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Theory and practice of numerical-field analysis and refinement of electromagnetic and energy
parameters in the designs of three-phase induction motors

Introduction. The paper is devoted to improving the designs of three-phase induction motors (TIMs) based on the application of
numerical calculations of their magnetic fields. Considering that the classical system for designing TIMs does not always provide
sufficient accuracy of their design parameters, this task is relevant and therefore the developed motors require experimental refinement
and additional time and money accordingly. Problem. In classic design of TIMs, magnetic calculations are performed based on
magnetic circuit theory. The magnetic circuit of TIMs is divided into conditionally homogeneous sections, on which the magnetic
quantities are considered to be distributed evenly, but their real distribution is much more complicated. This approach leads to error in
determining the electromagnetic parameters of TIMs and, as a result, inaccuracies in energy, mechanical, thermal, etc. calculations. The
goal of the paper is to further develop the existing system for designing TIMs by refining it using numerical-field calculations of
electromagnetic and energy parameters. Methodology. The methodology is based on numerical-field verification and refinement of
classical design of TIMs. It is strictly deterministic, despite the complexity of linear and nonlinear interrelationships of its structural,
electromagnetic, and energy parameters, and therefore it is amenable to adequate algorithmization and programming using iterative
calculations. The theoretical foundations of the methodology are reinforced by harmonic analysis of time functions of electromagnetic
quantities and a refined determination of the differential leakage resistance of the stator winding. The tool for implementing the
methodology is the FEMM program in conjunction with the created Lua scripts. Results. Numerical-field calculations of the
electromagnetic and energy parameters of the test TIM developed according to the classical design were performed. This motor has
been tested within the synchronous idle and rated load conditions. This demonstrated a sufficiently high efficiency of the provided
theoretical and practical foundations of numerical-field calculations and revealed that the TIM project does not meet the declared power
and voltage requirement. To reach their nominal values, the method for refining the magnetizing current of the stator winding and the
rotor slip is provided. Scientific novelty of this paper is the system of numerical-field calculations of electromagnetic and energy
parameters of TIMs, which, in conjunction with the iterative process, ensures its output to the specified nominal stator winding voltage
and output power while simultaneously varying the magnetizing current and slip. Practical value. The methodology of numerical-field
calculations of TIMs based on the FEMM program and the Lua script is recommended to be integrated into the automated design system
for these motors. In addition to verifying and refining the parameters of the designed TIMs, the developed methodology and program can
be used to obtain a set of refined operating characteristics in an automated calculation mode. References 29, tables 5, figures 9.

Key words: three-phase induction motor, automated numerical-field calculations, magnetic field, FEMM, electromagnetic and
energy parameters, verification and refinement of design data.

BcTyn. PoboTa npucBsveHa YAOCKOHaTIEHHIO MPOEKTIB TPUasHUX acUHXPOHHMX ABWUryHiB (TAJ) Ha OCHOBi 3acTOCyBaHHA
UMCeNbHWX PO3PaxyHKIB TxHIX MarHiTHMX nonis. Taka 3ajaya € axkTyalbHOW, 3BadKaluM He Te, WO KiacuMyHa cucTema
NPoekTyBaHHA TAJ, He 3aB>XXAM 3abe3neyye AOCTATHIO TOYHICTb IXHIX NPOEKTHWX NapameTpisB, TOMY po3po6/toBaHi ABUrYHi
noTpebyloTh eKCnepuMeHTaNbHOI [OBOAKW | BIANOBIAHO [OAATKOBMX BATPAT Yacy Ta kowTis. Mpobnema. Mpu knacuyHomy
npoekTyBaHHi TAL, MarHiTHWA PoO3paxyHOK BUKOHYETbCS HA OCHOBI Teopii MarHiTHUX Kin. MarHiTonposig TAL po3ginaioTb Ha
YMOBHO OAHOPIAHI 4INAHKKM, HA SIKWX MarHiTHI BEAMUYMHI BBAXKAKTHCA PO3NOAINEHUMM PIBHOMIPHO, MPOTe peanbHuiA TXHil po3nogin
€ HabaraTo cknagHiwmmM. Takuil Nigxig Npu3BoAMTb 40 MOXMOKW BUSHAYEHHS eNeKTPOMarHi THUX napameTpis TAL, i, AK HacnifoK,
HETOYHOCTI EeHepreTWUYHWX, MeXaHiYHuX, TennoBMx TOL0 Po3paxyHkiB. MeTol poboTu € Nojanblunii PO3BUTOK CUCTEMM
NPOeKTYBaHHA TAL, WAXoM Ti yTOYHEHHS 3a AOMOMOOK0 YMCENbHO-NONBOBUX PO3PaXyHKIB €NeKTPOMArHiTHUX Ta eHepre TUYHNX
napameTpis. MeToanKa nobygoBaHa Ha 4YMCENbHO-NOMbOBIN MepeBipLi Ta YTOYHEHHI KNacuyHoro npoekTysaHHA TA[. BoHa €
CyBOPO [AeTEpMiHOBAHOW, He3Ba>KaluW Ha CKMNAAHICTb NiHIHMX Ta  HeniHiiHMX B3aEMO3B’A3KIB  KOHCTPYKTWBHMX,
€eKTPOMarHiTHAX Ta eHepreTWUYHUX A0ro napaMeTpiB, TOMY NiAAacThbCs afeKBaTHINA anropuTMisauii i nporpamyBaHHIO i3
3acTOCyBaHHAM iTepauiiiHux po3paxyHKiB. TeopeTUYHi OCHOBM MeTOAMKM MifCUNeHi FapMOHIYHUM aHani30M 4YacoBuX (OYHKLN
€NeKTPOMarHiTHUX BEMWYMH Ta YTOYHEHWM BU3HAYEHHAM AWhepeHLianbHOro Onopy po3CitoBaHHA 06MOTKM CcTaTopa.
IHCTpyMeHTOM peaniauii MeToAMKM € nporpama FEMM y cykynHOC T 3i CTBOpPeHUMM ckpunTamn Lua. Pe3ynbTaTu. BukoHaHo
UnCenbHO-MOMbOBI PO3PAXYHKN eNeKTPOMArHiTHUX Ta eHepre TUYHUX napameTpiB TecToBoro TAL, po3po6aeHOro 3a KnacuyHUM
NPOEKTOM. Lleil ABUIYH NepeBipeHO y Me>Kax Pe>KWUMiB CUHXPOHHOTO Hepo6oyvoro xofy Ta HOMIHaNbHOTO HaBaHTa>KeHHs. Lle
noKasaso A0CTaTHbO BUCOKY e(heKTUBHICTb HAfaHWX TEeOPeTUYHWX i MPaKTWYHUX OCHOB UMCENbHO-MOMbOBUX PO3PaXyHKIB i
BUABUNO, WO NPOekT TAL He BiAnoBifae 3asaBneHUM NOTYXKHOCTI Ta Hanpysi. [ns Buxody Ha ixHi HOMiHa/IbHI 3HAYeHHs HafaHo
LUNAX YTOYHEHHSA HAMArHivyBaabHOro CTpPyMy 06MOTKM cTaTopa i KOB3aHHA poTopa. HaykoBol HOBM3HOI B po60Ti € cucTema
UnNCeNbHO-MONLOBUX PO3PaxyHKIiB eNeKTPOMarHiTHUX Ta eHepreTuyHUX napameTpiB TAL, fka y CykynHoCTi 3 iTepauiiiHum
npouecoM 3abesneyye MOro BKBIA Ha 3afaHi HOMiHabHI Hampyry 06MOTKM cTaTopa i BUXigHY MOTY>KHICTb NpU OAHOYACHOMY
BapitOBaHHI HamarHi4tiBalbHOTO CTPYMy Ta KoB3aHHS. MpakKTuyHa LiHHICTb. MeTOAMKY YnCeNbHO-NONBbOBUX po3paxyHKiB TAL
Ha 6asi nporpamn FEMM i ckpunTy Lua pekomeH0BaHO BOYAOBYBATY B aBTOMATW30BaHy CUCTEMY MPOEKTYBAHHSA LMX [BUTYHIB.
OKpim NepeBipKky | yTOYHEHHS napameTpiB NpoekToBaHUX TAJ, 3a po3pobneHnMu MeTOAMKOI0 | MPOrPamMol0 MOXKHa OTPUMATX B
aBTOMaTM30BaHOMY PO3PaxyHKOBOMY PEXKMMi CiM’H0 yTOYHEHUX MOr0 pobounx xapakTepucTuk. bibn. 29, Tabn. 5, puc. 9.

Knto4osi cnosa: TpudasHuii aCMHXPOHHWIA ABUIYH, aBTOMATU30BaHi YMCe/IbHO-MO0/bOBI PO3paxyHKU, MarHiTHe none, FEMM,
e/IeKTPOMArHiTHI | eHepreTUYHi NapameTpu, NepeBipka Ta yTOUHEHHS MPOEKTHUX JaHNX.

Introduction. Three-phase induction motors (TIMs) One of the productive means of improving the
are diverse and widespread in the technosphere around the  design of TIMs is currently the use of numerical field
world. Their improvement is always relevant and occurs  calculations of their magnetic fields (MFs). For this
due to various factors, including increasing the accuracy  purpose, the publicly available free code FEMM [1],

and efficiency of the design system. © V.1. Milykh
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which is based on the Finite Element Method (FEM), can
be used.

The implementation of this code into the TIM design
system is facilitated by its convenient interface and the
Lua scripting language integrated into it [1, 2]. It provides
the creation of program scripts for the automated
construction of physical and geometric models of TIMs,
reflecting their design, winding currents and magnetic
properties of materials. Based on the calculated MFs, the
program scripts determine the electromagnetic, power and
energy parameters of the designed TIMs.

At present, a combined computational and research
system for the design of TIMs has been developed: first, a
TIM design is created using classical design methods,
such as [3, 4], and then numerical-field studies of TIM are
carried out in order to verify, expand the list and improve
its design parameters. The author has carried out a
number of such various studies, for example, [5-9], etc.
And they were subsequently deepened and improved.
Naturally, those studies that were carried out at the
previous stages were based on larger assumptions and did
not yet take into account the achievements of further
developments. Therefore, the task now has been to adjust
the specified combined computational research system for
the design of TIMs, taking into account the achievements
obtained and increasing its accuracy by reducing
methodological and computational simplifications and
assumptions.

The goal of the work is to further develop the TIM
design system by refining it using numerical field
calculations of electromagnetic and energy parameters.
The FEMM code in conjunction with the created Lua
scripts was adopted as the tools to achieve the goal.

Analysis of recent research. It is known that
induction motors (IMs) have come a long way in their
development, but their intensive research continues, as
evidenced by the review of publications provided below,
although it is far from exhaustive.

Naturally, there are publications devoted to
optimization [10, 11], as well as research on new versions
of IMs [12, 13]. For example, in the paper [10], the
prediction of IM efficiency is investigated using four
optimization algorithms: genetic algorithm (GA), particle
swarm optimization (PSQO), whale optimization algorithm
(WOA) and red fox optimization algorithm (RFO). The
algorithms were evaluated based on their convergence
behavior, accuracy and experimentally —measured
efficiency values. In the study [11], the FEM is applied to
optimize a single-phase IM. This work focuses on current,
torque, efficiency and losses using experimental and
simulation methods. In the paper [12], the theoretical
basis and tools for further optimization of the design of a
shaftless IM with a non-contact suspension are presented.
The impact on the starting characteristics of the motor is
identified by an analytical method and confirmed by FEM
modelling. In the paper [13], a double-squirted rotor cage
IM is presented, in which high-temperature
superconducting materials and copper rods are embedded
in different slots. The paper investigates the influence of
the rotor slot structure on the torque, as well as related
parameters such as the air gap magnetic flux and torque
ripple, etc. The computational models based on FEM are

implemented in the Ansys Maxwell software. The study
[14] focuses on analyzing the influence of different rotor
rod designs and materials on the TIM characteristics also
using FEM.

In works [15-17, 8] attention is paid to the
improvement and development of the theory of IMs. In
[15] it is noted that using FEM it is possible to predict the
behavior of electromagnetic fields of TIMs, therefore,
numerical modeling based on COMSOL was performed
as an early tool for studying the interaction between the
distribution of these fields and various parameters. In the
article [16] it is noted that 3D and 2D models of the motor
were created and a 3D finite element (FE) structure was
proposed, and thus a number of motor parameters were
obtained. In [17] a new high-precision model of IM
modelling based on FEM is proposed. The proposed
model allows for fast and accurate modelling of IMs
using an inverter circuit model and a control algorithm
with high accuracy of reflecting non-ideal characteristics
of IMs, such as magnetic saturation, spatial harmonics,
asymmetry, etc.

In works [18-20] various parameters and processes
in IMs are considered. Thus, in the article [18] a dynamic
analysis of a two-phase IM with symmetrical and
orthogonal phase windings is provided. Based on the
geometric dimensions, a model was created for the FEM
analysis using the 2D ANSYS Maxwell software. An
analysis of the transient and steady-state processes of the
machine currents, electromagnetic torque and speed at
idle speed and at full load was carried out. In the article
[19] an adaptive neural-fuzzy inference system (ANFIS)
is presented as a reliable tool for predicting the reduction
of the TIM torque under abnormal conditions. The study
identifies the main factors of the reduction, including
voltage imbalance, harmonic distortion and temperature
increase. In the study [20] a method for calculating
electrical and magnetic losses in a single-phase IM with a
squirrel-cage rotor and non-uniform stator slots is
proposed. The simulation was performed using the FEM
and AutoCAD software for modelling of non-symmetrical
stator slots. The accuracy of the model results was
verified by comparing the rated current, torque and
efficiency with the motor data. The aim of the work [8] is
to further develop the TIM design system by numerical
field calculations of active and reactive resistances of
TIM windings in the entire range of slip variation and
calculation of its mechanical characteristics. The TIM
winding resistances are determined by calculations of MF
dissipation using the FEMM code, and in the rotor core —
with current displacement.

Considerable attention is paid to the diagnostics of
IMs [21-23]. In [21], a method for detecting and
diagnosing stator short circuits, rotor core breaks, and
eccentricity in large IMs by analyzing the frequency
spectrum of the stator current was provided. To study the
effects of various fault conditions, a time-stepped FEM
simulation was performed on a 2D IM model. This leads
to more accurate results than other models, since the
design geometry and winding scheme of the machine are
reflected. In [22], a FE model was developed to study
interturn short circuits of the stator winding. Using the
developed FE model, simulations were performed to

4
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understand the behavior of various electrical and
magnetic quantities in the time and frequency domains. A
prototype machine with short circuits was tested in an
experimental setup and the results were compared with
simulation and analytical calculations. In [23], it is noted
that FEM offers a deep understanding of the fundamental
principles and physical operation of the machine. It can
model complex topology of magnetic circuits, discrete
winding schemes and properties of nonlinear magnetic
materials of the machine. It determines various
parameters of the machine and can model localized
magnetic saturation caused by faults with a high degree of
accuracy. This article also provides a literature review on
methods for diagnosing faults in IMs using FEM.

There are a number of works, for example [9, 24, 25],
which are related to the analysis of active and reactive
parameters of the stator winding, the use and
improvement of equivalent IM circuits, and their
operation. In the article [24], a simplified method for
estimating the parameters of the IM T-circuit is described,
which is based on their design data and on the interaction
of numerical and analytical dimensionless approaches
using Thevenin theorem. The work [25] provides an
estimate of the electrical and mechanical parameters of
AC based on the differential evolution algorithm. A
comparative study is carried out using different input
signals. Such an algorithm is able to estimate the
parameters of the equivalent electrical circuit: stator and
rotor resistances and leakage inductances, magnetization
inductance, and some mechanical parameters. The
purpose of the work [9] is to further develop the TIM
design system by numerical-field calculation analysis of
the differential leakage reactance of the stator winding, as
well as a comparative check of the corresponding
empirical formulas inherent in the methods of traditional
design calculations.

