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Synthesis and decomposition of a mechatronic system
with hydro-pneumatic automation devices

Abstract. The relevance of this study is driven by the increasing complexity of mechatronic systems with hydropneumatic
automation devices and the need to improve the efficiency of their design in the context of Industry 4.0 development. The
aim of the study was to substantiate the suitability of the cyclic-modular approach for decomposing a mechatronic system
into macromodules, synthesising these modules, and subsequently integrating them without compromising the system’s
properties. The research methodology was based on the application of systems analysis, decomposition, and logical synthesis
principles for the design and investigation of mechatronic systems with hydropneumatic automation devices. Within the
synthesis object, the electronic component was represented by the control algorithm of the system’s actuating devices. The
authors consider efficient and competitive technical solutions aimed at introducing new functions and increasing the level
of automation in accordance with Industry 4.0 trends. An abstract model of a mechatronic system element, referred to as a
macromodule, is proposed. The advantages of autonomous configuration and testing of macromodules were demonstrated,
showing a significant reduction in development time and simplification of system design. The consequences of deep
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Synthesis and decomposition of a mechatronic system...

fragmentation of a mechatronic system were analysed, and the relationship between module complexity and control
architecture is established. The results of the control model analysis demonstrated that excessive decomposition leads to
the emergence of a separate hierarchical level responsible for coordinating interactions among simplified elements. It was
substantiated that the division of a system into macromodules cannot be arbitrary; rather, it was strictly constrained by the
physical properties of the equipment and the functions of the design object. The paper proposed evaluating the quality of
decomposition not by the number of elements but by the practical reduction in system development time before and after
scaling. The optimal size of macromodules is unique to each specific project because it was determined by the functional
and physical content of the components. Effective decomposition achieves a balance between macromodule autonomy
and the complexity of coordination links, thereby enabling the rapid implementation of sophisticated automation systems

Keywords: control architecture; macro-module; hydraulic devices; functional decomposition; logical control; modular

synthesis; control architecture; Industry 4.0

INTRODUCTION

Efficient and competitive technical solutions for any in-
dustry are impossible without adding new functions and
increasing the degree of automation, which is in line with
the trends of Industry 4.0. Authors such as E.H. Aboul et
al. (2022) presented Al applications in industry, including
Internet of Things (IoT) and Industrial Internet of Things
(IIoT) technologies. H. Sikandar et al. (2021) found that In-
dustry 4.0 is primarily focused on the fields of engineering
and computer science. These changes lead to the scaling
up of mechatronic and automation systems, as noted by
M. Becker et al. (2025). A consequence of the increased
number of controlled devices in a technical system, from
2-5 to 30-100, is system segmentation. The segments are
combined into a larger system that forms a common op-
erating space for all segments. System composition and
decomposition are recognised as key approaches in the
development, testing, and modernisation of automat-
ed technical systems with a significant number of man-
aged and controlled components and multiple operating
modes (Mesarovic & Takahara, 1975; Li et al., 2025). Sim-
ilar tasks have also arisen in computing and information
technology. As programmable controllers (Programmable
Logic Controllers, Smart Relays and Industrial PCs) have
spread to other technology fields, developers of tradition-
al hydropneumatic and mechatronic systems have faced
similar challenges (Barbanera, 2021; Webert et al., 2022;
Belgacem et al., 2026). If different areas of technology
are considered from the point of view of dividing a larger
technical system into smaller subsystems, followed by the
development of these subsystems and their subsequent in-
tegration into a unified system, many common principles
and approaches can be identified.

The peculiarities of certain automatic and mechatron-
ic technical systems can be imparted into several aspects
that do not allow the direct application of informatics and
computer science approaches and methods for the devel-
opment of automated systems, including the variety of de-
vices and functions both within a single system and among
the available technical means used for design (Lambert
& Herder, 2016; Cherkashenko, 2023), the natural asyn-
chronicity of pneumatic and hydraulic devices, the non-de-
terministic timing of repetitive actions in pneumatic

and hydraulic processes, the dependence of the duration
of hydraulic and pneumatic processes on environmental
conditions and the system state, and differences in the
representation of safety-related pneumatic, hydraulic, and
mechanical elements compared with components used in
computer science (Vieira et al., 2021).

The aim of the research was to substantiate the suita-
bility of the cyclic-modular approach for dividing a mecha-
tronic system into parts and combining the parts into a me-
chatronic system without violating the system properties.
To achieve this aim, the following tasks were addressed:
the formation of a generalised structure of a macromodule
for hydraulic and pneumatic automation and mechatronic
systems; the determination of the relationships between
the macromodule and the system; the determination of the
connections between the system and the macromodule;
and the verification of the proposed approach through a
practical example involving the development of a hydraulic
and pneumatic automation system.

