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Abstract

System-oriented measuring instruments (MIs) differ from traditional MIs in their ability to be integrated into complex
control and automation systems. They are tools that are used in various complex technical systems to collect, analyse,
transmit and use measurement data in real time. Such MIs are an important element in the implementation of the concept
of Industry 4.0, where it is crucial not only to measure parameters, but also to use them for intelligent control of various
technical processes.

Mathematical models allow to theoretically simulate the operation of a certain complex technical system to identify
opportunities for its optimization and improvement of certain of its technical characteristics. The construction of a certain
mathematical model of a technical system shall provide the maximum reflection of all the main properties of the modelled
system. There are various methods for mathematical modelling of complex technical systems. However, there is no general
procedure for creating such models.

The main components of system-oriented MIs are determined and their generalized structural diagrams of two
types of such MIs are proposed. A generalized structural diagram of an information and measurement complex based on
a combination of system-oriented MIs is presented, which allows performing measurements and processing of measure-
ment data from numerous measurement objects.

For mathematical modelling of a system-oriented MI as a system, the graphical and analytical apparatus of the general
systems theory was used. The combination of graphical and analytical interpretations of the obtained mathematical model
provides the necessary information about the properties of the MI as a complex technical system. The obtained mathematical
models can become the basis for evaluating the specific components of measurement uncertainties when using a system-

oriented MI.
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Introduction

System-oriented measuring instruments (MIs) dif-
fer from traditional MIs in their ability to be integrated
into complex control and automation systems. They are
tools that are used in various complex technical sys-
tems to collect, analyse, transmit and use measurement
data in real time. Such MIs are an important element
in the implementation of the concept of Industry 4.0
(The Fourth Industrial Revolution, Industry 4.0),
where it is crucial not only to measure parameters,
but also to use them for intelligent control of various
technical processes.

Mathematical models allow to theoretically simu-
late the operation of a certain complex technical sys-
tem to identify opportunities for its optimization and
improvement of certain of its technical characteristics.

© HHIL «Inctutyr merpoJorii», 2025

The construction of a certain mathematical model of
a technical system shall provide the maximum reflec-
tion of all the main properties of the modelled system.
This will allow obtaining a representative model of
a real technical system and to establish the features of
the processes studied by it, to predict these processes
in time and to determine their quantitative characte-
ristics [1].

There are various methods for mathematical
modelling of complex technical systems. However,
there is no general procedure for creating such
mathematical models. A brief description of the use of
different models in mathematical modelling of sensors
and measuring transducers is provided in [2]. Due
to the digital transformation towards the Internet of
Things (IoT), data-driven modelling approaches have
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Fig. 1. Generalized structural diagrams of two types of system-oriented Mls
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Fig. 2. Generalized structural diagram of the information and measuring complex based on system-oriented Mls

gained immense importance and this has led to the
use of new approaches. A brief overview of modelling
in measurement technologies from classic white box
models to intelligent, data-driven cognitive solutions,
with an identification of advantages and limitations,
is given in [3].

Main types of system-oriented measuring instruments

The main components of system-oriented MIs
are: sensors and primary converters of various physical
quantities; modules for collecting and pre-processing
measurement data (Analog-to-Digital Converter, ADC)
for signal conversion, etc.); controllers and computing
modules (microcontrollers, personal computers — PCs,
etc.); communication modules and interfaces (wired
and wireless communication devices, etc.); software
(built into MI, installed on PCs, etc.); human-machine
interaction interfaces (graphic panels, touch displays,
etc.).

Generalized structural diagrams of two types of
system-oriented MIs are presented in Fig. 1.

A system-oriented MI based on a microproces-
sor with embedded software is shown in Fig. 1, a.
The hardware part of such a MI includes such devi-
ces as the primary convertor and ADC (for interac-
tion with the measurement object), a control interface
and an indication device (for interaction with the
user), a storage device and a data exchange interface
(for interaction via a common hardware bus).