In the article [26], expressions are given for
determining the rotor currents of the circular TIM model
using field analysis with the existence of spectral
harmonics of the stator magnetomotive force. Expressions
are developed for determining the winding data and the
feasibility of using the calculation model of the sinusoidal
stator winding in order to increase the efficiency of
mathematical modeling using the equivalent field model
with a fixed rotor and slip frequency using the circular
model.

The aim of the work [27] is to develop and verify a
method for taking into account, using a weakly coupled
circuit-field model, the effect of current displacement in
the rotor circuit of an induction motor with a squirrel-cage
rotor and an IM with massive ferromagnetic elements of
the rotor magnetic circuit. The research method consists
in iteratively solving the equations of the loop and field
mathematical model by refining the parameters of the IM
equivalent circuit based on the results of field analysis
and in iteratively adjusting the calculated electromagnetic
torque to take into account the effect of current
displacement obtained on the basis of equivalent currents
in the conductive parts of the rotor. The proposed
approach makes it possible to increase the reliability of
the results of modeling electromagnetic processes in IMs
in starting modes.

It can be summarized that the mentioned scientific
publications are devoted to various aspects of the
development and research of IMs. And it can be noted
that a common research tool is numerical calculations of
magnetic fields by FEM using various software products.
At the same time, this contributes to the improvement of
engineering education: the integration of this method for
the study of the efficiency of IMs. This is what the article
[28] focuses on the implementation of FEM into the
engineering curriculum.

A similar modern approach, that is, the use of FEM
for the study and improvement of TIMs, is adopted in this
article. But here we consider a relevant aspect that has not
yet been sufficiently reflected in the scientific literature.
Namely, this concerns the problem of numerical-field
analysis and refinement of electromagnetic and energy
parameters in TIM projects and their verification in
principle.

True, there is a work [5] in which this question is
raised. But it did not fully reveal this problem, so here this
topic is considered in a more complete volume, taking
into account the updated system of knowledge and
capabilities. Moreover, the work is structured in such a
way as to provide TIM researchers with all the
opportunities to use the acquired experience of theoretical
and practical skills for independent assimilation and
application of the presented material.

The object for demonstrating the research
performed is the TIM with a short-circuited rotor winding
designed in [4], which has a nominal power Py = 15 kW
and a rotation axis height of 160 mm. The main design
data of the motor also include the nominal phase voltage
Usy = 220 V, the nominal phase current of the stator
winding Iy = 28.8 A, the frequency f, = 50 Hz, the slip
sy = 0.0261 and the power factor cos ¢ = 0.889. The
motor has the number of pole pairs p = 2 and the number
of phases ms = 3. The main dimensions include the outer
cores diameters of the rotor d, =184 mm and the stator
dse = 272 mm and their length 1, =130 mm, air gap

= 0.5 mm. The stator has Qs = 48 slots, the rotor —
Qr = 38 slots. The stator winding is single-layer,
diametrical, distributed. The rotor slots are made closed
and without bevel. The core material is steel grade 2013.

For numerical field studies using the FEMM code, a
2D computational model was adopted, which is given in
Fig. 1 and reflects its electromagnetic system in cross
section.

The computational model of the TIM s
automatically converted into a physical-geometric model
by the created Lua script, as explained in [7]. The
geometric model presents the design of the TIM, the
physical model carries the distribution and directions of
currents in the windings, as well as the magnetic
properties of the cores. In Fig. 1, the phase zones of the
stator winding are highlighted, which are indicated by
phase current labels.

The FEMM code adopts a rectangular coordinate
system X, y, but additionally uses polar coordinates r, a.
The directions of the rotor rotation frequencies n and of
the MF n; coincide with the direction of the coordinate a.

Electrical Engineering & Electromechanics, 2026, no. 1
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Fig. 1. TIM electromagnetic system with current distribution
in the stator winding and the pattern of the lines of force of its
magnetic field in the synchronous idle mode

Preparation of the magnetization curve of the
TIM core material. On the way to calculating the MF of
the TIM by the FEMM code, it is important to set the
magnetization curves of the electrical steel from which its
cores are made. This, at first glance, trivial task should be
performed with an understanding of its essence.

In classical design, the magnetic calculation of the
TIM is performed on the basis of the theory of magnetic
circuits (TMC). That is, the magnetic core is divided into
homogeneous sections, and within each, the magnetic
quantities are assumed to be the same. To reduce the
error, to take into account its heterogeneity, the main
magnetization curve (MMC) of the electrical steel is
replaced by special curves — different for the teeth and
backs of the cores [3, 4].

Changes in the magnetization curves occur very
significantly, as shown in Table 1. For MMC of the steel
grade 2013, GOST 21427-83 provides the values of
magnetic flux density (MFD) B and magnetic field
strength (MFS) H at five reference points. At the same
values of the magnetic flux density for the teeth and backs
of the cores, the values of H of special curves used in the
design methods of TIMs are presented [3, 4]. The
differences are obvious.

Table 1
Parameters of magnetization curves of steel 2013
B, T 154 | 165 | 1,75 1,85 2,05
Main | 1000 | 2500 | 5000 | 10000 | 30000
H, A/m | Teeth | 763 | 990 | 1330 | 1770 4400
Back | 608 | 940 | 1500 | 2811 | 14390

Therefore, the question arises — which magnetization
curve should be used in numerical field calculations of
TIMs? It is logical to use MMC, because in such
calculations the distribution of MFD and MFS in the
cores is already inhomogeneous.

Test calculations of the magnetic field by the
FEMM code in the synchronous idle mode. In the
classical design system, the magnetic calculation of the
TIM, as noted, is performed on the basis of the TMC.
According to its terminology, this is a straightforward
task: the magnetizing current of the motor |, is calculated

based on a given magnetic flux, which is set in the three-
phase stator winding. And this is done without the
participation of the rotor winding currents, which is called
the synchronous idle mode (SIM) [3, 4].

In general, the article is aimed at identifying the
shortcomings of the classical design of the TIMs, which
arise due to the use of the TMC for electromagnetic
calculations. Therefore, the main assumptions on which
the classical design is based are retained in the article in
order to concentrate on achieving its specific goal and to
identify the role of the TMC in the insufficient accuracy
of the calculation of electromagnetic quantities. That is, in
this article, by analogy, the sinusoidal nature of the rotor
and stator currents is assumed, which is common in many
publications, although they note that these currents may
have a complicated harmonic composition.

Numerical-field calculation using the FEMM code
can verify the adequacy of the calculation of the SIM
mode, but such a problem, using the same terminology, is
the reverse: the magnetizing current 1, is set in the stator
winding, and the MF is calculated, and on its basis — a
number of other electromagnetic parameters of the TIM.

The currents in the phase zones of the stator winding
(Fig. 1) are given as for a three-phase symmetrical
system:

isa  Imscos( st); Qg ImsCOS( st % ):

e Imscos( st 24 ), &
where I 42 15 is the amplitude of currents; I is

their effective value; (=2mf; is the angular frequency; t is
the time.

In the model in Fig. 1, the values of phase currents
are given by (1) for the initial time t = 0, and then their
instantaneous values: isy = i, isg = isc = =0.51s. This is
the indicated instantaneous directions, which are set
according to the indicated conditional positive directions.
That is, the signs «+» or «—» before the symbols of the
currents are also added to their indicated instantaneous
values.

As is known, in all TIM excitation modes, the
FEMM code solves a large system of algebraic equations,
which are formed on the basis of the FEM and the
differential equation describing the MF in the cross
section of the TIM electromagnetic system, namely:

rot %rot(EAz) EJZ \ (2
where J,, A, are the axial components of the current
density vector and the magnetic vector potential (MVP);

k is the unit vector of the axial axis z; is the magnetic
permeability: either the magnetic constant o for non-
magnetic areas, or determined for MFD B from the
magnetization curve of the material.

The result of solving equation (2) by the FEMM
code is the coordinate distribution of the MVP A,(X, y).

The calculation of the MF was performed at the design
magnetizing current of the stator winding I, = 7.75 A,
the value of which is substituted in (1) instead of I.
The calculated picture of the MF in the SIM mode is
given in Fig. 1.
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To compare the design data and the results of
numerical-field calculations, the magnetic flux was first
taken, which is defined as

Dy A A g, @)
where A;;, A, are the values of the MVP at two points
through which the sides of the circuit for which the flux is
determined pass.

To determine the magnetic flux at the pole pitch, the
points are located in the interval: the first of them is
where the MVP has the maximum positive value A,;, the
second one is where the maximum negative value A,.
In the SIM mode, the location of these points is shown
in Fig. 1.

In this way, we obtained A, = 34.859 mWh/m;
A, = —-34.857 mWb/m and by (3) @, = 9.063 mWh.
This is close enough, although with a clarification; the
magnetic flux in the TIM design has a value of
9.005 mWh.

However, if special separate magnetization curves
for the stator teeth and backs were used in the numerical-
field calculation (see Table 1), then a less acceptable
magnetic flux would be obtained ®, = 9.703 mWhb
(a difference of 7 % is too large).

In the numerical-field calculations of TIMs,
magnetic flux linkage (MFL) plays a significant role.

For the phase winding of the stator, which has N
consecutive turns, according to Fig. 1, the MFL

S NS Ia

. (4)

Loes Loags Loass L as

— A,dS A,dS A, dS

Sts, Sz, S3s, 4s,
where integration occurs over the cross-sectional areas
S,-S; of the conductive part of the slots of the phase
zones with the currents markings +isy Ta —isa Of the phase
winding A.

This MFL is created by a magnetic field on the
active length of the cores, i.e. on the slot part of the TIM
stator winding. The determination of areas and integrals
for (4) in Lua scripts occurs automatically using special
functions. And thus the MFL of the stator phase winding
W, = 0.9843 Wb was obtained.

In the position of the phase winding A considered in
Fig. 1, this is the maximum value of the MFL, so it is
possible to calculate the effective value of the phase EMF

Es v2 fo ;s 2187V, (5)
where the winding distribution is automatically taken into
account.

In the TIM design, the similar value is 214.5 V, and
the existing EMF error, as a result, gives inaccuracies in
further design calculations.

The refined calculation of the phase EMF of the
stator winding. The considered definition of the MFL
and the EMF of the phase winding of the stator can be
considered as a first approximation, because the
amplitude of the MFL is taken at one position of its phase
zones. It is more justified to use a discrete angular
function of the MFL on its period.

Specifically, according to the distribution of the MVP
in the cross section of the TIM, according to (4), the values
of the MFL of the phase winding A are «collected» with a
conditional movement of its phase zones in the angular

direction. The process of moving of the conditional «mask»
of the phase zones in the angular direction along the slot
structure of the stator is shown in Fig. 2 (the first three and
the last 24th positions are shown).

Fig. 2. Movement of the «mask» of the phase zone of the stator
winding for collecting the MFL within the period of its angular
function against the background of the calculated magnetic field

Thus, the discrete angular numerical function of the
MFL appears (Table 2):
kC K k kD k 123..K, (6)
where k is the counter of the positions of the conditionally
movable «mask» of the phase zone; K= Q/p is the number
of such positions within two pole steps ,, which is the
period of function (6); =360°/Q; is the tooth-slot step of the
stator core.
Table 2

Angular discrete function of the MFL | of the phase
winding A at 24 angular positions, Wb

k 1 2 3 4 5 6

| 0,9843 | 0,9430 | 0,8337 | 0,6685 | 0,4617 | 0,2349
K 7 8 9 10 11 12

| 0,0001 |-0,2347 |-0,4614 | -0,6683 | -0,8335 | -0,9428
K 13 14 15 16 17 18

«| —0,9843 | -0,9430 | -0,8337 | -0,6685 | —0,4617 | -0,2349
k 19 20 21 22 23 24

x| —0,0001 | 0,2347 | 0,4614 | 0,6683 | 0,8335 | 0,9428

The angular function (6) is converted into a time
function by the relationship =, where = Jpis
the angular velocity of the TIM rotating magnetic field.
The time function obtained in this way preserves the
values of the MFL according to Table 2, and it is depicted
in Fig. 3 (curve 1).

Wb

0.3'F,

0.6

041\, 2

0.2

0

-0.2

-0,4

-0.6

-0.8

-1.0
Fig. 3. Time function of the MFL of the stator phase winding

within its period T: 1 — synchronous idle mode; 2 — nominal load
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The function W (t) is periodic, therefore it is
decomposed into a harmonic Fourier series on its period
in two pole steps (Fig. 3), on which the MFL is calculated
at K points (in this TIM K = 24).

Considering that cosine functions (1) are taken for
the stator winding currents, a harmonic series of similar
functions is determined for the MFL, i.e. a harmonic time
function is obtained, which corresponds to a stationary
phase winding A:

N
my COS(V st V) ()
v 135...
where the amplitudes of Wy, and the arguments of vy,
(initial phases) of the harmonics v are determined by well-
known mathematical rules, which was shown in [6, 9] and
other works.

It is known that the number of the highest harmonic
Ng cannot exceed K/2. In (7) the values of v stand , are
measured in electrical radians or degrees.

From the MFL function (7) based on the law of
electromagnetic induction by the expression e = —dW/dt
we proceed to the harmonic time function of the EMF of
the phase winding:

NQ
e Vg m COSV 4t v
v 135..
where the amplitudes of the v-th EMF harmonic are
separated

12, (8

En=v ¥ 9)
as well as its corresponding initial phase
Ev v 2. (10)

Also, according to the known relationship for
harmonic functions, the effective value of the EMF of the
v -th harmonic is obtained through the amplitude, namely:

Es V2 foV my. (11)

Time functions (7) and (8) in Table 2 and Fig. 3,
respectively, have a semi-periodic asymmetry:

sk (k) sk( kK plik 123..K, (12

therefore, their harmonic series contain only odd
harmonics, i.e. for these functions we get Ng = 11.

Taking into account the entire harmonic
composition, we find the equivalent effective value of the
phase EMF of the stator winding

Eseq = Eszv : (13)

The considered method was transformed into a Lua
script, which was combined with the calculation of the
MF using the FEMM code, and as a result the following
results were obtained: amplitude and initial phase of the
first harmonic of the MFL W¥,;= 0.9630 Wb; =0,
effective value and initial phase of the first harmonic of
the phase EMF E, = 213.9 V, ¢ = —1/2; effective value
of the total EMF according to (13) Esq = 214.3 V.

The harmonic composition of the MFL (7) and EMF
(8) in relative units (p.u.) is given in Table 3 (take the
values of their first harmonics as the basis), and the
effective values of the EMF harmonics Eg, according to
(11) are also given.

Table 3
Harmonic composition of MFL and EMF in the SIM mode

v - 1 3 5 7 9 11
W | p.u.| 1,000 0,0203 | 0,0003 |0,0010{0,0009|0,0002
Emw | Pp.u.|1,000) 0,0610 | 0,0013 |0,0067|0,0078|0,0027
Esw | V [2139] 13,04 029 | 144|166 | 058

Note that here and after that there are harmonics,
multiples of three, which supposedly contradicts the
classical theory of three-phase electric machines. But this
theory is built on the step functions of the distribution of
the MMF of the stator winding under the conditions of a
toothless rotor and a completely unsaturated magnetic
circuit. Under such conditions, the numerical-field
calculation and formulas (7), (8) also gave zero third
harmonics as well as multiples of it. However, when the
magnetic circuit and, first of all, the stator teeth are
saturated, these harmonics appeared, and in the load
mode, the presence of current in the rotor winding also
contributes to such harmonics. The specified features of
the harmonic composition are also confirmed in work [29]
on the example of a three-phase stator winding of a
turbogenerator.