MATERIALS AND METHODS

The number of different means, for example, control and
monitoring in pneumatic automation, is measured in thou-
sands, and in hydraulic automation and mechatronics even
more. The diversity of the element base of such models as
finite state machines or EF networks, or Petri nets, which are
the basis of the language for compiling control algorithms, is
measured in tens and differs thousands of times from the di-
versity of mechatronics technical means (Findeisen & Hel-
duser, 2015; Albrecht & Taylor, 2020; Lu et al., 2022).

Secondly, it is the natural asynchrony of processes in
pneumatic and hydraulic devices (the time of their state
transformation). For these devices, the time difference be-
tween the operation periods differs from tens to hundreds
of thousands of times. The third is the unregulated time of
the same hydraulic, mechanical or pneumatic transforma-
tions when they are repeated (Subramanya, 2010; Khond et
al.,2019; Zhang et al., 2024). That is, a single transformation
of the state of a hydraulic or pneumatic device, depending
on the state of the environment and system parameters,
may have a repeated operating time with a difference of
several dozen times (Peterson, 1981). The fourth difference
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relates to the prevention of physical destruction of system
elements and is focused on the features of mechanical,
pneumatic or hydraulic devices that differ significantly from
the representation of elements in information technology
(Parr, 2011; Adedigba et al., 2016). In the case of simulta-
neous issuance of two commands to transform the state
of a mechanical device in opposite directions, its physical
destruction or uncontrollable actions occur (Polishchuk et
al., 2018; Kozlov et al., 2023). Also, peculiarities can be ex-
tended by differences in Power from a tenth of watts to tens
of kW and oscillations of variables in transition processes.
The listed features are sufficient to define the ba-
sic requirements for the components attribute and its
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representation in tasks of decomposition and composition
of hydraulic automation and mechatronic systems (Tibo-
ni, 2023; Nazarova et al., 2024; Lopez et al., 2026). The uni-
versal form of a system element should be suitable for the
variety of technical means used in the system. This does
not mean that each means is an element or component;
conversely, each element has a certain technical device as
its prototype (Mesarovic & Takahara, 1975; Subraman-
ya, 2010; Cherkashenko, 2023). In a formal representation,
a system element must have the properties of controllabil-
ity and self-control of transformations of its state, regard-
less of the physical nature of the structure and complexity
of the technical devices used (Fig. 1).
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Figure 1. Example of the 1st module structure

Source: compiled by authors

In other words, an element of the system, in terms of
information, includes a command to change its state and a
signal that confirms the expected change:

X=¢ (Y, 1), %
where X, — signal of changed state, ¢ (Y;) - transition func-
tion of changing state by command, t; - time of transi-
tion. This option takes into account the first feature and
largely covers the second and third features of the class
of systems under consideration. As for the fourth fea-
ture, all components have a long-term unregulated tran-
sient state, which requires the use of three-digit logic
(0 - ready to operate, * — transient state or uncertainty,
1 - testing is completed): X, € {1, 0, *}. Thus, the form of a
system element will have meaningful content (based on
a physical prototype) beyond its formal description. The
physical content of the system element (involved devic-
es) will not affect the system properties of the element.
Only the function of changing the state and the function
of self-monitoring the state of the element are taken into
account, not time of transition.

Prevention of mechanical destruction, as a result of
applying opposite commands to an element, module or
system, can be ensured by taking into account a cycling
feature (Lishchenko et al., 2024; Fu et al., 2026). Every el-
ement has two opposite actions (“switch on + action” and
“switch off + action”) — execution and control of result:

{XL' = ¢(Yiiti) (2)

X; =Y, t;)

where X; - signal of returning to initial state, result of re-
verse command Y;, t; — time of transition. Two opposite
functions (main and reverse) of one element form a se-
quential cycle (Fig. 2).
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Figure 2. Example of function diagram
of the 1st module
Source: compiled by authors
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In this form, any separate part of the system, if it meets
the listed requirements, can obtain the status of a system
element with standard functions for the developer such as
connection to the system using the main and reverse con-
trol commands and interaction with other elements via
state control signals.

A separate system that has “switch-on” functions
with control of the result obtained after switching on, and
“switch-off” functions also with control of the result ob-
tained after switching off, can be used as a system element
and, therefore, is suitable for the synthesis of an automated
system of a technical object (Fig. 3). The main and reverse
functions performed by such a system element or macro

module form their technological cycle, divided into small-
er functions and modules. But for the main system, such
a macro module is an ordinary element with a three-digit
cyclic logic of state changes (1, 0, *) based on the issuance
of “switch on” and “switch off” commands:

MMy = {Yure, Xue, tui, Y o7 X

M A Eup } =

ik (3)
= {(%, X}, t;}vmi (Y}, X, tj}mf}|j:1’
where i — serial number of macro module, j - serial num-

ber of unit/module of macro module, k - quantity of units/
modules of macro model.
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Figure 3. Structure diagram of macro module M1