A system-oriented PC-based MI is shown in Fig. 1, b.
Such a MI includes a hardware component based on
a microcontroller with firmware, the task of which is
analog-to-digital conversion and primary processing
of signals from the primary convertor, and the PC
hardware: a data storage device, an interface for
interaction with the microcontroller, an interface for
interaction with the user, an interface for connecting
to a local network. The measuring processes of such
a MI are provided by the PC software, which includes

both working programs and the operating system and
corresponding hardware drivers. Using a local network,
it is possible to connect to the general Internet network.

By composing individual system-oriented MIs, it is
possible to create complex information and measuring
complexes for measuring and processing measurement
data from numerous measurement objects (MOs).
A generalized structural diagram of such an information-
measuring complex based on a combination of system-
oriented MIs is shown in Fig. 2, which interacts with
N MOs.

Features of methods of mathematical modelling of sys-
tem-oriented measuring instruments

Mathematical models are used for the design of
measurement systems and are also the basis for the
evaluation of their measurement uncertainties according
to the requirements of special international and regional
guidelines [4, 5]. Key aspects of traditional modelling
approaches and a discussion of their transformation
into data-driven modelling are presented in [6].

A systematic and universal modelling concept,
which has evolved from the idea of classical mea-
surement chain, is proposed in [7], which provides
a theoretical justification of the concept and practical
procedures for its application. This concept uses only
a few typical model structures that are closely related
to the measurement method used. However, these
general model structures can be easily adapted to any
specific measurement task.

The Ilimitations of conventional functional-
oriented models are considered in [8] in the light of
a generalized concept of measurement. The proposed
general object-oriented model of measurement systems
identifies the following classes of objects: measured
object — OB; measuring instrument — MI; standard;
human observer; environment. Each of the classes
of objects is characterized by its own attributes and
operations or functions at three levels (internal,
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operational, external). The interaction between them
is modelled, including the connection between all clas-
ses of objects.

Of particular interest for the mathematical mo-
delling of system-oriented MIs is the study that defines
the concepts of sensory, sensory-hardware, sensory-
functional, and sensory-software infrastructure of
a cyber-physical system [9]. It proposes a set-theoretic
model of the formation of the information state of
a cyber-physical system based on the model of sen-
sory infrastructure, the decomposition of which
allows determining the current state of its hardware,
functional, and software components.

Mathematical modelling of system-oriented MIs
as a system and its software as a subsystem using
the apparatus of general systems theory is presented
in [10]. The modelling performed allows to describe
the functioning of a MI and to provide its graphical
interpretation of the properties of the MI as a complex
technical system. The basis for such modelling was the
implementation of the apparatus of general systems
theory for complex organizational and technical
systems [11, 12].

Proposed mathematical models of system-oriented mea-
suring instruments

To construct hierarchical levels of a mathematical
model of a system-oriented MI, a block-hierarchical
approach can be used. At each hierarchical level of
the system model, the concept of a subsystem and

a system element can be used as a set of mathema-
tical objects (numbers, scalar variables, vectors,
matrices, graphs, etc.) and their connecting relations,
reflecting the properties of a real system-oriented MI.

The general approach to building a mathematical
model of a system-oriented MI as a system includes
the following basic procedures:

+ determining the properties of the MI for buil-
ding an adequate mathematical model and collecting
initial information about the selected properties of
the MI;

» obtaining mathematical expressions and equa-
tions of the model structure that generally describe
the relationship between the applied properties and
variables for the MI;

» determining numerical values of the parameters
of the mathematical model for a specific MI and
assessing the accuracy and adequacy of the resulting
model, etc.

Graphical representations of mathematical models
of system-oriented MIs using general systems theory
are shown in Fig. 3, where:

» for MIs based on a microprocessor with em-
bedded software (Fig. 3, a):

Sys,; is a system-oriented MI as a system;

SubSys,, and SubSys, are the hardware and
software subsystems of the system-oriented MI Sys
respectively;

ReEx,,, ReEx,, ReEx, are the subsystems of
external influence on the user’s MI, data storage

mi>

Fig. 3. Graphical representations of mathematical models of system-oriented Mls (a)
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Fig. 3. Graphical representations of mathematical models of system-oriented Mls (b)

device, control interface of the system-oriented MI
Sys,,, respectively;