And another significant difference between the
classical harmonic analysis methods and the one used in
the article is that the first is done according to the
conditional stepwise distribution of the MMF and
magnetic flux density in a «smooth» interval (in reality,
this is nowhere near the case), and the second is done
according to the MFL of the winding directly in the slots,
taking into account the real geometry of the TIM
electromagnetic system and core saturation.

Refining of the magnetizing current of the stator
winding. To determine the balance of voltages in the
electric circuit of the stator winding and further clarify the
magnetizing component of its current, the voltage
equilibrium equation in vector form is useful:

Qs Es L_JRs Qsodif Qsofh’ (14)

where the vectors are applied: EMF Eg; voltage drop
across the active resistance of the stator winding Ugs and
across the inductive resistances of its differential Us g
and frontal Us ¢, dissipation (the inductive resistance of
the slot dissipation is already taken into account in the
EMF E; due to the definition of the full MFL of the stator
winding (4) within its active part along the length of the
TIM cores); the stator winding current vector has a zero
initial phase according to (1).

The phase relations of the quantities with (14) are
illustrated in Fig. 4 by a vector diagram (VD) of a general
form (without observing the scale of the vectors, because
it will be used in different calculation modes). We also
note that equations (14) and VD in Fig. 4 correspond to
the first harmonics of the quantities, because they are also
used in TIM designs.

The inverted EMF vector —E; is shifted by an angle

gs = 180 + g5 with respect to the current, and it has the
effective values of the active and reactive components:
sa= EsCOSQgs; Es= EsSin@gs. The effective values of the
voltage drops on the specified resistances are calculated
by the formulas Ugs= Rsls; Us airt = Xs aitls; Us = Xs mls.
These resistances are determined when designing the TIM
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and have the values R= 0.402 , X, 4 = 0.253 ;
XS fh:0.234

Qs dif

Ys th

Esr

>l
>

Fig. 4. Vector diagram of voltages in the stator phase winding

Through the components of the vectors according to
equation (14) and Fig. 4, the active and reactive
components of the phase voltage Us are obtained:

Usa Esa Ups; Ug Eg Ug gy

as well as its effective value and phase shift relative to the
current l:

Us VUsza Uszr; s arctgUg /Ug,) .

Considering the SIM mode, it is necessary to
substitute the corresponding current I, everywhere instead
of I.

Substitution of all values into the above formulas
gives an effective voltage value of 217.7 V, which does
not «reach» 220 V, that is, the nominal Ugy.

Therefore, to reach the nominal voltage of the stator
winding, an iterative search for the corresponding
magnetizing current was used.

In this way, after three iterations, the refined value of
this current I, = 8.09 A was determined, and the values of
the remaining quantities mentioned were W,,; = 0.9725 Wb;
Es =216 V, Ugs =33 V; Usgir =2 V; Us s = 1.9 V;
Us=220V.

Additionally, the ratio of the phase voltage to the
phase EMF of the stator winding was obtained during
synchronous rotation of the rotor and the TIM magnetic
field

Us

koe Us/Eg 1,028, (15)

where Ey EL (Ey U, ,)?=2141 V is the phase

EMF without all dissipation components, Us .= X nls =
= 1.9 V is the voltage drop across the slot leakage
reactance; Es; = 0; E, = 216 V is the active and reactive
components of EMF E; (in the SIM mode, according to
calculations, gs=90 was turned out).

The value of kye is important for further calculation
of the TIM loading mode (in the design from [4] its value
is 1.026).

Calculations of the TIM magnetic field in its
loading mode. For this mode, a strictly deterministic
interconnected system of stator and rotor currents is
required. The calculation model of the TIM with the
system of these currents is given in Fig. 5.

The angular positions of the rotor slots are fixed by
the coordinate of the first slot a4, which is closest to the
left to the y axis (in Fig. 5 ay, = 0). The remaining slots
are numbered by the counter k and they are shifted from
each other by the angle of the rotor tooth pitch
Om = 360°/Q;.

Fig. 5. Distribution of currents in the TIM windings in the rated
load mode and the corresponding picture of the power lines
of the MF

For calculating the TIM MF in the loading mode, the
key is to set the corresponding currents in the windings,
taking into account the phase shift between them. For
their determination, calculations are used according to the
formulas that are given below in the text based on [4].

The basis of such calculations is the slip s, for which
its design value sy is initially given, as well as the
magnetizing current of the stator winding I, which is
determined in the SIM mode. But then their values are
refined.

The SIM mode current ls,s has a reactive component
lsrs, Which is practically equal to 1,, as well as an active
component lgs, which is determined under the condition
Isas<<|u:

2
Phags  MsRs!

lsas , (16)

mSUS
where Ppags are the magnetic losses in the stator core.

The currents in the phase zones of the stator winding
in Fig. 5 are determined by the formulas of their
symmetrical system (1) and are distributed as in the SIM
mode (Fig. 1).

To determine the rotor currents and explain their
distribution over the slots, the L-shaped equivalent circuit
of the TIM (Fig. 6) [4] and the corresponding VD, which
is constructed in Fig. 7, are used. The basic one is the
phase current vector I, which, according to (1), has a zero
initial phase.

Fig. 6. Converted L-shaped equivalent circuit of the reduced IM

Electrical Engineering & Electromechanics, 2026, no. 1

9



Fig. 7. Vector diagram of phase relations of TIM winding
currents

Important for calculating currents and other
electromagnetic parameters of the TIM are the active and
reactive resistances of its windings. They are reflected in
the equivalent circuit, and their values are found during
design. To the already given values of the stator winding
resistances R, X qir; Xs 1 We add the total reactance of its
dissipation X = 0.725

For a short-circuited rotor winding, the active
resistance on its phase part is R, = 53.9-10° . This
active resistance R, = 0.196  and the leakage reactance
X =1.02 reduced to the stator winding are also used.

Reactance of the magnetizing branch of the
equivalent circuit:

Xmag USN/I X s,

active resistance Rpag<<Xmag due to condition lss<<I,,.
All of the indicated resistances for the equivalent
circuit (Fig. 6) have an additional transformation:

' R VS 2v' . p" 2
Xs X iRy GRg; X v X ;R Ry,

(17)

where ¢; = 1 + X ¢/ Xnqg IS the coefficient characterizing
the ratio of the voltage vector to the EMF vector of the
stator winding during synchronous rotation of the rotor —
this is an analogue of the coefficient kyg (15).

Based on the design data of the TIM and in
accordance with the equivalent circuit of the combined
TIM (Fig. 6) and the VD (Fig. 7), the reactive and active
resistances of the load branch:

Xis (X s X ¢); Rs ¢Rg ClzR‘r/S . (18)
The rotor current of such a motor and its phase shift
with respect to the stator winding voltage Us

Iy 7%; roarctg(Xps / Rys),
RTS XI’S
and then the effective value of the real (hot reduced) rotor
winding current

(19)

Ir ClHKIsrv (20)
where the reduction factor of the rotor winding current to
the stator winding current [3]

NsKwsms 1
Kis —v—— ——

Ny Kwr M Kgq
which includes Ny = 112 — the number of consecutive
turns in the phase winding of the stator; Kys = 0.959 — its
winding coefficient; for a short-circuited rotor winding,
the number of phases m, = Q,, and for each number of
turns N, = 0.5, the rotor winding coefficient Ky, = 1; the
bevel coefficient of its slots K, = 1.

Based on the above, the reactive and active
components of the stator phase current are obtained

(21)

ly | (22)

then its effective value and phase shift angle relative to
the phase voltage Ug:

I w“sza Iszr; s arccos(lgg /1g). (23)

Thus, according to the VD (Fig. 7), the electrical
phase shift angle between the currents I and I, (in
degrees) is obtained:

Sr 180 S r» (24)
which in the motor design is converted into a geometric
angle

lesin ; lgg  lggs  IfCOS |,

sr st/ P (25)

On the basis provided, a multiphase system of

instantaneous current values in the rods of the short-
circuited rotor is formed, namely:

irk ImrSin p k 1 rn sr rl (26)
where k = 1, 2,...,Q, is the numbering of the rotor slots
adopted in Fig. 5; Iy, V2 I, is the amplitude of the

phase current in the rotor rods; =0 is the initial phase of
stator current.

The calculations vyielded the following values:
I = 28.8 A; @, = 27.25°%; @, = 12.23°%; @ = —164.98°;
Kis=16.9; I, =446 A; o =-82.49°.

The distribution of currents along the slots of the
stator and rotor at pole pitches T, in dimensionless form is
shown in Fig. 8 (the indicated points are meaningful for
the currents, the lines are drawn for their visual
connection).

In accordance with the presented methodology and
the design parameters of the TIM in the nominal load
mode, its MF was calculated. The distribution of currents
in the TIM slots and the MF picture calculated by the
FEMM code are given in Fig. 5.

According to the calculated MF, a number of TIM
parameters were determined using the same method as for
the SIM mode.

The magnetic flux in the gap per pole pitch
according to the formula (3) ®, = 8.781 mWh, i.e. it
turned out to be 3.1 % less than in the SIM mode.

The time function of the MFL of the stator phase
winding in the nominal mode is shown in Fig. 3 (curve 2)
in comparison with the similar function in the SIM mode.

Fig. 8. Angular discrete distributions of winding currents of the
rotor i, and stator is of the TIM along its slots on the sweep of
the circular line passing through the gap
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Table 4 gives the harmonic composition of the time
functions of the MFL W, and the values of the EMF
amplitudes E, (in relative units), as well as the absolute
effective values of the EMF E,, of the stator winding,
which can be compared with the data in the similar
Table 3 for the SIM mode.

Table 4
Harmonic composition of MFL and EMF in the rated
loading mode
v | - 1 3 5 7 9 11
W | p.u. | 1,000 | 0,0216 | 0,0069 | 0,0031 | 0,0001 | 0,0011
Epy |p.u.| 1,000 | 0,0648 | 0,0347 | 0,0217 | 0,0011 | 0,0117
Eyw | V |2069| 1341 | 7,18 | 4,49 0,23 2,42

Amplitude and initial phase of the first harmonic of
the MFL W,,; = 0.9313 Wh; yy; = -56.55°, effective value
and initial phase of the first harmonic of the phase EMF
Eq =206.9 V; Ye1 = 33.45°%; full EMF by (13) Egq = 207.5 V;
by (17) phase voltage Us = 224.7 V and the phase shift of
the current relative to it @s = 34.84° (Fig. 7); voltage drops
Urs =7 V; Uggit = 7.4 V; Uggr, = 6.9 V.

Using all higher harmonics the effective value of the
differential EMF of the stator winding is obtained [9]

Ng
_ 2 —
Eqgit = E2 =16.05V,
v=3,5...

as well as the refined differential resistance of the stator
winding

(22)

Esdif
Xs dif =

0.61 (23)
S

Note that this resistance is found here in compliance
with its mathematical and physical essence, as discussed
in [9], and it differs significantly from the design value
(see above in the text), which is found using the
approximate method. Therefore, further calculations will
be performed with the updated value Xuqit.

In loading mode, the energy parameters of the TIM
are important:

- input electrical power of the TIM:

Pn mgUglgcos ; (24)

- electromagnetic torque, which is determined by a
special Lua function through Maxwell magnetic tension
tensor

|
a
Mem

BB rdS,
o(rs rr)s

(25)

where B , B, are the angular and radial components of the
magnetic flux density vector; S is the cross-sectional area
of the non-magnetic gap; r, and rs are the radii of the
circles bounding this plane on the sides of the rotor and
stator;
- electromagnetic power transmitted by the rotating
magnetic field from the stator to the rotor:
Pem Mem S (26)

where Qg is the angular velocity of this field which has
already been mentioned;

- electrical power losses in the stator and rotor
windings

2. 2
Pas MsRslss Per MRl (27)

The values of the remaining power losses in these
calculations do not change and are taken from the TIM
design [4]: Pmags — magnetic losses in the stator core,
Pmec — mechanical losses, additional 10sses Pay, Pragr —
magnetic losses in the rotor core, which consist of surface
and pulsation losses.

Taking into account the losses related to the rotor,
the output useful power of the TIM is determined:

Pout I:)em F)elr F)mag r I:)mec F).ad : (28)
And finally, the efficiency of the TIM:
Pout / Rin - (29)

The mentioned power losses have the following
values: Pgs = 1046 W; Pgr = 407.7 W; Prags = 270 W;
Pragr = 87.3 W; Prec = 117 W; Py = 84.3 W.

According to the provided formulas, the integral
energy parameters of TIM were obtained: Mgy, = 97.72 N-m;
Pin = 16.667 kW; Pe, = 15.350 kW; Py = 14.741 kW;
cos®s = 0.821; n = 0.884.

The phase voltage based on (14) Us = 224.7 V
turned out to be greater than the nominal, but the motor
should operate at the nominal voltage of 220 V.

To eliminate the excess U, it is necessary to reduce
the magnetizing current of the stator winding |,.
Therefore, by iterative method, numerical-field
calculations using the provided method found I, = 7.25 A,
and accordingly, the stator winding current reached
I =29.22 A. Of course, not only the voltage changed, but
also the remaining quantities, which acquired the
following values: Wy, = 0.9101 Wb; vy, = -57.177%
Es = 202.4 V; Ye1 = 32.83%; 0 = 83.10°; Egeq = 207.5 V;
Urs = 7 V; Uit = 7.4 V; Ugn = 6.8 V; U= 220 V;
Qs = 34.28°% Mg, = 95.45 N'm; P;, = 16.288 kW;
Pem=14.988 kW; P,=14.379 kW; cos@s=0.826; n =0.883.

From all of this, it can be noted that the voltage Us
has become nominal, but the output power P, does not
reach the nominal value, which is 15 kW.

It is clear that the task of simultaneously providing
nominal voltage and output power is complex, and for its
solution, an appropriate method has been developed based
on the methodology from [4] and the development of [5].

The complexity of the problem lies in the fact that
the input values s, 1, and the output values U, P, are
interconnected, that is, it is a four-parameter problem, and
therefore it is solved by an iterative method. For this
purpose, a strictly deterministic method is provided, the
essence of which is described further in the text, and then
the results of calculations performed by a program on a
Lua script, which provides interaction with the FEMM
code, are provided.

Iterative determination of the slip and
magnetizing current of the stator winding for
simultaneous output to the rated voltage and power of
the TIM. For a visual representation of the technique, a
graphical model is used, given in Fig. 9. It is based on a
coordinate system with the desired parameters: rotor slip s
and magnetizing current of the stator winding I,,.

This coordinate system is represented in axonometry
by the plane s, 1, in which the point 0 is placed with the
coordinates of the slip s, and the magnetizing current I,
which are given in the current iteration for calculating the
voltage Us and the power Pg.
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Fig. 9. Diagram of the varying current I, and slip s
and the deviation of the desired values U and P

In the first iteration, the values of the slip sy and the
current Py, are taken directly from the TIM design [4]. In
essence, this is the first approximation of the values of the
varied quantities of the iterative process to be performed.