Source: compiled by authors

The issue is rules for adding macro module in to the
system and for separating part of the system as macro
module. The function of the macro module for the main
command Y,, includes several actions of system units
k(Mi). This means the macro module is a system of units/
modules, which include actuators with control signals and
commands. There are no differences in using of inputs {Y,,
Y;;} and outputs {X,,, Xi;} of a macro module and unit. But
they can be different, in the physical meaning, of the main
and reverse action of the macro module. It means inputs
are not connected with one specific unit and outputs — give
information about state of the macro module. Output sig-
nal is a combination of control signals of units in the mac-
romodule. An additional advantage of using macro mod-
ules is the removal of complex functions from the main
system and their transfer to macro modules. The functions
may be more complex than the main system, but their pro-
visioning, testing, and debugging can be performed simul-
taneously with the development of the entire facility. This
significantly speeds up the development of a new system.

Application of the method on the example of a system
with pneumatic actuators Example. The technical solution

is considered using pneumatic automation. Pneumatic
grippers are widely used in assembly plant manipulators
to perform several actions. The gripper combines several
actuators with monitoring and control devices. A pneumat-
ic workpiece holding mechanism, horizontal and vertical
movement drives (Fig. 4). Before starting work, the work-
piece holding mechanism is in the open position. At the
command to perform the main function of the macro mod-
ule: the vertical feed drive lowers the holding mechanism
to the workpiece (position control), then - if the workpiece
is present — the mechanism grabs the workpiece (pressure
control X', ., signal from detector of workpiece X,,,,), Next,
the vertical feed drive lifts the workpiece (position control).
If necessary, the horizontal feed drive moves the workpiece
to the shipping position. On a command to perform the re-
verse function of the macro module: the vertical feed drive
lowers the mechanism with the held part (position control),
then the mechanism releases the part (inverse pressure
control X537, no signal from detector of workpiece X;p1).
The vertical feed drive then lifts the mechanism without
the part (position control). The macro module returns to
its original state.

Machinery & Energetics. Vol. 17, No. 2
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Figure 4. Macro module “Manipulator” (pneumatics)
Note: actuators: 1 — pneumatic cylinder (horizontal axis), 2 - pneumatic cylinder (vertical axis), 3 — gripper; signals: Y1,
YN1- commands for horizontal displacement, X1, XN1 - end position switches for the horizontal axis, Y2, YN2 — com-
mands for vertical displacement, X2 — end position of the vertical axis (pressure sequence valve), YN3 — gripper (command

“release”), X3 — signal from gripper
Source: compiled by authors

The first step is to identify the macro module and the
modules that make up the macro module, and to name the
macro module, as well as the modules and signals that make
up the macro module. Consider the name of the macro mod-
ule. Suppose that the grab macro module has the name “M1”
in the system, then the commands to turn it on and off will
receive the designation: Y,,;, Y;;- Macromodule components:
1M1 vertical feed drive (1st module of Macromodule 1), 2M1
holding mechanism module (22¢ module of Macromodule 1).
Command marked as Y with index, control signals marked as
X with the same index. The second step is to build detailed
descriptions of the main and return functions of the macro
module. The execution of the main function “part capture”
will have the following detailed form:

“)

Yii=Yun = Yo = Yiane
The opposite function of “part capture” will look like this:

Ym = Y1M1 g YM g Ym. (5)
The third step is the formation of the content of the
logical conditions for controlling the performance of macro
module functions. For the example under consideration, t
he logical condition that states the fulfilment of the main
function of the macro module “approval” is as follows:
Xm1 = X131 * Xomo (6)
(top position, workpiece is held). The logical condition that
states the execution of the reverse function of the macro
module is as follows:

(N

Xart = X1t * Xzarno

(top position, no workpiece in gripper). In general, logi-
cal conditions are drawn up by means of logical synthesis,
which will be discussed in the example.

The fourth step is to formalise the description of the
macro module. By its actions and their ordering, the mac-
ro module is a cyclic system. The difference lies in the di-
vision of the cycle into two segments. The first segment
contains the part of the cycle that corresponds to the
main function. To execute it, you need an enable signal
from the main command of the macro module. Similarly,
the second segment contains the rest of the cycle, which
is responsible for executing the return function of the
macro module. To execute it, you need the enable signal
of the return command of the macro module. That is, for
a macro module, there is a functional graph built accord-
ing to the rules of cyclic systems and the methods of the
cyclic-modular approach (Peterson, 1981; Wu et al., 2014;
Vanegas-Ayala et al., 2022) can be applied to it. The mac-
romodule graph has two externally controlled gaps such
as the “RUN” signal. They separate the segments of the
main and return functions (Fig. 5). If necessary, the system
of the macro module can be supplemented with memory
elements, and logical expressions of control commands
for individual modules that make up its structure can be
compiled (Wu et al., 2014; Zhao et al., 2021).

