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ABSTRACT

Modern industry is inextricably linked with mobile industrial robots, which plays a key role in production processes and
warehouse logistics. The intensive introduction of mobile industrial robots has increased the need to improve the energy efficiency of
robotic installations due to their significant impact on overall production costs. At the same time, there is a pressing need to reduce
the time required to develop and implement mobile industrial robots. This leads to the need to improve and optimize the properties of
all components that make up a mobile industrial robot. Currently, electric drives are most widely used in mobile industrial robots.
Research shows that the use of modern high-tech solutions in the construction of electric drive control systems can improve the
energy efficiency of mobile industrial robots. In turn, the introduction of an intelligent component into mechatronic motion modules
allows to reduce the time required for their construction and integration into mobile industrial robots. The purpose of the study is to
increase the energy efficiency of an intelligent mechatronic motion module by using a multi-motor electric drive in the movement
system of a mobile industrial robot and to develop a stable and energy-efficient intelligent automatic control system based on a neural
network, taking into account the nonlinear properties of the control object under conditions of uncertainty.
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Research relevance. Due to the widespread adoption of mobile industrial robots (MIR) in
industry, optimizing their energy consumption is an important area of research as it can lead to
significant energy savings and reduce the environmental impact of MIR. Improving the energy
efficiency of industrial systems helps improve the environmental condition of our planet and is one
of the key means of achieving “zero” emissions, as reflected in the International Energy Agency’s
report “Net Zero by 2050” [1]. At the same time, according to the Industry 5.0 concept [2], the
requirements for MIR and their modules are increasing, which is due to the large volume of
uncertainties, such as non-modeled dynamics, parameter changes and external disturbances. This
leads to the need to introduce new high-tech solutions in the construction of MIR and their modules.

The purpose of the study is to build an energy-efficient intelligent mechatronic motion
module (IMMM) capable of performing complex tasks independently without the participation of
automatic control systems of the upper-level module, while expanding the possibilities of
information interaction between the system modules and ensuring the reliability and safety of the
module through intelligent diagnostics of faults and protection in abnormal operating modes.

The study examines the construction of an IMMM based on a multi-motor electric drive with its
own intelligent automatic control system (ACS). The main attribute of this system is the
nonlinearity of its components. In turn, the application environment requires high dynamics of
movement when changing the working environment in real time. The system is considered as a
multi-mass system, where each engine, including the electric motor, forms a separate mass. As for
the state variables, the system is multidimensional with simultaneous control of the electromagnetic
torque and the speed of the motor shaft, the time for optimal acceleration and braking depending on
the energy consumption. At the same time, the main element of the ACS is a digital computing
device, so the system acquires the character of a discrete signal with time quantization, which is
typical for pulse systems. The general requirement of the ACS is the automatic change of
parameters, structure or control algorithm to ensure energy-efficient movement of the MIR
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andmaintain system stability under arbitrarily changing external influences and arbitrarily changing
internal parameters of the system.

Nowadays, the development of digital technologies leads to an ever-increasing expansion of
mechanical systems with components from the electronics and software industries. There is an
increase in research aimed at the construction and application of intelligent mechatronic modules.
This issue is addressed, for example, in the study [3], which focuses on the issue of interdisciplinary
design of modules in mechatronic modular systems.

In the field of MIR, research related to energy efficiency improvement mainly follows two
approaches, namely eco-efficient design and eco-efficient programming [4]. These studies show
that the introduction of modern high-tech solutions in the construction of MIR and their modules
allows for increasing the energy efficiency of their movement systems. So the current research
related to the construction of the IMMM combines these two approaches. It combines the energy
saving potential of the IMMM by using a multi-motor electric drive in the MIR movement system
and development of a sustainable and energy-efficient intelligent ACS based on a neural network.
The generalized functional scheme of the IMMM is presented in Fig. 1.

The construction of a modern multi-motor electric drive for moving the MIR based on the
IMMM principle provides the following advantages:

— the modular principle of constructing a multi-motor electric drive with an intelligent auto-
matic control system that determines the required number of connected electric motors depending
on the current load of the MIR and external disturbing factors allows for a significant increase in the
energy efficiency of the MIR;

— increased reliability and safety of the module and the system as a whole, thanks to intelligent
diagnostics of faults and protection in abnormal operating modes;

— minimizing the design and production time of the MIR movement system due to the use of a
modular approach, which allows focusing only on the selection and integration of the IMMM with
the required number of electric motors depending on the required power of the MIR electric drive.
One of the main challenges of the modern theory of automatic control of the electric drive of the
MIR is the control of nonlinear electromechanical systems with dynamic changes in load moments
under conditions of uncertainty. The uncertainty is caused by the lack of comprehensive information
about the influence of external factors on the system and an accurate mathematical model of the
control object, which is obtained analytically and may have a significant error compared to the real
technical system. Another problem in the development of automatic control systems is the stability
of dynamic systems. It depends on the physical properties and parameters of the system and the
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Fig. 1. Generalized functional scheme of intelligent mechatronic motion module
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magnitude and location of application of the external action. Stability is defined as the ability of a
system to maintain limited deviations from equilibrium or its initial state when exposed to external
disturbances or changes in system parameters.

To solve these problems, modern research is aimed at using neural networks in automatic
control systems of MIR. The life cycle of a neural network (NN) consists of two independent
phases, training and network operation. NN are not programmed in the usual sense of the word,
they are trained. This is one of the main advantages of NN over traditional algorithms used in ACS.
NN-based controllers can be effective in cases where creating an analytical model of the system is
extremely difficult.