Around the coordinate point sy, I, in the specified
plane there is a rectangle with reference points 1, 2, 3 and
4. The corresponding lines 1-2 and 3-4 have the slip
coordinates s; and sy, lines 1-3 and 2-4 have the current
coordinates I,; and I,,.

Then the sides of the rectangle have dimensions

As=s,—5q; Al :|H2 - |“1. (30)

These dimensions are chosen such that it is possible
to allow within their limits a linear dependence of the
voltage Us and the power P, on the slip s and the current
I,. For example, for the first iteration, it is possible to set
As = 0.05s,; Al = 0.05l,, based on experience of
calculations, and then for each subsequent iteration these
dimensions are halved.

Thus, in Fig. 9 the coordinates of four points 1-4 are
given:

$1=S—0S/2; $,=Sg+AS/2; 1=l o—Al2; 1,=1,0+Al/2. (31)

For each of the given points (31), the MF calculation
is performed in the TIM loading mode. According to the
results of these calculations, the corresponding values of
the phase voltage U (14) and the output power Py (28)
are determined at these points using the method given
above:

US,k X POUt,k , k 1, 2, 3, 4, (32)

as well as the mismatches of these quantities relative to
their nominal values:

Uk Us,k UsN; I:)k I:)out,k Pva 1’2:314-(33)

The specific coordinates of the points according to
(31) and the values of the mismatch of the phase voltage
Us and the output power Pg, according to (33) are given
in Table 5.

Table 5
Mismatches of values on the first iteration
Variation s, =0.0248 s, =0.0274
_ U, =-259V U;=-3.17V
1 1=6849A P,=1311W P;=-218W
_ U,=5.19V U,=4.83V
l2=7571A P,=-787W P,=377TW
Control point k: s, =0.0274; |  =7.135 A;
discrepancy U,=0.19V; P=19W

Note that Fig. 9 is of a general illustrative nature for
the sake of clarity and does not correspond to the data in
Table 5, which change with iterations.

The values of the discrepancies (33) are plotted in
Fig. 9 at the corresponding points 1-4 as conditional
vectors perpendicular to the coordinate plane s, I,,.

As noted, within the coordinate rectangle 1, 2, 3, 4, a
linear dependence of Us and Py, s and 1, is allowed. Then
it is possible to draw straight lines in pairs through the
ends of the vectors U; and U, Uz and U, and
similarly through the ends of the vectors P; and P,,

P;and P, (see Fig. 9).

At the intersections of the formed lines with the side
lines of the quadrilateral in its plane, the voltage Uy and
power Py deviations at points 5, 6 and 7, 8 are equal
to 0. Then it is possible to write the linear equations of the
formed straight lines, which are shown by a dotted line,
and from these equations to determine the coordinates of
the intersection points:

I, Iy R

Between points 5 and 6 and similarly between points
7 and 8, straight lines are drawn (in Fig. 9 these are dash-
dotted lines), which have analytical expressions:

ls 15

I 1y ———2s s ; (34)
S

(35)

On line 5-6 Uy =0, on line 7-8 Py, = 0, then at
point 9 at their intersection the conditions Us = 0 and
Pout = 0 are fulfilled together.
From the system of linear equations (34), (35) we
obtain the desired slip and magnetizing current at point k:

I's 1+
sk ——; | I Ko (s , (36
k1K2K1k72(k51)()
. lg |5 lg |5
where the coefficients K|, ——; K, ———.
s

Substitution of the values of known quantities into
these formulas gave s, = 0.0274 and I, = 7.135 A, which
isin Table 5.

Such values should simultaneously provide the
nominal voltage Ugy and power Py of the TIM.
To verify this, with the found values of s, and I, the MF
is calculated using a known method and at point Kk,
the values of voltage (14) and output power (28)
are determined, respectively: Us; = 220.19 V and
Pout = 15.019 kW. The corresponding deviations AU and
AP according to (33) are only 0.19 V and 19 W, which is
reflected in Table 5.

In principle, for practical design, this is already close
enough to the specified nominal design parameters of the
TIM Ugy and Pgn. The residual differences Ugand Py
can be explained by the fact that the functions Us(s, 1,)
and Pou(s, 1,) actually differ somewhat from the linear
ones adopted in Fig. 9 and in the accompanying formulas.
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To demonstrate the theoretical capability of the
developed method in terms of reducing the deviations AU
and AP and refining the slip s and magnetizing current I,
the iterative calculation is repeated.

But in the second iteration, the initial values of slip
So and current 1y are taken as the values of s, and Iy,
which are determined in the first iteration. And now the
coordinate rectangle 1-2-3-4 is constructed around the
new coordinate point k, and at the same time its
dimensions As and Al are halved by (30, 31).

After the third iteration, the deviations at the new
control point k decreasedto U, =0.01Vand P,=4W.
Therefore, the further iterative process did not make
sense, and the calculation results are considered final.

As a result, we obtained sy = 0.0274; I, = lgs = 7.12 A;
Isw = 29.9 A; I, = 469.5 A; g = 83.41°%; Mg = 100 N-m;
Us = 220 V; Py, = 17.1 kW; Pouy = 15 kW. That is, the
calculation results of the third iteration provided sufficient
refinement of the TIM design parameters. If not, it would
be possible to continue the iterative calculations.

It should be noted that the presented iterative
process is fully automated and its execution, together with
the current MF calculations by the FEMM code, is
provided by a compiled Lua script.

Thus, the numerical-field verification of the
considered TIM design showed the degree of its
adequacy, and here it provided its noticeable refinements.
At the same time, the refinement of the power factor
from 0.889 to 0.898 was revealed; efficiency from 0.875
t0 0.878.

In addition, it is important that the application of the
presented method to verify not very high-quality designs
of other TIMs is able to detect and unacceptable errors
and help correct them.

Conclusions. A theoretical basis for numerical-field
support, verification and refinement of the classical
design of three-phase induction motors has been formed.
Based on this basis, practical calculations of their
electromagnetic and energy parameters have been
performed, which became possible thanks to the creation
of Lua control scripts using the FEMM code.

The developed theoretical basis is strictly
deterministic, despite the complexity of linear and
nonlinear  relationships  between the  structural,
electromagnetic and energy parameters of the TIMs.
Therefore, this basis is amenable to adequate
algorithmization and programming using iterative
processes.

The general structure of the theoretical basis is
reinforced by a harmonic analysis of the angular and time
functions of electromagnetic quantities, specifying the
definition of the differential leakage resistance of the
stator winding.

The developed theoretical and practical bases for
checking and refining the design electromagnetic and
energy parameters of the TIMs were tested on the
example of its published classical design in a full cycle of
calculations, which includes both the synchronous idle
mode and the rated loading mode.

The results of the test showed a sufficiently high
efficiency of the provided theoretical and practical bases
of numerical-field calculations, which showed that the

TIM design with power of 15 kW is calculated for 225 V
instead of 220 V, and the output power reaches only 14.4
KW. It was determined that to reach the nominal values in
the design, it is necessary to reduce the magnetizing
current of the stator winding from 7.75 A to 7.12 A, and
the rotor slip during operation of the TIM will have a
value of 0.0274 instead of 0.0261. At the same time, such
important motor parameters as torque, efficiency, power
factor, stator winding current, etc. are refined.

Given the software implementation of the method of
numerical-field calculations of three-phase induction
motors based on the FEMM code and the Lua script, it
can be built into automated methods for designing such
motors.

If the output power of the designed TIM is varied,
then according to the developed method and code, a
family of its refined operating characteristics can be
obtained in an automated calculation mode.

Conflict of interest. The author declares no conflict
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Optimal placement and sizing of distributed generation units in distribution networks
using an enhanced particle swarm optimization framework

Introduction. Optimal planning of distributed generation (DG) units is a critical research topic due to the growing integration of renewable
energy and the need to enhance distribution network performance. Classical optimization methods often struggle with the nonlinear,
nonconvex, and highly coupled nature of DG allocation problems. Problem. The IEEE 33-bus distribution network experiences significant
voltage drops and high active and reactive power losses under normal operating conditions. Determining the optimal placement and sizing
of DG units is a complex problem involving multiple interacting variables and operational constraints. Goal. This study aims to improve
technical performance by minimizing total active power losses and voltage deviation while ensuring voltage stability and network reliability.
Methodology. The particle swarm optimization (PSO) algorithm is enhanced using the Dehghani method (DM) — a population-based
modification framework allowing all individuals, including the worst member, to contribute in improving the best solution. The improved
PSO-DM algorithm is applied to the IEEE 33 bus system under four cases: the base case without DG and scenarios with 2, 3 and 4 DG
units. The objective function includes active power loss minimization and total voltage deviation. Results. The 4-DG configuration
significantly improves system performance: active power losses decrease from 210.67 kW to 53.9 kW (74.4 % reduction), reactive losses
drop from 142.84 kVAr to 38.42 kVAr (73.1 % reduction), the minimum bus voltage rises from 0.9037 to 0.9741 p.u. and total voltage
deviation decreases from 1.8037 p.u. to 0.5129 p.u. (71.6 % improvement). These results demonstrate that PSO-DM effectively balances
exploration and exploitation, yielding superior DG allocation solutions. Scientific novelty. Integrating DM into PSO introduces a cooperative
solution-refinement mechanism that enhances convergence speed and search accuracy. Practical value. The PSO-DM framework provides a
reliable and computationally efficient tool for DG planning in modern smart distribution networks. References 22, tables 1, figures 3.

Key words: distributed generation, particle swarm optimization, Dehghani method, voltage deviation, power loss
minimization, distribution networks.

BcTyn. OnTumanbHe NnaHyBaHHA YCTAaHOBOK PO3NOAineHoi reHepauii (DG) € KPUTUYHO BabKAMBOK TEMOK [OCMIA>KEHHs Yepes
3pocTaruy iHTerpauito BigHOBOBAHOI eHEpPreTVKM Ta HeobXiAHICTb NiABWLLEHHS NPOAYKTMBHOCTI PO3MNOAIALY0I MepedKi. KnacuuHi
METOAM ONTUMI3alii YyacTo MaloTb NpobnreMy 3 MIHIMHICTIO, ONYKMICTIO Ta CWIbHO MOB’A3aHOK MPO67EMOKD po3MilleHHs DG.
Mpo6nema. PosnoginbHa Mepe>ka 3 WiuHamu |[EEE 33 3a3Hae 3HauHUX NafiHb Hanpyru Ta BUCOKWX BTPAT aKTWBHOI Ta peakTUBHOI
MOTY>KHOCTI 3a HOPMa/bHUX YMOB eKcrlyaTallii. BusHaueHHs omTUManbHOTO Po3MilLieHHst Ta po3mipis DG € cknagHow npobaemMoto, Lo
BK/THOYAE YMCTIEHHI B3AEMOJi0UI 3MiHHI Ta ekcnnyaTauiiiHi 06me>keHHs. MeTa. Lle focnig>KeHHs cnpsiMoBaHe Ha NMOKPaLLEHHS TeXHIYHNX
XapaKTepUCTUK LUAXOM MiHIMi3auii 3araibHuX BTPAT aKTUBHOI MOTYXKHOCTI Ta BIAXWIEHHS Hanpyry, 3abesneuyoun npu LbOMy
CTabiNbHICTb HaNPyru Ta HagiiHicTb Mepe>ki. MeToguka. AnroprTM onTyMi3auii poto YacTUHOK (PSO) ya0CKOHaIeHO 3a A0MOMOroH
meTogy Dehghani (DM) — nonynauiiiHol mogudikalii, Lo [03BONSE BCiM 0CO6aM, BKIKOYAOUYM HA/TIPLIOro YieHa, 3p06uTW CBill BHECOK B
OTPVMaHHA HalKpaWoro pilleHHs. YaockoHaneHuin anropuT™ PSO-DM 3acTocoByeTbcst A0 cucTemn wiuH IEEE 33 y 4oTupbox
BMNagKax: 6a3osuii BUNagok 6e3 DG Ta cueHapii 3 2, 3 Ta 4 DG. Llinbosa hyHKLis BKIKOUAE MiHIMi3aLit0 BTpaT aKTUBHOI MOTY>KHOCTI
Ta 3arasbHe BifxuneHHs Hanpyru. PesynbTaTu. KoHdirypadis 3 4 DG 3HauHO NOKpaLLye NPOAYK TUBHICTb CUCTEMW: BTPATU aKTUBHOI
NOTY>HOCTI 3MeHLLY0Tbea 3 210,67 kBT 0 53,9 KBT (3HM>KEHHS Ha 74,4 %), peak TUBHOI — 3 142,84 kBAp 10 38,42 KBAD (3HWM>KEHHA
Ha 73,1 %), MiHiManbHa Hanpyra Ha WuHi 3pocTae 3 0,9037 y.0. o0 0,9741 y.0., a 3aranbHe BigxuneHHs Hanpyr 3MeHLyeTsea 3 1,8037 y.o.
00 0,5129 y.0. (nokpaLLeHHs Ha 71,6 %). Li pesynbTaTy AeMOHCTPYHOTh, Lo PSO-DM edeKTWBHO GanaHCye po3BiaKy Ta ekcrayaTalito,
3a6e3neyytoun Kpalli pilleHHs Ans posMmilleHHs ycTaHoBok DG. Haykosa HosusHa. IHTerpauis DM B PSO BnpoBafyKye MexaHi3m
KOOMEPaTMBHOTO YTOYHEHHS pilleHb, AKWIA NiABMLLYE LIBUAKICTb KOHBEPreHUil Ta TOuHICTb nowyky. MpakTuyHa 3HAYMMICTb.
CtpykTypa PSO-DM 3ab6e3nedye HafiiHiAi Ta 064MCMioBaibHO e(DeKTVBHUIA IHCTPYMEHT 41 nnaHyBaHHs DG y  cyuyacHwx
IHTeneKTyanbHUX PO3NOAINbUMX Mepexkax. bibn. 22, Tabn. 1, puc. 3.

Knto4osi cnoBa: po3nogisieHa reHepaLisi, onTuMisalisi poto 4acTok, Metog Dehghani, BigxnneHHa Hanpyru, MiHiMisauisi BTpaT
MOTY>KHOCTI, PO3MOAINbHI Mepexi.