Fifth step is establishing a logical connection be-
tween the macro module and the external system. Ac-
cording to the diagram (Fig. 3), the macro module should
supply the system with signals to control the perfor-
mance of its main and reverse functions, the logical ex-
pressions of which were built in the third step. X,, and
X3 will be used in control commands for the logical syn-
thesis of the external system to which the macro mod-
ule belongs. Two commands that will be formed during

Machinery & Energetics. Vol. 17, No. 2
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the logical synthesis for the macro module Y,,, Y37, will
be used as external signals when performing the main
and return functions of the macro module. Logical com-
mands for controlling the macro module Y,,,, Y37, will
be multipliers in the expressions of commands that start
the execution of the main function segment and in the
expressions of commands that start the execution of the
inverse function segment.

RESULTS AND DISCUSSION

The system acquires a homogeneous structure. This is be-
cause the macromodule takes the form of a regular module.
That is, a complex subsystem is represented as a memory
element with turn-on and turn-off time delays. This allows
for synthesising the interaction logic of all system mod-
ules using a single set of rules. Consequently, this enables
the investigation of such system properties as reachability,
safeness, liveness, and boundedness, which are commonly
applied in Petri nets. Formally, the macro module does not
exist in the system. As an example, the gripper macromod-
ule (Fig. 5) is involved in an automated system that pro-
vides the following actions:

1. Loading the part into the system — the main action
of module 1;

2. Picking up the part by the macromodule - the main
action of the macromodule M2;

3. Transferring the gripper with the part to the working
position - the main action of module 3;

4. Returning the loader to its initial state - the reverse
action of module 1;

5. Release of the part by the macro module - the re-
verse action of the macro module M2;

6. Clamping the part — the main action of module 4;

7. Performing technological processing of the part —
the main action of module 5;

8. Returning the technological equipment to its origi-
nal state — the reverse action of module 5;

9. Releasing the part - the reverse action of module 4;

10. Picking up the processed part by the macromod-
ule — the main action of the macromodule M2;

11. Returning the gripper with the workpiece to its
original position - the reverse action of module 3;

12. Release of the workpiece by the macromodule - the
reverse action of the M2 macromodule;

13. Removal of the part by the extractor — the main ac-
tion of module 6;

14. Returning the extractor to its original position - re-
verse action of module 6. Then the cycle is repeated.

1M2

Figure 5. Functional diagram of macro module M2: dotted - connection lines,
dash-dotted — uncertainty lines, 3M2 — memory element

Source: compiled by authors

The first step is to identify the macro module and its
components. The grip macro module is named “M2” in the
system, and the commands will be designated: main Y, re-
verse . Components of the macro module: vertical feed drive
1M2 (1st module of Macromodule 2), module of the holding
mechanism 2M2 (2 module of Macromodule 2). Second
step is detailed descriptions of the main and reverse func-
tions of the macro module. Performing the main function
of capturing a part: Yy, = Yipp = Youz = Y35 Performs a
reverse “part release” function: Y355 = Yy = Vo = Y-
Third step is the formation of logical conditions for con-
trolling the execution of macro module functions. The

logical condition for capturing a part: Xy, = X135 * Xom2
(top position, workpiece is held). A logical condition for
releasing a workpiece: X33 = X133 * X335 (Upper position,
no workpiece). The fourth step is formalisation and logical
synthesis of the macro module. By the actions of the macro
module components and their ordering

Yz = Yimz = Yamz = Yigz and Yoz = Yinz = Yop = Yooz
a functional graph of the macromodule was constructed

(Fig. 5). According to the results of the memory test, two
uncertainty lines (dashed and dotted lines) were obtained.

Machinery & Energetics. Vol. 17, No. 2




To get rid of the memory deficit, a module (memory ele-
ment, 3M2 and 3M2). Specify external commands to the
main function (M2) and reverse function (M2) of the mac-
ro module (marked with arrows on Fig. 5). Based on the
created graph, the module control commands and logical
expressions of the macro module status signals were com-
piled. Control commands:

Yimz = Xamz * Xopz + X333 * Xomz * Vigzs
Yomz = Ximz * Xamz; Yamz = X133 * X735z * Yuzs
Y = Xomz * Xamz + X533 * X337 Yaarz = Xamz * Xaiz5
YM = Xm * X2M2'

The main command of the third module contains an
external signal to turn on the macro module, and the sec-
ond addition of the 1st module command contains an ex-
ternal command signal to turn off the macro module. The
expressions of these commands (Y, and Y3;) should be
built by logical synthesis of the main system. Composing
logical expressions of the macro module state (X, and
X355, shown with the frames, Fig. 5) corresponds to the
conditions of termination of the main function and the
inverse function of the macro module. On the graph, the
vertex of the end of the last action of the main function
has the logical expression Xy, = Xz35 * X135 * Xoma- AS
soon as the reverse function starts, the signal will disap-
pear (state X43;3) and the macro module will lose its state
X,»- Similarly, for the vertex of the end of the last action

Hanpantsurova et al.

of the inverse function: Yy, = X; + X3 * X5 * X3. Compared
to the meaningful conditions of the macro module state,
multipliers have been added to take into account the addi-
tion of a memory element.

