
During the study, a number of comparative

experiments were conducted, which showed:

- time for system development, based on the system
"Automation of CPPS development management
processes”, was reduced by 2.5 times compared to the
classical method,;

- the number of stages of the CPPS development
management process based on the classical method is 25%
more than in the proposed one;

- the amount of hours spent on the development of
the system "Automation of CPPS development
management processes” decreased by 2.4 times.
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The obtained scientific results can be useful to The results of scientific and theoretical research are
developers of CPPS, software and hardware modules in  implemented in the educational process, in the production
the field of SCADA, ERP, MES systems, departments of  process of a number of public and private enterprises, as
ACS of enterprises for modernization of existing CPPS, as  well as the stated solutions are protected by copyright
well as specialists in automation of complex CPPS certificates.
development management processes.
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PO3POBKA ITPOI'PAMHOI'O MOAYJISAA OIIEPATUBHO-JUCIIETYEPCBKOI'O
KOHTPOJIIO BUPOBHUILITBA HA BA3I KIBEP-®I3UYHUX CUCTEM
KEPYBAHHAA

I[IpeameroM noCHiUKEHHS B CTaTTi € TPOLIECH KepyBaHHSA BUPOOHHLTBOM Ha 0a3i kibep-dismunux cucreM. Merta poboTu —
aBTOMATH3aIlisl KepyBaHHS BUPOOHUYUMH MIPOLIECAMH 32 IOTIOMOT'00 KiIOEpHETHYHOI CKIIaZ0BOI 1 aHali3 OTPUMaHUX pe3ybTaTiB. st
JIOCSITHEHHSI TOCTaBJICHOI METH HEeoOXigHe BHpINIEHHS HACTYIHHUX 3aBAAHb. PO3POOHUTH AHANITHYHO-JOTIYHY MOJETb HpoLecy
ynpaBiiHHA po3pookoio CPPS 3 ypaxyBaHHSM BUMOT 3a3Ha4€HHX B TEXHIYHOMY 3aBJaHHI Ha po3pobmoBansauid CPPS; npencraButn
AHATITHYHO-JIOTIYHY CTPYKTYpY 3B'SI3KiB y BUTJISIII MOJICII B3aEMOIil OCHOBHUX BIKOH 1 BCIX HEOOXIMHUX rpad)ivHUX CJICMEHTIB IS
peadizaiii moBHOQYHKITIOHATBHOTO iHTEpdeiicy po3podmroBanoi CPPS; mpoBecTr ekcriepuMeHTabHI TOCTIPKCHHS e()eKTHBHOCTI Ta
MPaKTUUHY amnpoOamil0 OTPUMAHHUX TEOPETUYHUX pe3yJbTaTiB, HUIIXOM MOPIBHAHHSA KIACHYHUX METOMIB Ta PO3POOJICHUX.
Pesyabratu: OO0'emHano 1mineoBi, ¢i3W4Hi Ta KiIOGpHETHYHI CKIagoBiI mporecy ympaBiiHHA po3podku CPPS B eamnomy
iH(pOopMaLifHOMY TpPOCTOPi BiI MOYATKy pPO3POOKM A0 HOTo BIPOBAIKECHHS. ABTOMATH30BAaHO MPOLEC IEPEBIPKH JOCATHEHHS
roJoBHOI MeTu po3pobku CPPS, sxuii 1a€ MOMXIIMBICTD BHOCUTH 3MiHH 1 KepyBaTH mporecoM po3podku CPPS Ha Oyap-skoMy piBHI 1
eTari 3arporoHOBaHOT TEXHOJIOTIi. ABTOMAaTH30BaHO MPOIIEC YIPABIiHHS PO3POOKH KiOCPHETHYHOT CKIIQJIOBOI HA 0a3i CHHTE30BaHUX
aNropuTMIB QyHKIiOHYBaHHS 3 BUKopHcTaHHAM GUI exeMeHTIB 00'€KTHO-Opi€EHTOBaHUX MOB IPOTPaMyBaHHs, [0 aJI0 MOXKJIMBICTh
30UTBIIMTH THYYKICTh 3alpOINOHOBAHOI apXiTEKTYpH 1 TeXHOJOTril aBToMmarHm3amii mpouecy po3pooku CPPS Ta ckoporutn wac
PpO3poOKN KiGepHETHYHOI CKJIagoBOi. Pe3ynbraTh HayKOBHMX 1 TEOPETHYHHX JOCHI/UKEHb BIIPOBA/KEHO B OCBITHIM mporecc, y
BUPOOHUYMIT TpoLieC Py Aep>KaBHUX 1 MPUBATHUX IIAMPUEMCTB, TAKOXK BUKJIAJICHI PIlIEHHS 3aXUIIECHI aBTOPCHKUMH CBiJOLTBAMHU.
BucHOBKH: 3amponoHOBaHI MOJETI Ta METOOU JO3BOJSTH HE TUIBKM aBTOMAaTHU3yBAaTH IpoOIeCc ympaBiiHHA po3poOkoro CPPS 3
"Hynsa", a # DacTh MOXJIMBICT ABTOMATHU3yBAaTH MPOLEC YIPABIIHHSA PO3pOOKOI0 KiOEpHETHYHOI CKIamoBOi AN MoAepHizamii i
yAOCKOHaJIeHHs Bike icHyrounx CPPS.