Introduction. The increasing penetration of DG refers to small-scale, decentralized power

distributed generation (DG) technologies has transformed
the operational paradigms of modern distribution systems.
Conventionally, radial distribution networks were designed
to passively deliver electrical power from centralized
power plants to end-users; however, the integration of DG
units, such as photovoltaic (PV) systems, wind turbines,
fuel cells and microturbines, has introduced new
opportunities and challenges in enhancing the efficiency,
stability, and sustainability of electrical networks [1]. DG
units significantly improve system performance by
reducing real power losses, supporting voltage profiles,
increasing network reliability, and reinforcing resilience
against disturbances [2]. Nevertheless, these benefits are
achievable only when DG units are sited and sized
optimally. Improper placement or inaccurate sizing may
lead to voltage violations, reverse power flow, feeder
congestion, or even deterioration of overall network
performance. Consequently, the problem of optimal
placement and sizing of DG units has become a central
research topic in power system planning and operation [3].

generation sources located near the load centers. Their
integration offers multiple technical and economic
advantages, including reduced transmission losses, deferred
network expansion costs, enhanced voltage stability, and
improved environmental sustainability [4-6]. As
highlighted in recent studies, DG’s impact on distribution
power networks is highly sensitive to its location and
capacity [7]. For instance, the work [8] emphasizes that
uncertainty in load demand can significantly influence
optimal DG decisions, advocating hybrid metaheuristic
frameworks for more reliable solutions. Similarly, an
improved salp swarm algorithm is employed to determine
DG allocation in radial systems, showing that properly
placed DGs minimize power losses and voltage deviations
while delivering strong techno-economic gains [9]. In
another relevant study, the jellyfish search algorithm is
applied to the optimal placement of solar PV-based DGs,
using a multi-objective formulation to concurrently
reduce real power losses, improve voltage profile, and
enhance system stability [10].
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Additional literature also confirms the importance of
combining analytical indicators with metaheuristic
algorithms to improve DG optimization effectiveness. For
instance, an integrated approach using an active power
loss sensitivity index to identify candidate buses and a
modified ant lion optimization algorithm to determine DG
sizes is presented in [11]. The incorporation of Lévy
flights significantly improves exploration ability and
prevents premature convergence. Likewise, hybridized
methodologies, such as the modified grey wolf
optimization integrated with ETAP software [12],
demonstrate the potential of advanced strategies in
supporting protection coordination while optimizing DG
allocation. Other perspectives in [2, 13-16] explore multi-
objective DG-capacitor placement, optimal scheduling
with electric vehicles, reconfiguration combined with DG
and capacitors, DG placement in microgrids using
enhanced differential evolution, and DG-energy storage
co-optimization using genetic algorithms. Collectively,
these studies reveal a consistent conclusion: metaheuristic
algorithms are indispensable tools for addressing the
highly nonlinear, multimodal, and constraint-intensive
nature of DG allocation problems in modern distribution
networks. Numerous metaheuristic algorithms have been
introduced and developed to date, and they have found
extensive applications in real-world and engineering
optimization problems [17-19].

Despite the extensive contribution in the literature,
achieving a balanced trade-off between exploration and
exploitation remains a key challenge in metaheuristic-based
DG optimization. Classical algorithms, such as the particle
swarm optimization (PSO), are powerful yet often
susceptible to premature convergence, especially when
dealing with multimodal search spaces characteristic of DG
planning. To address this gap, improved variants of PSO
have been proposed to enhance convergence speed,
robustness, and accuracy. Motivated by this need, an
enhanced PSO algorithm augmented with Dehghani method
(DM) is introduced in this study. DMeenhancement
introduces adaptive update mechanisms that refine particle
movement patterns, strengthen global exploration, and
reduce the risk of stagnation. As a result, the DM-enhanced
PSO exhibits superior capabilities in escaping local minima
and identifying high-quality solutions, making it particularly
suitable for DG placement tasks that involve complex
operational constraints and nonlinear performance indices.

This study aims to improve the technical
performance of the distribution network by minimizing
total active power losses and voltage deviation while
ensuring voltage stability and maintaining reliable system
operation. To achieve this objective, the DM-enhanced
PSO algorithm is applied to determine the optimal
placement and sizing of DG units. The IEEE 33-bus radial
distribution system is used as the test platform, and four
scenarios are considered — one base case without DG and
three cases with 2, 3 and 4 DG units — to comprehensively
evaluate the impact of DG penetration on loss reduction,
voltage improvement, and overall system performance.

The structure of the paper is organized as follows.
Problem formulation, including the mathematical model
for DG placement and sizing, objective functions, and
system constraints are presented in section «Problem
definition». The PSO algorithm and details of the
enhancements incorporated through the Dehghani method
are introduced in section «Particle swarm optimization

and Dehghani method», and simulation studies and
performance evaluation of the proposed method on the
IEEE-33 bus system under all test scenarios are provided
in section «Simulation studies and performance
analysis». Finally, section «Conclusions and future
work» concludes the paper and outlines future research
directions, emphasizing the potential extension of DM-
enhanced PSO to multi-objective DG planning,
integration of storage systems, and real-time optimal
operational strategies.

Problem definition. The optimal placement and sizing
of DG units in radial distribution networks is a nonlinear,
constrained optimization problem that aims to simultaneously
improve the voltage profile and minimize active power losses.
Let the distribution network consist of N buses and
L branches. The objective is to determine the optimal
locations {bk} and corresponding DG sizes {Ppck Qpcx} for
k =1, .., npg, such that network performance is enhanced
while satisfying all power flow and operational limits.

Power flow model and loss formulation. For each
branch | L connecting bus i to j, the active power loss is
calculated as:

S
0ss | 2
i1 Vi
where R, is the line resistance; P;, Q, are the active and reactive
power flows; V; is the sending-end voltage magnitude.
Nodal active and reactive power balances are:

R Ri Poi Pog,i: (2
i
Qi Qj Qb Qog,i: 3
i
where Pp;, Qp; denote loads; Ppgi, Qpgi denote DG
injections at bus i.

Branch power flows in backward-forward sweep
include:

, @

Pi Pim Po,j Poe,j: (4)
m (J)
Qjj Qm Qb,j Qpg,j - ®)
m (i)
Bus voltages are updated using:
RiiPi  XiQii
Vi v, ij " i
Vi

DG modeling. A DG unit can operate at unity
power factor or supply reactive power depending on the
technology. In general:

Soex = Pock * jQpox- (6)
DG size constraints are:
P0Gk Ppck PbCk- (7

Objective function. To simultaneously minimize
active power loss and enhance voltage stability, a
weighted multi-objective formulation is adopted:

N

A ®)
i1
subject to: 0.95 p.u. V; 1.05p.u., where: 4, ,arethe
weight coefficients; the second term minimizes total

iNl|Vi 1). This formulation

minF  {Rgss 2

voltage deviation (VD
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provides a clear and mathematically rigorous
representation of the DG placement and sizing problem,
enabling the application of metaheuristic algorithms, such
as the Dehghani-enhanced PSO, to effectively solve the
problem under multiple DG penetration scenarios.

PSO and Dehghani method. PSO is a population-
based stochastic optimizer [20]. Let a swarm consist of N,
particles, each with position X; R® and velocity V; R at
iteration t. Each particle retains a personal best Ppeg; and
the swarm maintains a global best g (also denoted
Xpest)- The standard PSO update rules are:

1 .
Vit Vit Cint Roest i Xit Cary Opest Xit ; (9)
Xitoxi vt (10)
where is the inertia weight; C;,, C, > 0 are the

cognitive/social coefficients; ry, r, ~ U(0, 1) are the uniform
random vectors. Objective function f(x) is minimized.

PSO is effective, but can suffer premature
convergence and stagnation; the Dehghani method [21] is
a population-level improvement operator that uses
component-wise contribution of all individuals to
refine the current best solution.

Dehghani method — concept and formalization.
DM introduces an auxiliary vector Xpy initialized as the
current best:

XDM Xbest- (11)
For every particle i = 1, .., N, and for each
dimensiond =1, ..., D, DM attempts a component-wise
replacement:
Xpm(d)  Xi(d). (12)
Compute the objective f(Xpy). If
f(Xom) < f(Xpest), (13)
then accept the improvement:
Xbest xDMy (14)

otherwise restore Xpw(d) Xpest(d) and continue. In
words: each component of the global best is temporarily
replaced by the corresponding component of every
population member. If any such replacement yields a
better objective, the global best is updated. This process
leverages information in all members — including poor
solutions — to explore promising coordinate-wise moves.

Algorithmically (pseudo-code):

1 XDM Xbest-
2.Fori=1to Ny
3.;;Ford=1toD:
4. Xpm(d)  Xi(d) and evaluate f(Xpwm).
Xpm. Else
XDM(d) Xbest(d)-
6. ;; End for d.
7. End for i.

DM is parameter-light (no additional random
numbers) and performs O(N, D) objective evaluations in
the worst case per DM application.

Integration: DM-enhanced PSO. In DM-enhanced
PSO, the standard PSO loop is preserved. After updating
positions and personal/global bests at iteration t, apply
DM to refine Xpest. That is:

1. Update Vi, X,

2. Update Pyestj and Qpest-

3. Apply DM to attempt component-wise improvement
of Xbest-

4. Proceed to next iteration.

This hybridization preserves PSO dynamics while
enabling coordinate-wise exploitation informed by the
entire swarm. Empirically, DM-enhanced PSO increases
the probability of escaping local minima and improves
final solution quality for high-dimensional, constrained
engineering tasks such as DG placement and sizing.

Simulation studies and performance analysis.
Performance of the DM-enhanced PSO algorithm in
solving the optimal placement and sizing of DG units in
the IEEE 33-bus radial test system [22] is evaluated in
this section. Four study cases are considered:

1) the base case without DG;

2) the optimal integration of 2 DG units;
3) the optimal integration of 3 DG units;
4) the optimal integration of 4 DG units.

The  optimization  objective  simultaneously
minimizes power losses and voltage deviation (VD).
Lower values of VD indicate better voltage quality and
improved network stability.

Global results obtained by the DM-enhanced
PSO-DM are summarized in Table 1.

Table 1
Global results after optimum DG’s placement
in IEEE 33-bus test system

Parameters Base |With 2 DG|With 3 DG|With 4 DG
Ploss KW 210.67| 183.37 136.5 53.9
Qloss, KVAr 142.84| 123.3 90.87 38.42
Vin, P-U. 0.903| 0.9195 0.9344 0.9741
VD 1.8037| 1.6278 1.3713 0.5129
DG locations (bus)| - 18,22 17,22,33 |17,18,30,32

257.88
Poc, kW _ 129.31 ggggé 466.97
' 306.87 200 131.15
700
124.90
116.68
62.63 226.16
Qoa, KVAT = | 14862 1;639965 63.52
' 339.02

The base network exhibits significant losses with an
active power loss of 210.67 kW and a reactive power loss
of 142.84 kVAr. Furthermore, the voltage deviation is
relatively high (VD = 1.8037), confirming the weak
voltage support typically observed in unreinforced radial
systems. The introduction of DG units leads to noticeable
performance improvement, and these enhancements
intensify as the number of DG units increases.

Voltage profile analysis. VVoltage profile across all
buses for different scenarios is depicted in Fig. 1. In the
base case, the minimum voltage drops to approximately
0.903 p.u., revealing the well-known voltage weakness
around the mid-feeder section. With 2 DG units, the
voltage profile rises uniformly, eliminating the deep dip
and improving overall voltage stability. The placement of
3 DG units results in further enhancement, increasing the
minimum voltage level and flattening the profile.

The most significant improvement occurs with
4 optimally located DG units. The entire voltage curve shifts
upward, with all bus voltages remaining satisfactorily close
to 1 p.u. This is also reflected in the voltage deviation value,
which sharply decreases to VD = 0.5129, representing a
71.6 % improvement compared to the base case. This
confirms that PSO-DM efficiently identifies optimal DG
sites that contribute maximum voltage support.
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Active power loss reduction. Active power loss for
each bus is shown in Fig. 2. The integration of DG units
remarkably reduces feeder losses by supplying power locally
and minimizing line currents. Active loss decreases from
210.67 kW in the base case to 183.37 kW with 2 DGs and
further to 136.5 kW with 3 DGs. The lowest loss, 53.9 kW,
is achieved with 4 DGs, corresponding to a 74.4 % reduction
compared with the base network. This significant decline
clearly demonstrates the effectiveness of the DM-enhanced
PSO optimization in loss minimization.

Reactive power loss reduction. Reactive power loss
trends (Fig. 3) follow a similar pattern. The losses are reduced
from 142.84 kVAr (base case) to 123.3 kVAr (2 DGs),
90.87 kVAr (3 DGs) and finally to 38.42 kVAr (4 DGs). The
availability of reactive power support from optimally sized
DGs directly enhances the voltage profile and lowers reactive
currents, leading to substantial loss mitigation.

Overall performance discussion. The combined
analysis of Table 1 and Fig. 1-3 clearly demonstrates that
the DM-enhanced PSO algorithm delivers highly effective
optimization solutions. The addition of DG units
systematically improves voltage quality, reduces line
loading, and significantly decreases both active and reactive
losses. Among the investigated scenarios, the configuration
with 4 DG units offers the best overall performance,
affirming the strong capability of DM-enhanced PSO in
identifying optimal DG allocation patterns.

These results confirm that incorporating DMe into
PSO considerably enhances the exploration—exploitation
balance, enabling superior DG planning outcomes in
radial distribution systems.

1 Voltage Profile (Base +2-4 DG)

B R T T N A I S S W Y Y
L umber

Bus Num|
Fig. 1. Voltage profile without and with DGs integration
Active Power Loss per Bus (Base + 2-4 DG)

—— Base Case
a —E&— 2D0G(s)
3DG(s)

—E— 4DG(s)

Active Power Loss (kW)

N B B D 9D a0 B DD bR g P P P o2 e e
U

Fig. 2. Active power loss after DG placement

Reactive Power Loss per Bus (Base + 2-4 DG)
—E— Base Case
—E— 2DG(s)

3DG(s)
a ? —6— 4DG(s)

S
i

107

Reactive Power Loss (kvar)
3

Q

Fig. 3. Reactive power loss after DG placement

Conclusions and future work. An enhanced
particle swarm optimization framework, augmented with
the Dehghani method (DM-enhanced PSO), for
determining the optimal placement and sizing of DG units
in radial distribution networks is presented in this study.
The mathematical formulation simultaneously minimized
active power losses and voltage deviation while satisfying
operational constraints, including power balance, voltage
limits, and branch current ratings. Simulation results on
the IEEE 33-bus system demonstrate that the proposed
methodology significantly improves network performance
across multiple technical criteria.

Simulation results on the IEEE 33-bus system
demonstrate that the proposed DM-enhanced PSO
methodology significantly improves network performance
across multiple technical criteria. In particular, compared
with the base case (no DG), the optimal 4-DG
configuration reduces total active power loss from 210.67
kW to 53.9 kW, i.e. a reduction of 156.77 kW (=74.4 %);
and reduces total reactive power loss from 142.84 kVAr to
38.42 kVA, i.e. a reduction of 104.42 kVAr (=73.1 %).
Voltage stability is also improved: the minimum bus
voltage increases from 0.903 p.u. to 0.9741 p.u., and total
voltage deviation VD decreases from 1.8037 to 0.5129
(=71.6 % improvement). These quantitative results confirm
that the DM-enhanced PSO reliably identifies DG
placements and sizes that materially reduce both active and
reactive losses while improving voltage quality.

Despite the promising results, several avenues
remain open for future research. First, incorporating time-
varying load models, renewable generation uncertainty,
and probabilistic constraints can improve the realism of
the optimization framework. Second, extending the model
to multi-objective formulations — such as economic cost,
emission minimization, and reliability enhancement —
would enable more  comprehensive  planning.
Additionally, applying advanced hybrid metaheuristics or
reinforcement learning-based strategies may further
improve convergence properties. Finally, validating the
algorithm on larger and unbalanced distribution networks
would provide a more extensive assessment of its
scalability and practical applicability.
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Z. Ayache, O. Dahou

Development of a NARX neural network for a tribo-aero-electrostatic separator
with rotating disk electrodes

Introduction. The exponential growth of waste electrical and electronic equipment (WEEE) requires efficient strategies for plastic waste
management. Plastics, a major fraction of WEEE, represent both an environmental challenge due to low biodegradability and a valuable
source of secondary raw materials. Problem. Tribo-aero-electrostatic separators with rotating disk electrodes offer a promising solution for
fine plastic separation. However, their performance depends on multiple, nonlinear, and time-varying factors such as disk speed, voltage,
and particle properties. These complex interactions make analytical modeling and stable process control difficult, limiting industrial
implementation. The goal of this work is to develop a reliable dynamic model based on NARX neural networks capable of predicting the
real-time evolution of key process variables such as recovered mass and particle charge. Methodology. The proposed NARX neural network
learns temporal nonlinear relationships directly from experimental data, avoiding the need for explicit physical equations. Experiments were
conducted on a synthetic 50:50 mixture of Acrylonitrile Butadiene Styrene (ABS) and Polystyrene (PS) particles (500-1000 pm) to assess
model performance under varying disk speeds, voltages, and air flow rates. Results. The developed model accurately predicts the recovered
mass and acquired charge of both ABS and PS over a wide range of operating conditions. The predictions show strong agreement with
experimental measurements, maintaining low error levels even at parameter extremes. Scientific novelty. This work represents the first
application of NARX neural networks to model the dynamic behavior of a two-rotating-disk tribo-aero-electrostatic separator. The approach
captures essential time-dependent interactions that conventional static or analytical models fail to describe. Practical value. The NARX
model exhibits high predictive accuracy and robustness across an extended operating domain (4-20 kV, 15-60 rpm, 7-9 m*/h), with errors
limited to the 10 g and 10~ UC ranges. These characteristics demonstrate its potential for real-time intelligent control and adaptive
optimization of electrostatic separation processes in plastic waste recycling. References 39, tables 3, figures 9.