Fifth step is ensuring the interaction between the mac-
ro module and the external system. The logical connection
between the macromodule and the external system is pro-
vided by the expressions of the commands to turn the mac-
romodule on and off (Y,,, and Y3;). These expressions are
built through the state signals of the external system. The
logical connection between the external system and the
macro module is provided by the expressions of the mac-
ro module status signals (X, and X353), built through the
state signals of the macro module components. Based on
the results of the logical synthesis of the external system,
the logical expressions of all commands, including those of
the macro module (Fig. 6), are obtained.

Y1 =Xg*X7*X§*Xm;YI=XM2;

Yo = X1 + Xz x X5 X3, Yoz = X3 x X7+ X5 +X§*X7;
Y3 = Xy * X7; y§=XM2*X7F Y, = X33 * X7 * X3;
Y7=Xex X7, Vs = Xy x X7, Yz = X7
Yo =Xim * Xz x X5, Ye = X7, V7 = X6, Y5 = X5

Macro module state signals X, and X3z should
be replaced with their expressions obtained in step 3
or during the logical synthesis of the macro module:
XM2=Xm*Xm*X2MZandYM2=X1 +X1*X7*X3 5

Figure 6. Functional diagram of system with the 2" Macro Module:
dashed - connection lines; dotdash — uncertainty; 7 and 7 — memory

Source: compiled by authors

The command expressions of the external system after
replacement are as follows:

Y1 =XE*X7 *Xg*Xm*Xm*Xm,
Y1 = Xaiiz * X1z * Xam2,
Y3 = X533 * X7373 * Xomz * X7,
YEZXM*XM*XZMZ *X7,
Yy, = X117 * X3z * X333 * X7 * X3,

Yo = X7arz * Xonrz * Xappz * X7+ X3-

This ensures that the external system is connected to
the state of the macro module components.

The logical connection of the macro module with the
external system is made through the macro module control
commands from the external system. The signals of these
commands are present as multipliers in the expressions of
the control commands of the macro module components.
Instead Y,,, and Y35 in the expressions of the commands of
the macro module components must be:

Yyo = X1 + X7+ X5 % X35
Ym =X3 *XT*X7+X§*X7.

This replacement ensures that the macro module
switches from its own event counting to the event counting

Machinery & Energetics. Vol. 17, No. 2




Synthesis and decomposition of a mechatronic system...

of the external system. The command expressions for the
components of the macro module are determined as follows:

Yine = Xamz * Xopgz +
+X5335 * Xomz * (X3 * X7+ X7 + X3 % X5);
Yomz = Xim2 * Xam2;
Yamz = Xipgz * Xappz * (X1 + Xg + X5+ X3);
Yoz = Xomz * Xamz + Xz * Xaapzs

Yoz = Ximz * X55135 Yaus = X1z * Xomz,

The construction of the “gripper” macromodule for the
system and the system with the macromodule is complete.
The resulting expressions allow us to develop a control sys-
tem: to design electrical relay circuits, to design pneumatic
automation circuits, to design a control algorithm (Zhao et
al., 2021; Vanegas-Ayala et al., 2022).

The use of a macromodule as a tool by a developer
when creating systems provides another opportunity —
to use the principle of reversibility of the system and its
parts. According to formal features, an external system
that includes a macro module that operates once per cycle
meets all the requirements for building a separate “macro
module”. Main and reverse functions Y,,, and Y7 of the
macro module that has already been built and is named
“M1”, divides the system’s action cycle into two segments
(Busi, 2002; Gomes & Barros, 2005; Reisig, 2013). In com-
parison, a common feature is the logical structure of the
control systems. In other models, the system architecture
is fixed. In the proposed model, within its foundational
premises, the system architecture is open. That is, cyclic
modules have specific logical interaction conditions among
themselves. The operational process is a consequence of
fulfilling (executing) these conditions.