Elln,.,, Elln,,, Elln,,, Elln,, Elln,, Elln,, Elln,
are the elements of the primary converter, ADC,
microprocessor, display device, communication de-
vice, interfaces, data storage device of the hardware
subsystem SubSys,,, respectively;

Reln,, Reln;, Reln, are the subsystems of mu-
tual internal influences of the microprocessor, data
exchange device, interfaces, data storage device
between the hardware subsystem SubSys,, and the
software subsystem SubSys,,, respectively;

» for MIs based on a universal PC (Fig. 3, b)
additionally:

SubSys,. is a PC software subsystem;

Ellnp,,, Elln,,, Elln,,, Eln,,, Eln,,, are the ele-
ments of the primary converter, microcontroller, user
interface, external bindings interface, internal control
interface of the subsystem SubSys,., respectively;

Reln Reln,,., Reln,,, are the subsystems of
external influence on the MI of the user interface,
the external communications interface, the internal
control interface of the subsystem SubSys,, respecti-
vely.

Considering all the components shown in
Fig. 3, the analytical expression for two types of
system-oriented MIs as complex technical systems
[8—10] using general systems theory will take the
form:

me?

uipe®

SubSys,,, = (Eln,,,Elln,, , Elln,,, Eln

pev? mp >

Elln ,,Elln

« for MIs based on a microprocessor with em-
bedded software:

Sysm[l = <SubSyShw1 4 SubSyS.vw ’ Rehw.vw ’ Trghwl 4 Trg.vw ’ ATmt > ) ( 1 )
+ for MIs based on a universal PC:
SysmiZ = <SubSyshw2 ’ SubSyspc 2 Rehwpc' ? Trghwz ’ Trgpc ’ AY:ni > ’ (2)

where Re,,, and Re,, . are the subsystem of in-
terconnections between hardware and software sub-
systems of the system-oriented MI of the first type
and subsystem of interconnections between hardware
and software subsystems of the PC of the system-
oriented MI of the second type, respectively;

Trg,,, Trg,,, Trg, are the subsystems of establi-
shed sets of targets for the functioning of hardware
and software subsystems of system-oriented MI, PC
subsystem, respectively;

AT, is the period during which the modification
of the MI as a system works as intended.

As can be seen from the graphical representations
of the mathematical models of the two types of system-
oriented MIs in Fig. 3, these models have significant
differences. Therefore, the analytical expressions for
these models also differ significantly.

Analytical expressions for subsystems of two types
of system-oriented MIs, considering their internal and
external connections, have the form:

+ for MIs based on a microprocessor with em-
bedded software:

s Elln,, Reln,,, Reln,;, Reln, , Reln,, ) 3)

mp > ci?
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» for MIs based on a universal PC:

SubSysch<ElIn Elln, , Elln,

uipc eipc?

It should be noted separately that the subsys-
tem SubSys,, in two types of system-oriented MIs
has significant differences. In a system-oriented MI
based on a microprocessor with embedded software,
it is a component of the system Sys,;, and in a MI
based on a universal PC, it is the PC software
subsystem SubSys,. In this regard, the properties
of these subsystems and the corresponding risks

of the functioning of the system Sys,, as a whole

Elln

icipc ®

ReEx

uipc ?

ReEx ReEx,.u.pc > . )

mepe eipc ?

Summary

For mathematical modelling of system-oriented
MiIs as a system, the graphical and analytical apparatus
of the general systems theory can be used. The com-
bination of graphical and analytical interpretations
of the obtained mathematical model provides the
necessary information about the properties of the
MIs as a complex technical system. The resulting
mathematical models have significant differences, and
therefore the analytical expressions for these models

also differ significantly. They can become the basis for
evaluating the specific components of measurement
uncertainties when applying system-oriented MIs.

are assessed according to different procedures
using special international and regional guidelines
[13, 14].