This can be due to a number of factors, the most common of which are:

— The presence of previously undefined external influences (for example, when operating the

MIR in extreme or uncertain environments).

— Significant disturbing internal effects (for example, the action of dry and viscous friction

forces in electromechanical devices of the MIR).

— Inconstancy of the parameters and structure of the MIR (for example, replacement of MIR

modules during its partial optimization or repair).

One example of constructing a control system for an electric drive with a complex mechanical
design and parameter uncertainty is the study [5], in which an adaptive controller with two neural
networks was developed to control the speed of a two-mass system. Another study [6] is devoted to
ensuring the stability of the system, in which a nonlinear control based on the Lyapunov method is
proposed, defined using a neural network that uses Lyapunov theory to calculate the control law for
a nonlinear system.

The current study examines the implementation of NN in the construction of the ACS. This can
help solve the problem of complex mathematical analysis in constructing sustainability and energy
efficiency laws due to the ability of NN to adapt to a real condition and learn from experience. NN
can be used to approximate complex mathematical functions that arise in the process of analysis and
control of a nonlinear system under uncertainty. Fig. 2 shows a generalized functional scheme of an
intelligent ACS of the multi-motor electric drive for MIR movement.
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Fig. 2. Generalized functional scheme of an intelligent automatic control system of the
multi-motor electric drive for mobile industrial robots movement
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The development of IMMM for MIR with its own intelligent automatic control system provides
the following advantages:

— ability to perform complex tasks independently through the use of intelligent control meth-
ods directly at the executive level. This improves the quality of control when the system operates in
variable and uncertain environmental conditions;

— development of distributed automated control systems based on personal computers, which
significantly simplifies and expands the possibilities of information interaction between system
modules, thanks to the use of a single high-level information interface;

— taking into account nonlinear properties of a control object with uncertainty of its parameters
and external disturbances.
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AHOTALIS

CydacHa TPOMHUCIIOBICTh HEBiJ'€MHO TMOB’s3aHa 3 MOOUTBHUMH MPOMUCIOBUMH POOOTaMH, SIKi BiIirparoTh KIIOYOBY PONIb Y
BUPOOHMYHUX TMpOIecaX Ta CKIAJACHKiH JoricTuil. [HTEeHCHBHE BIPOBA/PKEHHS MOOLIHHUX IPOMUCIOBHX POOOTIB, MiABUIIUIO
HEOOXiAHICTh MOKPAIIEHHS €HEPreTUIHOI epEeKTHBHOCTI POOOTH30BAHMX YCTAHOBOK uepe3 TX 3HauHMI BIUIUB Ha 3arajibHi BUPOOHUYI
BUTpary. B Toii xe Jac akTyanbHOIO € moTpeba 3MEHIICHHsI Yacy Ha POo3po0Ky Ta BIIPOBADKEHHsI MOOLIBHUX MPOMHUCIOBHX POOOTIB.
Ie npu3BOAMTH A0 HEOOXiJHOCTI MOKpAIIEHHS Ta ONTHMIi3allii BIACTUBOCTEH yCiX KOMIIOHEHTIB, 3 SKUX CKJIAJA€ThCs MOOLTbHUI
npomucioBuit pobor. Ha nmanHuii yac Haiibinblile 3aCTOCYBaHHS B MOOUTBHHX MPOMHCIOBUX POOOTaxX MaiOTh EIEKTPONPHBOMAU.
JocmikeHHsT MOKa3yloTh, IO BIPOBA/DKCHHS CYYaCHHX BHCOKOTEXHONIOTIYHUX pIllleHh MPH MOOYIOBI CHCTEM KepyBaHHSI
€JIEKTPOIPHBOIOM T03BOJISIE MiABUIINTH eHeproe(eKTHBHICTh MOOITBHUX MPOMHUCIOBHX POOOTiB. B CBOIO uepry, BIpoBaKeHHS
IHTENEKTYaJIbHOI CKJIAJIOBOI y MEXaTpOHHI MOAYTI PyXy, JO3BOJS€ 3MEHIIMTH 4Yac Ha iX MOOyIoBY Ta IHTErpamiro B MOOiTbHI
MIPOMHUCITIOBI poOOTH. METOI0 MOCHIKEHHS € MiJBUIICHHS €HEPreTHYHOI €(PEKTHBHOCTI iHTEIEKTYyaIbHOIO MEXaTPOHHOTO MOMYIIS
PyXy 3aBISIKH BUKOPHUCTAHHIO 0araToIBUTYHHOTO €JIEKTPOIPUBOAY B CUCTEMI HepeMilieHHs MOOIIFHOTO MPOMHUCIOBOTO podoTa Ta
moOYIOB1 CTiiiKOi Ta eHeproeeKTUBHOI IHTEJIEKTYaIbHOI CHCTEMH aBTOMaTHYHOTO KEPYBaHHS Ha 0a3i HeHpoMepexi 3 BpaxXyBaHHSIM
HENiHIHHAX BIACTHBOCTEH 00’ €KTa KePYBaHHS B YMOBAaX HEBU3HAYEHOCT1 MOTO MapaMeTpiB 1 30BHIIIHUX 30ypeHb.

Keywords: Mo0iibHMIT TIPOMHUCIOBHI POOOT; MEXATPOHHHN MO, CHCTEMa aBTOMATHYHOIO KEPYBAHHS; 0araroqBHIyHHHUH
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