The first segment between switching on the macro-
module M1 and switching off the macromodule M1. The
second segment from the switching off of macromodule
M1 to the next switching on of macromodule M1 (Fig. 7).
Since the system’s development of the first process seg-
ment leads to the state of the beginning of the second seg-
ment, and the development of the second segment leads
to the state of the beginning of the first segment, it can
be said that the segments are mutually reversible. That is,
by analogy with the cyclic modules of the system, these

segments can be designated as follows: the main action of
the external system Y, reverse action of the external sys-
tem Y. According to the graph (Fig. 7), to start the main
action Yy, the reverse function of the macro module must
be completed Y3;. To start performing the reverse action
Yoyt the main function of the macro module must be com-
pleted Y,,,. That is, logical commands are enough for the

macro module and the external system to interact:

Y1 = X%; Yim = XSyst;

Ysyst = Xuma; Ym = Xwi-
At the same time, the system state signals X, and X555
will have a structure similar to the status signals of the of
the macro module, i.e., they are logical expressions for a
single vertex of the expanded graph of the system. will have
a structure similar to the status signals of the of the macro
module, i.e., they are logical expressions for a single vertex
of the expanded graph of the system.

Syst

M1 M1

Syst

Figure 7. Functional graph with the inverse image
of the system and macromodule M1
Note: dotted lines are communication lines, Syst — main
action of the system, Syst — reverse action of the system
Source: compiled by authors

The number of actuating and controlling devices and
monitoring devices is the same for the homogeneous sys-
tem and the system with macromodules. This number is
due to the same set of functions and control devices for
both system variants. Quantitative indicators for the ho-
mogeneous system (Fig 9) and the system after decompo-
sition have approximately the same values (Table 1).

1M2 3M2 2M2 3M2 2M2
* (X3 * X7+ X7 + X3 % X5);
Y*1m2 = X1 % Xopz + X3 % X7 % Xoppz * X7 +
+X1*X7*Xm*x3 +X§*X7*X2M2
Yomz = Ximz * Xamzs
Y omz = Ximz * X1 + Ximz * X7 % X3
Yy = X5 * X7 % X3 % Xi32 * Xoarg * X
Y*l ZXE*X7 *Xm*Xg
Y1 = Xaz * Xarz * Xamzs
Y'q =x Xi7 * Xoma * X7,

Figure 9. Functional graph of the homogeneous system of the first example, comparison of logical expressions of commands
Note: * commands are marked in the case of a homogeneous system, without marking — command expressions for a

system with a macromodule M2
Source: compiled by authors

Machinery & Energetics. Vol. 17, No. 2




Hanpantsurova et al.

Table 1. Comparative indicators of the example

Indicator Homogeneous 2 macro modules
Quantity of transitions 23 15+9=24
Logical uncertainty 6 3+2=5
Elements of memory 1 1+1=2
Quantity of modules 8 7+3=10

Quantity of logical connections
(modules 1M1, 2M2 and 1)

Relative dimensionality 23+%8=184 15%7+9%3=132

10+4+5=19 8+1+7=16

Source: compiled by authors

smt test mistake

— F _tcont cont
= tsint tslnt + ttest ttest + tmLstake tmlstake
dul modul ,

The main difference in the approach is related to the = t“’"t/tmod u
relative dimensionality of the system N, which is calculated
as the product of the number of transitions in the processz ~ where £, t, f, - percentage of development time

st (60-90%) and

test? tmismke
and number of modules in the system m: N=z+*m.Interms  spent on synthesis i, , (5 — 15%), testing
of content, this is the maximum number of logical condi-  fixing errors ,,;,,,, = 100% — (£, t +{,.,,) (up to 30%). The time
tions that determine a certain action of a certain module in  to correct errors is further reduced by reducing the dimen-
a certain state of the system, applied for each action. sionality of the objects (system or macro module) in which

These conditions are the formal basis for the content  the correction is performed. For the example under consid-
of the system’s algorithm. For the above example of a ho-  eration, the parameter falls within the range from 1.4 to
mogeneous system, this figure is 184. For a distributed sys-  2.1. The second value corresponds to the absence of errors
tem, the developer must synthesise the main system and  (qualified developer), and the first value corresponds to the
the macro module subsystem. For the main system, the presence of typical technical errors in the construction of

relative dimensionality is 105, and for the macromodule 27.  the circuit and the design of the control algorithm.

For the developer, this means that the required number of The effectiveness of the approach depends on the
synthesised and minimised logical conditions that he must  relative dimensionality of both the system and the mac-
check is reduced by 1.4 times. romodules: the number of modules in the system m, num-

ber of transitions in the process z, quantity of macro mod-

sint test

~ t ~ t - . . - . .
Tsint ts%;"l = trest :f%tml =14. ules K, uniformity of distribution of functional modules
modu mod u

across macromodules. Clarification: the total number of

This will result in a proportional reduction in devel-  transitions when adding each macro module can increase
opment time, a reduction in testing time, a proportional by 1, due to the addition of memory elements that com-
reduction in the number of technical errors in the de-  pensate for the absence of a macro module in the system:
velopment, testing, and design of the control algorithm,  z,,,,;= 2" Ko FOI @ system consisting of three macro-
and the time required to correct them. The total reduc- modules, each of which has the conditional dimension of
tion in development time using the macromodular ap- the entire system of the previous example, the following

proach will be: indicators are obtained (Table 2).