MatemaTiuHi MojeJli CHCTEMHO-OPiEHTOBAHMX 3aC00iB
BUMIPIOBAJIbHOI TEXHIKH
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AHoTaris

CucteMHO-opieHTOBaHI 3aco0u BuMiproBasibHOI TexHiku (3BT) BimpisHsitoTbest Bin Tpamuuiiinux 3BT 3maTHicTiO
iHTerpyBaTucsl B CKJIaJHi CUCTeMU KepyBaHHS Ta aBTomartu3zalii. Lle iHCTpymMeHTH, $IKi BUKOPUCTOBYIOTHCSI B Pi3HUX
CKJIaIHUX TEXHIYHUX cucTemax Jyisi 300py, aHajlidy, mepeaadi Ta BUKOPUCTAHHS JaHWUX BUMIpIOBaHb Y peajbHOMY Yaci.
Taki 3BT € BaXauBUM eJleMEHTOM Yy pealtidallii KkoHuenuii [HmycTpii 4.0, 1e BaXIMBO HE TUIBKM BUMIpIOBaTH MapaMeTpu,
a I BUKOPMCTOBYBATH iX IJIsl iHTEJIEKTYaJbHOTO KEePYBaHHS Pi3HUMM TEXHIYHMMU IpOLecaMu.

MareMaTryHi MOfeJi AO3BOJISIIOTh TEOPETUYHO 3MOJETIOBATU POOOTY TMEBHOI CKJIAJAHOI TEXHIYHOI CUCTEMHU 3 METOIO
BUSIBJICHHSI MOXJIMBOCTEH 1i OonTWMMi3alii Ta MOKpalIeHHS OKpPEeMMX I TEeXHIYHUX XapakTepucTtuk. [loOymoBa mneBHOI
MaTeMaTUYHOI MOJeJi TeXHiUHOI CHUCTeMU Ma€ mependadyaTd MakKCHUMayibHE BimoOpakeHHsI BCiX OCHOBHMX BJIACTHMBOCTEM
MOJIeJIbOBAHOI CUCTEMM. ICHYIOTH pi3HI METOAM MaTEeMaTUYHOTO MOJEIIOBAHHSI CKJIAAHUX TeXHIYHUX cucrteM. OmHak
3arajJibHOi METOMOJIOTil CTBOPEHHSI TaKMX MaTeMaTUYHUX MOJEJeil He iCHYE.

BcTaHoBIeHO OCHOBHI KOMITOHEHTH CHCTeMHO-opieHToBaHMX 3BT Ta 3armpornoHoBaHO iX y3arajJbHEHi CTPYKTYPHiI CXeMH
nBox tuniB Takux 3BT. HaBeneHo y3arajbHeHy CTPYKTYPHY cxeMy iH(popmalliiilHO-BUMipIOBaJbHOTO KOMIUIEKCY Ha OCHOBI
KoMOiHalii crucreMHo-opieHToBaHMX 3BT, axuit mo3BoJissie TTPOBOAUTH BUMIPIOBaHHS Ta OOpOOKY HaHMX BUMiplOBaHb Bil
BEJIMKOI KiJIbKOCTi 00’€KTiB BUMipIOBaHHSI.

1151 MaTeMaTUIHOTO MOJENIIOBaHHS cCTeMHO-opieHToBaHOTO 3BT 5K crcTeMu BUKOPUCTOBYBaBCs rpacdoaHaTiTHIHU
arapar 3arajibHoi Teopii cucteM. [loenHaHHs TpadiuyHOI Ta aHAJIITUYHOI iHTEpHpeTaliii OTpMMaHOi MaTeMaTUYHOI MOJei
nae HeoOXimHy iHdopmartito ipo BiaacTuBocTi 3BT sk ckimamHoi TexHiyHOI cructeMu. OTpUMaHi MaTeMaTU4YHI MOJETi MOXYTh
CTaTM OCHOBOIO [IJISl OL[IHKU CIelU(iYHUX KOMIIOHEHTIB HEBM3HAYEHOCTENl BUMIpIOBaHb MPU BUKOPUCTAHHI CUCTEMHO-
opieHToBaHoro MI.

KirouoBi cioBa: MareMaTnyHa Mojeib, OOJalHAHHS; MpOorpaMHe 3a0e3MeueHHs; BUMIpIOBaJIbHUM Tpuiaa; BIUIMBOBE
CEPEIOBMUILIE.
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