Key words: electrostatic separation, high voltage, dynamic modeling, NARX neural network, recycling.

BcTyn. EKCnoHeHUjaNbHe 3p0CTaHHsA KibKOCTI BiAXOZiB €MeKTPUUHOrO Ta eleKTPOHHOro obnagHaHHa (WEEE) BumMarae eqekTuBHUX
cTpaTeriii ynpasniHHA NNacTUKOBAMK Bigxodamu. MnacTuku, ocHoBHa YacTuHa WEEE, cTaHOBSITb SIK eKonoriuHy npobnemy uepes
HW3bKYy 6iOpO3KMaAHICTb, Tak i LiHHe [D>Kepeno BTOPUHHOI cuposuHW. [Mpobnema. TpuboaepoeneKTpocTaTWUHI CenapaTopy 3
00epTOBYMY  AVCKOBUMW  €N1EKTPOAAMM MPOMOHYIOTL NEPCMNEKTUBHE PILLIEHHS [ TOHKOTO PO3AINEeHHA nnacTwky. OpHak iXHA
MPOAYKTUBHICTb 3a7€XKNTb Bif YMCAEHHWX, HEMIHIHWX Ta 3MIHHWX y 4aci (bakTopiB, TakMx SIK LWBUAKICTb AMCKA, Hanpyra Ta
BNACTMBOCTI YaCTWHOK. Lli CknaaHi B3aeMogil yCKNagHIO Tb aHani TUYHe MOAENoBaHHA Ta CTabifbHe KepyBaHHs MPOLECOM, 0OMEXKYHUM
MPOMUWCNIOBE BMPOBa>KeHHS. MeTo po60Tu € po3pobka HafdiHOT AMHAMIYHOT MOZeNi Ha OCHOBI HelipoHHWMX MepedK NARX, 3maTHMX
MPOrHO3yBa TV EBOMIOLLIKO KTOHOBMX 3MIHHMX MPOLECY, TakuX AK BifHOBMEHA Maca Ta 3apsj YaCTUHOK, y peaibHoMy yaci. MeTogonoris.
3anponoHoBaHa HelipoHHa Mepexka NARX BUMBYAE YacoBi HENiHIHI 3aeXKHOCTI 6e3nocepeaHbo 3 EKCNEPUMEHTANIbHUX AaHNX, YHUKAUM
HEOOXiAHOCTi SBHUX (Di3YHMX PiBHSHb. EKCMEpUMEHTY MPOBOAMIMCA HA CUHTETUYHIN CyMilli YaCTUHOK aKpWUIOHI TpUnby TagieHcTupony
(ABS) Ta nonicTupony (PS) y cnissigHoLeHHi 50:50 AnA OLiHKM MPOAYKTMBHOCTI MOZENi 3a PisHWX LUBMAKOCTEA AUCKIB, Hampyr Ta
LUBMAKOCTEN NOTOKY NOBIiTPSA. PesynbTaTn. Po3pobneHa Mofenk TOYHO NPOrHO3YE BiJHOBNEHY Macy Ta HabyTwii 3apsag sk ABS, Tak i PS
Y LUMPOKOMY fiana3oHi po6oumx ymoB. [MpOrHosvM AEMOHCTPYHOTb BMCOKY BifMOBIAHICTb 3 eKCNepUMEHTabHMM BUMIPHOBAHHSMM,
MigTPUMYHUM HU3LKUIA PiBEHb MOXMOKW HaBITb NPU eKCTPEMabHUX 3HAUYEHHsX NapaMeTpiB. Haykosa HoBM3Ha. Lisi poboTa siBnsie co6oto
nepLUe 3aCTOCyBaHHs HelipoHHUX Mepexk NARX [ MofenoBaHHs AYHaMIYHOI NOBeAiHKY TPrboaepoeneKTPOCTaTMUHOMO cenapaTopa 3
[ABOMa 06epToBMMY Ayckamu. Lleit nifgxis BpaxoBye BaXK/MBI 3a1EXKHI Bif Yacy B3aeMogil, fKi 3B14aiiHi cTaTuyHi abo aHani TUYHI Mogeni He
MO>KYTb onucaTu. MpakTnyHa 3HaunMicTb. Mogenb NARX AEMOHCTPYE BUCOKY NPOTHOCTUYHY TOYHICTH Ta CTIlKiCTb Y PO3LUMpEHIlt
po6ouiii 06nacTi (4-20 KB, 15-60 06/xB, 7-9 M*/rof), 3 noxubkami, 06MexkeHuMm gianasoHamu 10~ r Ta 10~ MkKn. Lii xapakTepucTvku
JEMOHCTPYIOTb 0r0 NOTeHLian 478 IHTEeNeKTyalbHOr0 KepyBaHHS B PE>KVMI peabHOro 4acy Ta afanTWBHOI OnTuMisalii npoLecis
e/1eKTPOCTaTWUYHOro PO3AiNeHHs Npy NepepobLyi NiacTUKoBMX Bigxodis. bibn. 39, Tabn. 3, puc. 9.

Kntoyosi cnosa: enekTpocTaTMyHa cenapawisi, BUCOKa Hanpyra, gMHamivHe MOAEN0BaHHS, HelipoHHa Mepexxa NARX, nepepobka.

Introduction. The management of plastic waste from
electrical and electronic equipment (WEEE) has become a
global priority in the face of the exponential growth of such
waste and the environmental challenges they pose. Plastics,
which account for a significant portion of WEEE streams,
represent a major problem due to their low biodegradability
and their impact on ecosystems when not properly recycled
[1, 2]. The recycling of these plastics offers both economic
and environmental opportunities, allowing for a reduction
in their impact while meeting the growing demand for
secondary raw materials [3].

In this context, several electrostatic separation devices
have been developed in research laboratories [4-6]. The
tribo-electrostatic separator with two rotating disks, in
particular, has shown high efficiency in sorting
submillimetric granular mixtures, where charging occurs in
a fluidized bed containing the material mix to be separated.
In this system, a pair of electrodes in the form of two
rotating stainless steel disks, driven by a variable-speed

motor and connected to high-voltage power supplies with
opposite polarities, is immersed to generate an intense
electric field [7, 8].

However, the performance of this process is strongly
influenced by a combination of nonlinear, interacting, and
time-varying factors, including disk rotational speed,
applied voltage, particle charge, and air flow rate [9].
Moreover, environmental factors (such as relative humidity
and temperature of ambient air) influence the separation
process [10-12]. These dependencies make process
behavior highly dynamic and sensitive to perturbations,
resulting in difficulties in maintaining stable and optimal
separation conditions. This complexity limits the industrial
application of separators due to the difficulty in
maintaining optimal performance in a stable manner [13].

Consequently, it becomes essential to develop
dynamic models capable of accurately describing the
transient behavior of tribo-aero-electrostatic separators
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and predicting their performance under varying
operational conditions. The design of advanced control
systems for such devices relies on the availability of
internal models able to capture their nonlinear and time-
dependent dynamics.  Traditional analytical and
phenomenological modeling approaches, while useful for
simplified cases, fail to adequately describe these
complex dynamics, particularly when multiple coupled
parameters evolve simultaneously in time [14].

In this context, artificial intelligence (Al) offers a
powerful and innovative alternative. Artificial neural
networks (ANNSs), in particular, have emerged as tools of
choice for modeling and identifying complex processes
[15-19]. Unlike traditional approaches, neural networks
do not require explicit knowledge of the underlying
physical relationships. They are capable of learning
directly from experimental data by identifying complex
nonlinear relationships between input and output
variables. This learning ability makes them particularly
well-suited for multifactorial processes where interactions
are difficult to model analytically.

ANNs have been effectively used to model and
optimize electrostatic separation processes. For instance,
in roll-type electrostatic separation, ANNs combined with
genetic algorithms have been employed to maximize
insulation product yield by optimizing control variables
such as high voltage and roll electrode speed [20]. In the
context of industrial electrostatic separators with rotating
electrodes, ANNs facilitate multicriterion optimization,
addressing the complexity of adjusting control variables
in dynamic industrial environments [21, 22]. ANNSs also
play a crucial role in predicting the performance of
electrostatic  separation in food waste recovery,
demonstrating high accuracy in aligning experimental and
predicted results [23].

Nevertheless, most ANN-based models reported in
the literature remain static or empirical, which limits their
ability to represent the temporal evolution and dynamic
interactions inherent to electrostatic separation systems.
This limitation is particularly critical for tribo-aero-
electrostatic separators with rotating electrodes, where the
charging, transport, and separation of particles evolve over
short and long time scales [24]. To overcome these
limitations, this study focuses on the development and
validation of a Nonlinear Autoregressive with Exogenous
Inputs (NARX) neural network model designed to capture
the dynamic behavior of a tribo-aero-electrostatic separator
equipped with two rotating disk electrodes operating under
high-voltage conditions. The NARX structure, known for
its ability to represent systems with memory and feedback,
has demonstrated strong performance in modeling
nonlinear time-series processes [25-28], making it
particularly suitable for this application.

The goal of this work is to develop a reliable
dynamic model based on NARX neural networks capable
of predicting the real-time evolution of key process
variables such as recovered mass and particle charge.
Experiments are carried out on a synthetic 50:50 mixture
of acrylonitrile butadiene styrene (ABS) and polystyrene
(PS), two representative thermoplastic polymers of
WEEE streams, with particle sizes ranging from 500 to
1000 pm. The dataset is acquired through a LabVIEW

based data acquisition system, allowing accurate and real-
time monitoring of operational parameters such as disk
rotational speed, applied voltage, and air flow rate.
Materials and methods. A tribo-aero-electrostatic
separator equipped with two rotating disk electrodes (Fig.
1) was used for this study. In this device, the separation of
fine granular materials is achieved under the combined
influence of electrostatic and aerodynamic forces.
Granular materials are first introduced into a fluidized bed
inside the separation chamber, where repeated particle—
particle and particle-wall collisions induce tribo-electric
charging. Simultaneously, a controlled air flow maintains
the particles in suspension, ensuring homogeneous mixing
and frequent collisions. Inside the chamber, two stainless-
steel disk electrodes rotate at adjustable seeds and are
polarized by high-voltage supplies of opposite polarity.

Fig. 1. Tribo-aero-electrostatic separator with two rotating disks:
1 - control panel; 2 — variable speed DC motors; 3 —vibrating
feeder; 4 — cylindrical feeder; 5 — separation chamber with two
rotating disk electrodes; 6 — Faraday cages; 7 — balances;

8 — blower; 9 — electrometers (Keithley 6514); 10 — portable
colorimeter NH310; 11 — computer [7]

The charged particles are driven toward the electrode
of opposite sign and adhere to its surface under the
combined effect of electrostatic and aerodynamic forces
(Fig. 2). Brushes or scrapers then detach the particles from
the disks and direct them to separate collectors. Less-
charged or neutral particles remain suspended until they
acquire sufficient charge to be collected [29].

3 \ — e e

Fig. 2. Collection of insulating particles in the two-rotating-disk
tribo-aero-electrostatic separator

Previous investigations on this  separator
configuration have demonstrated its capability to
selectively sort fine polymer mixtures and confirmed the
strong influence of parameters such as electrode voltage,
disk speed, and air flow rate on separation efficiency [24,
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30-33]. Building upon these findings, the present work
extends the analysis toward continuous operation and
dynamic modeling to support the development of a data-
driven predictive model based on NARX neural networks.
The material mixture used consists of two polymer types:
brown ABS and white PS ( 0.5-1 mm), supplied by
APR2 (France), a company specializing in WEEE
recycling (Fig. 3). The studied mixture is balanced (50 %
ABS / 50% PS) and continuously fed by a vibratory
mechanism. According to their positions in the tribo-
electric series, ABS becomes positively charged while PS
becomes negatively charged, and they are collected
respectively by the negative and positive electrodes [30].

1000 pim
Fig. 3. Micrographs of ABS and PS particles composing the
studied materials

The separator is equipped with a monitoring and
control panel that enables real-time acquisition of key
operating data: high-voltage levels, disk rotation speed, fan
speed, and air flow rate. Separated materials are gathered in
Faraday-type tanks connected to Keithley 6514
electrometers and placed on electronic balances (0.1 g
resolution, 2 kg capacity). Measurements of electric charge
and mass are recorded through a LabVIEW based data
acquisition system. All experiments are conducted under
controlled ambient conditions (relative humidity 40-50 %,
temperature 17-21 °C).

The data collected in this study come from multiple
experimental series as described in [31]. The effect of high
voltage was evaluated in experiments conducted at a fixed
disk rotational speed of 30 rpm and a constant air flow rate
of 8 m%h, for voltages of +4 kV, +8 kV, +12 kV, +16 kV,
and £20 kV. In the second series of experiments, the disk
rotational speed was successively adjusted to 15 rpm,
30 rpm, 40 rpm, 50 rpm, and 60 rpm, while maintaining a
constant voltage of +12 kV and an air flow rate of 8 m*h.
Finally, a separation experiment was carried out with the
fluidization air flow rate varied by adjusting the blower
speed to 7 m*h, 7.5 m*h, 8 m*h, 8.5 m*h, and 9 m*h, at a
constant rotational speed of 30 rpm and voltage of + 12 kV.

The resulting dataset, composed of synchronized
time-series measurements of mass and charge, served as
the basis for training and validating the proposed NARX
neural network model.

Architecture and implementation of the NARX
neural network. There are currently several types of
ANNSs used in various applications [32]. In this work, we
focus specifically on the NARX neural network model,
which is a type of recurrent neural network well suited for
modeling nonlinear systems, particularly time series [33].
Figure 4 illustrates the topology of the NARX network
defined in study. The equation defining the NARX model
is as follows:

yt 1 f[yt, y(t dy Lut, ,ut d, DI, (1)

where u(t), y(t) are the input and output of the network at
time t; d,, dy are the input and output orders; f is the
nonlinear function.

Equation (1) can be expressed in vector form as:

yt 1 fyt;ut . 2
U

2 =|Nd

e

Input
— mABS
| Ppg
y=
—> | 9ass
= | 49ps
‘ Qutput

Fig. 4. NARX neural network with delayed input

The input vector u=[U, Ng, Q]" consists of 3
elements: the high voltage applied to the electrodes (U),
the rotational speed of the electrodes (Ng) and the air flow
rate of the blower (Q); T is the transpose of the vector. In
contrast, the output vector y = [Mags, Mps, Oags, qps]T
consists of 4 elements: the collected mass of ABS and BS
(mass, Mps) and the electrical charge of the collected mass
of ABS and PS (gags, Qps)- This network also employs
tapped delay lines to store previous values of the input
sequence u(t) and output sequence y(t). Moreover, the
NARX network output, y(t), is fed back to the network
input (through delays), since u(t) depends on y(t-1),
y(t-2),...,y(t-dy). However, for efficient training, this
feedback loop can be opened.