Table 2. Comparative indicators of the 2rd example

Quantity of transitions Homogeneous 3 macro modules
Logical uncertainty 69 23+23+23+3=72
Elements of memory 18 nD, +nD,+nD;<18
Quantity of modules nM nM+3
Quantity of logical connections 24 24+3=27
Relative dimensionality 69+*24=1656 3%(24*8)=576

Source: compiled by authors

For the developer, this means that the number of syn-  range from 2.15 (in the absence of errors) to 7.5. The di-
thesised and minimised logical conditions is reduced by vision of the same system into 2 macromodules of larger
2.8 times. Accordingly, the reduction in the development dimension (12 functional modules each) leads to the fol-
time, depending on the ratio of the stages’ terms, will lowing indicators (Table 3).

Table 3. Comparative indicators of the 3nd example

Quantity of transitions Homogeneous 3 macro modules
Quantity of transitions 69 35+35+2="72
Logical uncertainty 18 nD,+nD,<18
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Continued Table 3.
Quantity of transitions Homogeneous 3 macro modules
Elements of memory nM+2
Quantity of modules 24+2=26

Quantity of logical connections
(modules 1M1, 2M2 and 1)

69*24=1656

2%(35%12)=840

Source: compiled by authors

Separating one macromodule in the system (decom-
position into 2 components: 2 to 5) reduced the relative
dimensionality by 1.4 times. Dividing the system into 2
macromodules of the same dimension reduced the relative
dimension by 2 times. Dividing the system into 3 macro-
modules of the same dimensionality reduced the relative
dimensionality by 2.8 times. Further fragmentation of the
system will lead to simplification of macromodules and
complication of connections between them. In fact, a sec-
ond layer of the control system is created — a coordinator
of macromodules. In the ultimate variant, an initial sys-
tem will be obtained that will serve as a coordinator of the
initial functional modules identified with macromodules.
These data provide a quantitative characterisation of the
simplification of an abstract system when it is decomposed
into macromodules. Since mechatronic systems are subject
to the properties of equipment and technological process,
an arbitrary division of the system into a given number of
macromodules and the desired dimension of macromod-
ules is not realistic. The separation of macromodules, as a
rule, has a substantive basis, which determines the number
of macromodules and their dimensions, as was the case in
the example with the manipulator, and the qualifications
of the developer. In other words, the decomposition effi-
ciency indicator will be the reduction of development time
and the ability to automate larger-scale processes. This in-
dicator will be formed for each practical system based on
its output data and the equipment involved.

CONCLUSIONS

The cyclic-modular methodology for decomposing systems
into macromodules provides a structured and efficient

A prerequisite for effective application is the ability
to isolate distinct subsystems. Such isolation is feasible
when sequences of actions involve equipment not shared
with other functions, or when complex functions exist in-
dependently of the subsequent technological cycle. Under
these conditions, macromodules can be treated as autono-
mous units, facilitating both circuit design and algorithmic
control. Quantitative analysis confirms the efficiency of
this approach: the use of N macromodules in a system of
n modules can reduce development time by approximate-
ly N times, provided that the system contains more than
3N modules and each macromodule incorporates at least
three modules. This ensures meaningful decomposition
and maximises the benefits of modularisation.

Future development should focus on the integration
of simulation tools to validate system behaviour, reliabil-
ity, and fault tolerance prior to physical implementation.
Embedding macromodule decomposition into simulation
environments will allow predictive testing and optimisa-
tion of performance. Additionally, the methodology can
be aligned with Industry 4.0 principles, enabling flexible,
reconfigurable production systems that leverage modular
control units within smart manufacturing frameworks.
In conclusion, the cyclic-modular methodology for mac-
romodule decomposition offers significant advantages
in reducing complexity, shortening development cycles,
and promoting scalability. Its extension through simula-
tion-based validation and integration with Industry 4.0
paradigms positions it as a universal design strategy capa-
ble of transforming system development into a more effi-
cient, modular, and future-ready process.

framework for the development of hydropneumatic au- ACKNOWLEDGEMENTS
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CUHTEe3 Ta AeKOMMNOo3ML i MexaTpOHHOI cucTteMmn
3 rigpponHeBMaTUYHUMM NPUCTPOSAMU aBTOMaTU3aUii