Kawuori ciaoBa: Industry 4.0; Posymue BupoOHuuTBO; Cyber-physical Production Systems; TeXHOJOTiYHHH MpoOIIEC;
aQHANITHYHO-JIOTIYHA CTPYKTypa 3B's3KiB; ynpasiinas; "OSCEM".

PA3PABOTKA INTPOI'PAMMHOI'O MOJAYJIA OHNEPATUBHO-AUCIHETYEPCKOI'O
KOHTPOJIA MTPOU3BOACTBA HA BA3E KUBEP-OU3NYECKUX CUCTEM
YIIPABJIEHHUA

IIpeqmeToM mccienoBaHMs B CTaThe SBISIOTCS MPOIECCH YIPaBICHHS MPOMU3BOACTBOM Ha Oasze kubep-¢usmdecknx cucrteM. Llean
paboTBI — aBTOMAaTH3aIMs YIPaBICHHUs IMPON3BOACTBEHHBIMH IIPOIECCAMH C TIOMOIIBI0 KHOSPHETHIECKOI COCTABISIOMIEH U aHaIN3
MOJTyYSHHBIX PE3yJbTaToOB. JlJI1 JOCTIDKEHHs IIOCTaBJICHHOW LeNM HEeoOXOAMMO pelleHHe CIeAyIoInX 3agad: pa3paboTaTh
AHATUTHYCCKU-JIOTHYESCKYI0 MOJIeTIb Tpoliecca yrpasieHus pa3padbotkoit CPPS ¢ yueTom TpeOoBaHMiT yKa3aHHBIX B TEXHHYCCKOM
3agaHuyu Ha paspabareiBaeMblii CPPS; npeacTaBuTh aHaINTHYECKHU-ITOTHYECKYIO CTPYKTYPY CBs3€il B BUE MOJIEIH B3aUMOJCHCTBUS
OCHOBHBIX OKOH ¥ BCEX HEOOXOJUMBIX TpaQUYecKHX OJJIEMEHTOB JUI pealu3aldy IOJHOQYHKIHMOHAIEHOTO WHTepdeiica
paspabartsiBaemoii CPPS; npoBecT skcnieprMeHTanbHbIe nccienoBaHus 3Q(EKTUBHOCTH M IPAKTHUECKON anpoOaliy MoyYeHHBIX
TEOPETHIECKUX Pe3yIbTaTOB, MyTEM CPaBHEHMS KIACCHYECKHX METOAOB M paspaboraHHbIX. Pe3yabTaTbl: OObenAMHEHHI IIENEBHIC,
¢usnueckre W KHOSpHETHYECKHE COCTABISIONIME Tpolecca ympasieHus pazpabotku CPPS B emwHOM wHOpManmoHHOM
MIPOCTPAHCTBE OT Hadalda pa3pabOTKM IO €ro BHEIPEHHS. ABTOMATH3MPOBAaH IIPOIECC IPOBEPKH JOCTIDKCHMS TIABHOHM Ienn
pa3pabotku CPPS, KOTOpEI JaeT BO3MOXXHOCTh BHOCHTH H3MEHEHHS M YIIPABIATH IporeccoM pa3padotku CPPS Ha mobom ypoBHE 1
JTane mpeiaraéMoil TeXHOJIOTMH. ABTOMATH3UPOBAH IPOIECC yNpaBlIeHUs pa3paboTKH KHOSpHETHYECKOH COCTaBIIONIEeH Ha Oase
CHHTE3MPOBAHHBIX aJIrOPUTMOB (GYHKIHOHUPOBaHHUs ¢ ucrojib3oBaHueM GUI ameMeHTOB 0OBEKTHO-OPHUEHTHPOBAHHBIX SI3BIKOB
HIPOrPaMMHPOBAHHS, YTO MO3BOJIMJIO YBEIUYUTh MMOKOCTh HPEUIOKCHHON apXUTEKTYphl U TEXHOJOTHI aBTOMATH3alUK Ipolecca
pazpabotku CPPS u cokpaTuth BpeMsi pa3paboTKu KHOSPHETHYECKOH COCTABIsIIONICH. BBIBOABI: NpesI0XKEHHBIE MOACIH U METOIbI
MO3BOJIIT HE TONBKO aBTOMAaTM3MPOBATh Mpomecc ympasiaeHUs paspaborkoii CPPS ¢ "Hyma", HO W 1acT BO3MOXHOCTB
aBTOMATH3MPOBaTh  IIPOIECC  yHpaBieHHWs  pa3paboTKoil  KHOEpHETHYeCKOH  COCTaBISIOmEH Uil  MOAEPHH3AIMH U
YCOBEpPIIEHCTBOBAHNS yike cymecTBytomux CPPS.

KumnroueBsie cioa: Industry 4.0; Cyber-physical Production Systems; texHomorn4eckuii nporecc; aHaIHTHIECKH-IOTHYEeCKast
CTpYyKTYypa cBis3eii; ynpasnenue; "OSCEM".
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