To optimize the training conditions of the network, data
preprocessing is highly recommended. Therefore, all data
used for training and testing are normalized within the range
[-1, +1]. This normalization helps reduce training time while
improving the network’s performance [34]. The dataset is
typically divided into training, validation, and, if available,
test sets, with common splits of 70/30 or 70/15/15 [35]. For
temporally correlated data, block-wise segmentation is
required to preserve the dynamics, with each subset
including at least one complete cycle.

In this study, the entire dataset of mass and mass
charge measurements collected in the previous section
was used to train the NARX network in order to
determine the optimal number of neurons in the hidden
layer. These dynamic data consist of a total of 6950
measurement points, of which 70 % (4864 points) were
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used for training and 30 % (2086 points) for testing, to
validate the performance of the NARX neural network.
The model characteristics are summarized in Table 1, and
the implementation was carried out in MATLAB using
the Neural Network Toolbox.
Table 1
Structure of the studied neural network

Neural network type NARX
Training algorithm Levenberg-Marquardt
Initialization algorithm Nguyen-Widrow
Hidden neurons activation function| Hyperbolic tangent
Output neurons activation function Identity

There is no universal rule to determine the optimal
neural network structure (number of layers, number of
neurons, types of connections) or its parameters
(activation functions, input delays, feedback delays). An
iterative process, inspired by previous work [36-39], was
implemented to optimize the NARX network structure.
This process determines the number of neurons in the
hidden layer as well as the delays on the inputs and
feedback outputs by testing various configurations and
selecting the best one based on a performance criterion.

Based on the above, the search for the optimal structure
was conducted using the parameters listed in Table 2.

Table 2
NARX network parameters

Search range of number of neurons (NN) in the hidden layer|[5, 30]
Search range for the number of input delays [1,3]
Search range for the number of output delays [1, 6]
Number of reinitializations per configuration 10
Total number of final reinitializations 50

The selection of the optimal model is based on the
mean squared error (MSE) given by (3) and the maximum
coefficient of determination (R-squared), which defines
the goodness of fit of the experimental data (4), mean
error (ME) (5) and mean absolute error (MAE) (6):

N

MSE M; Y, 2/N; 3)

2 N 2 " 7. 2
R 1 MY Mi Yi©;  (4)
i i
N

ME M, Y, /Ne; ®)

N
MAE  |M, Yi|/N, (6)

i

where N is the number of samples used for training; N, is
the number of experiments performed for each variation
parameter; M; is the measured value; Y; is the average
output; Y; is the output provided by the network.

The total number of configurations tested is 540
(30x3x6). Each configuration is tested 10 times, and the
best one is tested again 50 times, resulting in a total of
5,450 training runs (540x10+50) (Fig. 5). The search for
the optimal structure was performed on a machine
equipped with an Intel® Core™ i7-11800X 2.3 GHz
processor. The optimization results are shown in Table 3.
Using 24 hidden neurons, an input delay of 1 step, and an
output delay of 2 steps achieves the best performance.

Table 3
Results of the optimal structure search

Number of neurons (NN) in the hidden neurons 24
Input delays 1
Output delays 3
Number of elements 169
MSE 21.210%°
R’ >0.9999
T J |!_‘\ MSE—s— RIEM Best value| ‘ R
-
w150 0,99992
[92)
=
0,99984
100 —
0,99976
30 0,99968
0 5 10 15 20 25 30 NN

Fig. 5. Performance of the NARX network as a function
of the number of neurons in the hidden layer

In Fig. 6 the graphs a, b, e and f show the model
prediction results at different voltages (4-20 kV). The
train and test training data, represented by a circle symbol
and blue and black discontinuous line, are compared to
the data predicted by the NARX network, represented by
a cross symbol and red and orange solid line.

Visual inspection reveals exceptional agreement
between experimental measurements and model predictions
across all voltage levels. Both recovered mass (Fig. 6,a,b)
and acquired charge (Fig. 6,e,f) show a strong positive
correlation with applied voltage, following expected physical
principles of electrostatic separation. The nearly perfect
overlap between prediction curves and experimental data
demonstrates the model’s capability to capture the
underlying system dynamics without explicit physical
modeling.

Quantitative analysis confirms this observational
assessment. The average prediction errors remain below
0,035 for mass recovery (Fig. 6,c,d) and 0,05 for charge
acquisition (Fig. 6,9,h) across the entire voltage range.
Notably, the model maintains its predictive accuracy for
both training and testing data sets, indicating excellent
generalization capabilities without over fitting. The slight
error increase at voltage extremes (particularly at 4 kV)
can be attributed to signal-to-noise ratio challenges in
low-intensity separation conditions.

The investigation of disk rotational speed influence
(Fig. 7) shows that, unlike the applied voltage, this
parameter does not exert a significant effect on particle
recovery. Across the full range of tested speeds (15-60
rpm), the collected masses remain nearly constant, with
variations within 2 g for ABS and +3 g for PS,
indicating that rotational speed is not a critical factor in
the overall separation performance.

The NARX model accurately reproduces this
insensitivity. In the test dataset, the mean error (ME) is
around 5.5 mg for ABS and 7 mg for PS, while for
the charges it remains limited to #910° pC.
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A temporal analysis, however, reveals transient
fluctuations up to 810° at the beginning of the
sequences, reflecting the short-term instability induced by
particle motion initiation and air flow turbulence in the
fluidized bed. These fluctuations quickly decay, and the
prediction errors converge back to zero in the steady-state
regime.

The comparison between training and validation
datasets highlights a remarkable consistency, as the errors
remain of the same order of magnitude in both cases. This
robustness confirms that the NARX model not only captures
the overall stability of the process but also its transient
regimes, while reinforcing the finding that disk rotational
speed does not significantly influence the recovery outcome.
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The investigation of air flow rate influence (Fig. 8)
shows that this parameter has a noticeable effect on the
recovery of both ABS and PS particles. As the air flow
increases from 7 to 9 m¥h, the collected masses exhibit
measurable variations, reflecting the direct role of
fluidization intensity on particle suspension and residence
time. The NARX model accurately captures these
dynamics. In the test dataset, ME remains within 4.2 mg
for ABS and 6.8 mg for PS, while charge prediction errors
are confined to +#910° pC. A temporal analysis
highlights transient fluctuations of about 7.8 107 at the
beginning of the sequences, attributed to turbulence
effects and rapid redistribution of particles when air flow
is modified. These deviations quickly stabilize, and the
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errors converge toward values close to zero once steady-
state conditions are reached.
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Figure 9 shows MAE for the prediction of recovered
mass and acquired charge of ABS and PS materials, as a
function of voltage, disk rotational speed, and air flow
rate, with a distinction between training and testing data.

The results show that the NARX model provides
good accuracy during the training phase, with low MAE
values for all variables. In the tests, slight increases in error
appear at the extreme values of the parameters, reflecting
sensitivity to extrapolation. For ABS, the errors are more
pronounced for electrical charge prediction, especially at
high air flow rates, where they reach values of 7.75 mC and

8.88 mC for air flow values of 8.5 m*h and 8.9 m?h,
respectively. This is probably due to unmodeled complex
electrostatic phenomena. PS shows better stability,
especially for mass prediction (it does not exceed 9.6 mg,
see Fig. 9,b), although errors also slightly increase under
reaches 9.5 mg for test data (see Fig. 9,c).
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Fig. 9. MAE of predicted mass and charge for ABS and PS as

functions of voltage, disk speed, and air flow rate (training vs.

testing data): MAE of the predicted ABS (a) and PS (b) mass;
MAE of the predicted ABS (c) and PS (d) charge

The main contribution of Fig. 9 lies in its ability to
precisely identify the model’s weak spots, without
undermining its overall robustness. Indeed, MAE values
remain largely within acceptable limits, even during
testing, confirming that the NARX model provides a
reliable approximation of the system’s behavior over a
wide range of operating conditions.
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Conclusions. In this work, a NARX neural network
has been developed and applied to model the dynamic
behavior of a two-rotating-disk tribo-aero-electrostatic
separator operating under high-voltage electric fields. The
proposed model considers key process variables,
including applied voltage, disk rotational speed, and air
flow rate, as inputs, while the predicted outputs are the
recovered mass and the acquired electrical charge of the
separated particles.

The main objective of the study was to develop a
dynamic model capable of accurately reproducing the
nonlinear and time-dependent behavior of the separation
process, thereby overcoming the limitations of traditional
static or empirical approaches. The dynamic and recurrent
structure of the NARX network enables it to capture
complex temporal interactions between electrical,
aerodynamic, and tribo-electric phenomena. The model
was trained and tested using time-series data collected
under multiple experimental conditions, allowing a
thorough evaluation of its generalization capability.

Quantitative validation results confirm the high
predictive accuracy and robustness of the proposed
approach. Across the full operating range (4-20 kV,
15-60 rpm, 7-9 m*/h), the ME for mass prediction remains
below 5.5 mg for ABS and 7 mg for PS, while the MAE for
charge prediction is limited to +9 10~ uC. Even at extreme
conditions (e.g., 4 kV or high air flow rates), the model
maintains acceptable accuracy, with maximum deviations
not exceeding 9.6 mg for mass and 8.9 uC for charge,
confirming its robustness to parameter variations.

From a scientific standpoint, this work represents the
first application of a NARX neural network to the
dynamic modeling of a tribo-aero-electrostatic separator
equipped with two rotating disk electrodes. The model
successfully bridges the gap between analytical modeling
and real-time predictive intelligence, providing a reliable
foundation for further system optimization.

From a practical perspective, the robustness of the
model across a wide range of operating conditions (4-20 kV,
15-60 rpm, 7-9 m*/h) confirms its suitability for integration
into intelligent control architectures for industrial
electrostatic separation processes.

Future research will focus on developing a closed-
loop control strategy that leverages the NARX model to
optimize separation efficiency in real time. Such an
intelligent control system will enable adaptive process
regulation and enhanced operational stability in industrial
plastic recycling applications.

Conflict of interest. The authors declare that they
have no conflicts of interest.

REFERENCES

1. Geyer R., Jambeck J.R., Law K.L. Production, use, and fate of
all plastics ever made. Science Advances, 2017, vol. 3, no. 7, art. no.
€1700782. doi: https://doi.org/10.1126/sciadv.1700782.

2. Menad N. Guignot S. van Houwelingen JA. New
characterisation method of electrical and electronic equipment
wastes (WEEE). Waste Management, 2013, vol. 33, no. 3, pp. 706-
713. doi: https://doi.org/10.1016/j.wasman.2012.04.007.

3. Gundupalli S.P., Hait S., Thakur A. A review on
automated sorting of source-separated municipal solid waste
for recycling. Waste Management, 2017, vol. 60, pp. 56-74.
doi: https://doi.org/10.1016/j.wasman.2016.09.015.

4. Daiku H., Inoue T., Tsukahara M., Maehata H., Kakeda
K. Electrostatic separation technology for waste plastics-
development of a high-purity type separator for plastics.

Proceedings Second International Symposium on
Environmentally Conscious Design and Inverse
Manufacturing, 2001, pp. 562-565. doi:

https://doi.org/10.1109/ECODIM.2001.992424.

5. Zenkiewicz M., Zuk T. Physical basis of tribocharging
and electrostatic separation of plastics. Polimery, 2014, vol.
59, no. 04, pp. 314-323. doi:
https://doi.org/10.14314/polimery.2014.314.

6. Mach F., Adam L., Kacerovsky J., Karban P., Dolezel I.
Evolutionary algorithm-based multi-criteria optimization of
triboelectrostatic  separator. Journal of Computational and
Applied Mathematics, 2014, vol. 270, pp. 134-142. doi:
https://doi.org/10.1016/j.cam.2014.02.009.

7. Mekhalef Benhafssa A., Medles K., Boukhoulda M.F.,
Tilmatine A., Messal S., Dascalescu L. Study of a Tribo-
Aero-Electrostatic  Separator for Mixtures of Micronized
Insulating  Materials. IEEE  Transactions on  Industry
Applications, 2015, vol. 51, no. 5, pp. 4166-4172. doi:
https://doi.org/10.1109/T1A.2015.2434794.

8. Tilmatine A., Benabboun A., Brahmi Y., Bendaoud A.,
Miloudi M., Dascalescu L. Experimental Investigation of a
New Triboelectrostatic Separation Process for Mixed Fine
Granular ~ Plastics. IEEE  Transactions on  Industry
Applications, 2014, vol. 50, no. 6, pp. 4245-4250. doi:
https://doi.org/10.1109/T1A.2014.2319584.

9. Achouri I|.-E., Boukhoulda M.-F., Medles K., Richard G.,
Zeghloul T., Dascalescu L. Electrostatic Separation of
Tribocharged Granular Mixtures of Two or More Plastics
Originating From WEEE. IEEE Transactions on Industry

Applications, 2022, vol. 58, no. 6, pp. 7701-7708. doi:
https://doi.org/10.1109/T1A.2022.3197544.
10. Achouri I.-E., Dani C., Zeghloul T. Lungu M.,

Dascalescu L. Effect of ambient humidity on the tribo-
electrostatic separation of granular plastic wastes. Particulate
Science and Technology, 2024, vol. 42, no. 6, pp. 908-914.
doi: https://doi.org/10.1080/02726351.2023.2295399.

11. Benabderrahmane A., Dani C., Medles K., Zeghloul T.,
Tomasella F., Lungu M., Dascalescu L., Parenty A. Effect of
storage at different levels of relative humidity of ambient air
on the tribo-electrostatic separation of granular plastics
containing brominated flame retardants. IEEE Transactions
on Industry  Applications, 2023, pp. 1-6. doi:
https://doi.org/10.1109/T1A.2023.3272872.

12. Dani C., Achouri I.-E., Zeghloul T., Aouimeur D., Lungu
M., Dascalescu L. Triboelectric Charging and Electrostatic
Separation of Granular Plastic Wastes Exposed to Long-Term
Action of High Levels of Ambient Humidity. IEEE
Transactions on Industry Applications, 2025, vol. 61, no. 1, pp.
1194-1201. doi: hitps://doi.org/10.1109/T1A.2024.3462902.

13. Achouri L.E., Zeghloul T., Richard G., Medles K., Nouri
H., Dscalescu L. Premises for industrial application of a two-
rotating-disks-type tribo-aero-electrostatic ~ separator  for
micronized WEEE. 2017 IEEE Industry Applications Society
Annual Meeting, 2017, pp- 1-4. doi:
https://doi.org/10.1109/1AS.2017.8101697.

14. Carlson R. Design of Experiments, Principles and Applications,
L. Eriksson, E. Johansson, N. Kettaneh- Wold, C. Wikstrém and S.
Wold, Umetrics AB, Umea Learnways AB, Stockholm, 2000,
ISBN 91-973730-0-1, xii + 329 pp. Journal of Chemometrics, 2001,
vol. 15, no. 5, pp. 495-496. doi: https://doi.org/10.1002/cem.686.

15. Nelles O. Nonlinear System Identification. From Classical
Approaches to Neural Networks, Fuzzy Models, and Gaussian
Processes. Springer, 2020. 1225 p. doi: https://doi.org/10.1007/978-
3-030-47439-3.