AHoOTaUiA. AKTyalbHICTb AOCTIIKEHHS 3yMOBJ/IEHA 3POCTAHHSIM CK/IaJJHOCTI MEXaTPOHHMX CMCTEM i3 TiIpOITHeBMaTUYHUMU
MPUCTPOSIMM aBTOMaTM3alii Ta HEOOXiZHICTIO MigBUIIIeHHST e(DeKTUBHOCTI iX TPOEKTYBaHHSI B yMOBAaxX PO3BUTKY
koHuernuii Industry 4.0. MeToto nociigskeHHs 6y/10 O6IPYHTYBaHHS MPUAATHOCTI UMKIIYHO-MOIYAbHOTO MigX0qy
IJIS1 BeKOMITO3U1Iii MexXaTpOHHOI CUCTeMM Ha MaKPOMOZYIi, iX CMHTe3y Ta MOAasbIIoro 06’efHaHHS 6e3 MopyIIeHHS
CUCTEeMHUX BJIACTUBOCTe . MeTomonoris moctimgskeHHs: 6a3yBanach Ha 3aCTOCYBAaHHI MPUHLMITIB CMCTEMHOTO aHai3y,
JIIeKOMIIO3UIIiil Ta JIOTiYHOTO CUMHTE3Y IJIs1 TOOYL0BM i1 JOCITiIKeHHSI MeXaTPOHHUX CUCTEM 3 TipOMHEeBMATUIYHUMU
NPUCTPOSIMU aBTOMaTHu3alii. B 06’eKkTi cMHTe3y 3 60Ky eeKTPOHHOI CKIaJ0BOi B3SITO aITOPUTM KepyBaHHS
BUKOHaBUMMM MMPUCTPOSIMU CUCTEMU. ABTOPY PO3IVISIAAI0Th e(DeKTUBHI Ta KOHKYPEHTOCIIPOMOXKHI TeXHIUHi pileHHs
3 OIVISIAOM JIOJlaBaHHS HOBMX (PYHKIIili Ta MiJABUIIEHHS CTYIE€HS aBTOMAaTu3allii, o BiAnoBimae TeHaeHIisIM [HIyCTpii
4.0. 3apoNnoOHOBAHO a6CTPAaKTHY MOZEb eleMeHTa MeXaTPOHHOI CUCTeMU — MakKpoMOLyJsl. IIpeacTaBieHo mepeBary
aBTOHOMHOTI'O HaJIalITyBaHHS i TeCTYBaHHSI MaKpOMO/YIIB, 1[0 3HAYHO CKOPOUYE TEPMiH i CIIPOILYyE NPOEKTYBAHHS
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006’ekTy. PO3T/ISTHYTO HaCHiAKY IMO0OKOI hparMmeHTallii MeXaTpoOHHOI CMCTEMM Ta BCTAHOBJIEHO B3a€MO3B’I30K MiK
CKJIAIHICTIO MOJY/IiB i apXiTeKTypolo KepyBaHHS. HaBemeHO pe3ynbTaTy MPOBEAEHOTO aHaJli3y, I[0/I0 MOJe/Ti KepyBaHHS,
a came JI0OBeJIeHO, [0 HaJMipHe JeKOMITO3MIIisl TPU3BOAUTH [0 MOSIBY OKPEMOTO iepapXiuyHOTro piBHS, 1110 3a6e3meuye
3B’SI3KM MiX CIIpoleHMu efjieMeHTaMu. O6IPYHTOBAHO, IO TOiI CUCTEMM HAa MAaKPOMO/YJ/Ii He MOXKe 6YTM BUITAJKOBUM;
BiH KOPCTKO 06MexkeHM Hi3MUHMMM BAACTUBOCTSIMM 06/agHaHHS i PyHKIiIMY 06’€KTY MPOEKTYBAHHS. Y CTATTi
3aIlpOTIOHOBAHO OI[iHIOBATH SIKiCTh J€KOMITO3UIIil He 3a KiJIbKiCTIO eJIeMeHTiB, a 3a MPakKTUYHMUM CKOPOUYEHHSIM Yacy
PO3pO6KM cUCTEMM IO i Mic/is MacmTabyBaHHs. ONTUMaTbHA PO3MipHICTh MAKPOMOLILY/IIB € YHIKaIbHOIO [J1S1 KOSKHOTO
KOHKPETHOTO MPOEKTY, OCKiJIbKM 6a3yeThCSI HA 3MiCTOBHOMY ((pisMUyHOMY) HAaITOBHEHHI KOMIOHEHTIB. EpekTuBHa
MeKOMITO3MILis 3HaXOAUTh 6ajlaHC MiXXK aBTOHOMHICTI0O MaKpPOMOZYJISI Ta CKJIAAHICTIO KOOPAMHAIiIHMX 3B’SI3KiB,
3abe3I1euyoun MBUAKE BIIPOBAIKEHHS CKIAJHUX 3aC06iB aBTOMAaTHU3aIlil
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