16. Haykin S. Neural Networks and Learning Machines. 3rd Ed.
Pearson Publ., 2008. 936 p.

26

Electrical Engineering & Electromechanics, 2026, no. 1



17. Bengharbi A.A,, Laribi S., Allaoui T., Mimouni A. Photovoltaic
system faults diagnosis using discrete wavelet transform based
artificial  neural  networks.  Electrical ~ Engineering &
Electromechanics, 2022, no. 6, pp.  42-47. doi:
https://doi.org/10.20998/2074-272X.2022.6.07.

18. Vasilevskij V.V., Poliakov M.O. Reproducing of the humidity
curve of power transformers oil using adaptive neuro-fuzzy systems.
Electrical Engineering & Electromechanics, 2021, no. 1, pp. 10-14.
doi: https://doi.org/10.20998/2074-272X.2021.1.02.

19. Rouaibia R., Djeghader Y., Moussaoui L. Artificial neural
network and discrete wavelet transform for inter-turn short circuit
and broken rotor bars faults diagnosis under various operating
conditions. Electrical Engineering & Electromechanics, 2024, no.
3, pp. 31-37. doi: https://doi.org/10.20998/2074-272X.2024.3.04.
20. Touhami S., Medles K., Dahou O., Tilmatine A., Bendaoud A.,
Dascalescu L. Modeling and Optimization of a Roll-Type
Electrostatic Separation Process Using Artificial Neural Networks.
IEEE Transactions on Industry Applications, 2013, vol. 49, no. 4,
pp. 1773-1780. doi: https://doi.org/10.1109/T1A.2013.2256451.

21. Dahou O., Medles K., Touhami S., Boukhoulda M.F., Tilmatine
A., Dascalescu L. Application of Genetic Algorithms to the
Optimization of a Roll-Type Electrostatic Separation Process. IEEE
Transactions on Industry Applications, 2011, vol. 47, no. 5, pp.
2218-2223. doi: https://doi.org/10.1109/T1A.2011.2161851.

22. Dahou O., Touhami S., Ayache Z. Optimal control of an
industrial electrostatic rotating electrode separator using artificial
intelligence technics. Przeglad Elektrotechniczny, 2019, vol. 95, no.
11, pp. 170-175. doi: https://doi.org/10.15199/48.2019.11.44.

23. Lai K, Lim S., Teh P., Yeap K. An Atrtificial Neural Network
Approach to Predicting Electrostatic Separation Performance for Food
Waste Recovery. Polish Journal of Environmental Studies, 2017, vol.
26, no. 4, pp. 1921-1926. doi: https://doi.org/10.15244/pjoes/68963.
24. Achouri L.E., Zeghloul T., Medles K., Richard G., Nouri H.,
Dascalescu L. Tribo-aero-electrostatic separation of micronized
waste plastics. ESA 17 - Annual Meeting of the Electrostatics
Society of America, 2017, pp. 1-8. Available at:
https://hal.science/hal-04427166 (Accessed 02 May 2025).

25. Ardakani A.H., Abdollahian S.A., Abdollahi F. NARX
Transformer: A Dynamic Model for Leveraging Multicycle Data in
Long-Term Battery State of Health Estimation. IEEE Transactions
on Instrumentation and Measurement, 2024, vol. 73, pp. 1-8. doi:
https://doi.org/10.1109/T1M.2024.3460947.

26. Ezzeldin R., Hatata A. Application of NARX neural network
model for discharge prediction through lateral orifices. Alexandria
Engineering Journal, 2018, vol. 57, no. 4, pp. 2991-2998. doi:
https://doi.org/10.1016/j.aej.2018.04.001.

27. Chen C., Chen H., Shi J., Yue D., Shi G., Lyu D. Estimating
Lithium-lon Battery Health Status: A Temporal Deep Learning
Approach With Uncertainty Representation. IEEE Sensors Journal,
2025, wvol. 25, no. 14, pp. 26931-26943. doi:
https://doi.org/10.1109/JSEN.2025.3572291.

28. Kalaycioglu S., de Ruiter A. Vibration Control of Satellite
Antennas via NMPC and NARX Neural Networks. IEEE
Transactions on Aerospace and Electronic Systems, 2025, vol. 61, no.
4, pp. 9406-9433. doi: https://doi.org/10.1109/TAES.2025.3551276.
29. Bouhamri N., Zelmat M.E., Tilmatine A. Micronized plastic
waste recycling using two-disc tribo-electrostatic separation process.
Advanced Powder Technology, 2019, vol. 30, no. 3, pp. 625-631.
doi: https://doi.org/10.1016/j.apt.2018.12.012.

How to cite this article:

30. Messal S., Zeghloul T., Mekhalef-Benhafssa A., Medles K.,
Dascalescu L. Experimental study of a tribo-aero-electrostatic
separator for finely-grinded matter. Journal of Electrostatics, 2017,
vol. 89, pp. 59-68. doi: https://doi.org/10.1016/j.elstat.2017.08.004.
31. Zeghloul T., Mekhalef Benhafssa A., Richard G., Medles K.,
Dascalescu L. Effect of particle size on the tribo-aero-electrostatic
separation of plastics. Journal of Electrostatics, 2017, vol. 88, pp.
24-28. doi: https://doi.org/10.1016/j.elstat.2016.12.003.

32. Achouri LE., Zeghloul T., Richard G., Medles K., Nouri H.,
Dascalescu L. Factors that Influence the Performance of a Two-
Rotating Disks-Type Tribo-Aero-Electrostatic ~Separator for
Micronized WEEE. IEEE Transactions on Industry Applications,
2019, vol. 55, no. 1, pp. 802-811. doi:
https://doi.org/10.1109/T1A.2018.2866546.

33. Mekhalef Benhafssa A., Zeghloul T., Aksa W., Medles K.,
Dascalescu L. Continuous operation of a fluidized-bed disk-type
electrostatic separator for micronized plastic waste. Waste
Management, 2018, wvol. 79, pp. 763-769.  doi:
https://doi.org/10.1016/j.wasman.2018.08.044.

34. Sjoberg J. Neural networks for modelling and control of
dynamic systems, M. Ngrgaard, O. Ravn, N. K. Poulsen and L. K.
Hansen, Springer, London, 2000, xiv+246pp. International Journal
of Robust and Nonlinear Control, 2001, vol. 11, no. 9, pp. 881-882.
doi: https://doi.org/10.1002/rnc.585.

35. Tsungnan Lin, Horne B.G., Tino P., Giles C.L. Learning long-
term dependencies in NARX recurrent neural networks. |IEEE
Transactions on Neural Networks, 1996, vol. 7, no. 6, pp. 1329-
1338. doi: https://doi.org/10.1109/72.548162.

36. Sola J., Sevilla J. Importance of input data normalization for the
application of neural networks to complex industrial problems.
IEEE Transactions on Nuclear Science, 1997, vol. 44, no. 3, pp.
1464-1468. doi: https://doi.org/10.1109/23.589532.

37. Salinas D., Flunkert V., Gasthaus J., Januschowski T. DeepAR:
Probabilistic forecasting with autoregressive recurrent networks.
International Journal of Forecasting, 2020, vol. 36, no. 3, pp. 1181-
1191. doi: https://doi.org/10.1016/j.ijforecast.2019.07.001.

38. Qi M., Zhang G.P. An investigation of model selection criteria
for neural network time series forecasting. European Journal of
Operational Research, 2001, vol. 132, no. 3, pp. 666-680. doi:
https://doi.org/10.1016/S0377-2217(00)00171-5.

39. Shrestha A, Mahmood A. Review of Deep
Learning  Algorithms and  Architectures. IEEE  Access,
2019, vol. 7, pp. 53040-53065. doi:

https://doi.org/10.1109/ACCESS.2019.2912200.

Received 18.08.2025
Accepted 20.10.2025
Published 02.01.2026

Z. Ayache?, Assistant Lecturer,

0. Dahou?, PhD, Associate Professor,

1 IRECOM Laboratory,

Dijillali Liabes University of Sidi Bel-Abbes, Algeria,

e-mail: zouaoui.ayache@univ-sha.dz

2 Electrical Engineering Department,

Mustapha Stambouli University of Mascara, Algeria,
e-mail: 0.dahou@univ-mascara.dz (Corresponding Author)

Ayache Z., Dahou O. Development of a NARX neural network for a tribo-aero-electrostatic separator with rotating disk electrodes.
Electrical Engineering & Electromechanics, 2026, no. 1, pp. 20-27. doi: https://doi.org/10.20998/2074-272X.2026.1.03

Electrical Engineering & Electromechanics, 2026, no. 1

27



UDC 621.317
A. Bounab, A. Chaiba, S. Belkacem, A. Chariete

https://doi.org/10.20998/2074-272X.2026.1.04

Performance improvement of parallel dual-star permanent magnet synchronous machines via
type-2 fuzzy direct torque control with a single six-phase inverter

Introduction. The growing need for efficient and high-performance electric drive systems has led to increased research in advanced
control strategies for multi-machine configurations. Among them, dual-star permanent magnet synchronous machines (DSPMSMs)
connected in parallel to a single inverter offer a promising solution for applications requiring high reliability and precise control.
Problem. Conventional direct torque control (DTC) strategies, typically relying on Pl controllers, suffer from significant torque and
flux ripples, which negatively impact system efficiency and dynamic response. Moreover, these traditional controllers face challenges
in handling parameter variations and external disturbances, limiting their applicability in demanding environments. Goal. This study
aims to enhance the performance of DSPMSM drive systems by improving speed regulation, minimizing torque and flux fluctuations,
and increasing robustness against disturbances, thereby ensuring greater efficiency and stability. Methodology. To address these
challenges, we propose a novel DTC strategy that replaces the conventional Pl controller with a type-2 fuzzy logic controller (T2-
FLC). This intelligent control approach leverages the adaptability of fuzzy logic to improve response accuracy and dynamic
performance. The proposed methodology is validated through extensive simulations using MATLAB/Simulink, analyzing various
operating conditions and comparing the performance with conventional DTC techniques. Results. Simulation results confirm that the
T2-FLC-based DTC significantly reduces torque and flux ripples while ensuring precise speed regulation. The proposed approach
also demonstrates improved robustness against disturbances and parameter variations, outperforming traditional Pl-based DTC in
terms of efficiency and control accuracy. Scientific novelty. This research introduces an innovative application of T2-FLC in DTC
for parallel-connected DSPMSMs, offering a novel control strategy that effectively mitigates the drawbacks of conventional methods.
The integration of T2-FLC into the DTC framework provides enhanced adaptability and superior performance, distinguishing this
study from existing works. Practical value. The proposed control strategy enhances the reliability, efficiency, and stability of
DSPMSM-based drive systems, making it well-suited for high-performance applications such as railway traction, electric vehicles,
and industrial automation. By improving control precision and robustness, this approach contributes to the advancement of
intelligent drive technologies in modern electric propulsion systems. References 39, tables 4, figures 16.

Key words: permanent magnet synchronous machine, type-2 fuzzy logic controller, direct torque control, six-phase inverter,
multi-machines system.

BcTyn. 3pocTatoya noTpeba B ethieKTUBHINX Ta BUCOKOMPOAYKTUBHIX CUCTEMAX efleKTPONPUBOLY Npu3sena 40 NOCUIEHHS [OCTIAMKeHb
YAOCKOHaNIEHUX CTPaTEriii KepyBaHHA A/ia 6araToMaLLMHHYX KoHirypaui. Cepef, HUX, CUHXPOHHI MalLMHW 3 NOCTIAHUMM MarHiTamm Ta
06MOTKOIO CTaTOopa 3a CXEMOIO 3’€fJHaHHS «3ipKa» i3 CMiJbHAM PerynioBaHHAM CTpPyMiB 06MOTOK cTaTopa (DSPMSM), Lo niaktoyeHi
napanefbHo 0 OfHOrO iHBEPTOPa, MPOMOHYIOTH MEPCreKTVBHE PIlLEHHs [/ 3aCTOCyBaHb, SKi BUMaraloTh BMCOKOI HafiiiHOCTi Ta
TOYHOro KepyBaHHs. [pob6nema. TpaguuiiiHi cTpaTerii NpAMOro KepyaHHA KpyTHUM MoMeHTOM (DTC), siki 6asytoTbeAd Ha Pl-
KOHTpO/epax, MatoTb 3HauUHI MyNbcallii Kpy THOro MOMeHTY Ta NoTOKY, LU0 HeraTUBHO BMMBAE Ha ePeKTVBHICTb CUCTEMM Ta AUHaMIUHy
XapakTepucTuky. KpiMm Toro, Ui TpaguuiiiHi KOHTPONEpU CTUKaTLCA 3 NpobreMamii 06pobKM KOMMBaHb NapaMeTPiB Ta 30BHILLHIX
36ypeHb, L0 06Me>KYe iXHIO 3aCTOCOBHICTb Y CKIagHMX yMoBax. MeTa. Lie JocnigpeHHs cnpsMoBaHe Ha MigBULLEHHS NPOAYKTUBHOCT
cucTem npueogy DSPMSM LNsXOM MOKPALLEHHS PerymioBaHHA LUBUAKOCTI, MiHiMi3auii KOMBaHb KPYyTHOTO MOMEHTY Ta MOTOKy, a
TaKO>K MifBULLEHHS CTIMKOCTI 40 36ypeHb, TUM camum 3abe3neuytoun GinbLly eqieKTUBHICTL Ta cTabinbHicTb. MeTogonorisi. i
BMPILLEHHA LMX Npo6reM 3anponoHOBaHO HOBY cTpaTerito DTC, Aka 3amiHioe TpaguuiiHvii PI-koHTponep KOHTPOEPOM 3 HEYITKOK
norikoto 2-ro Tuny (T2-FLC). Lleii iHTenekTyanbHuii Nigxig [0 KepyBaHHs BUKOPUCTOBYE afamTVBHICTb HEUITKOT NIOTiKM /151 MOKPaLLEHHS
TOYHOCTI BiAryky Ta AuHamivyHuX XapakTepucTVK. 3anponoHoBaHa MeTOZOMOrsA NepeBipeHa 3a LOMOMOrol MacluTabHol cumynauii 3
BuKopucTaHHAM MATLAB/Simulink, aHanisyroun pisHi pobodi yMOBM Ta MOPIBHIOKUM NPOAYKTUBHICTL 3 TpaguuiiHumm DTC meTogam.
Pe3ynbTaTun MogentoBaHHs NigTBEPLKYOTh, WO DTC Ha ocHoBi T2-FLC 3Ha4YHO 3MeHLLye Mynbcauii Kpy THOr0 MOMEHTY Ta NOTOKY,
3abesreuytoun Npy LibOMY TOYHE PeryntoBaHHA LUBMAKOCTI. 3anponoHOBaHMIA NifXid 4eMOHCTPYE MOKpalLeHy CTIKICTb 40 36ypeHb Ta
KO/MBaHb NapamMeTpiB, nepesepLUytoun TpaguuiiHuia DTC Ha ocHoBi Pl 3 TO4kW 30py etheKTUBHOCTI Ta TOYHOCTI KepyBaHHA. Haykosa
HoBM3Ha. Lle focnigpkeHHs npeacTaense iHHoBaLifiHe 3acTocyBaHHa T2-FLC y DTC ans napanensHo 3’efHaHux DSPMSM, nponoHyroum
HOBY CTPaTEril0 KepyBaHHS, sika eheKTMBHO YCyBae HefOMiKM 3BuYaiiHMX MeTOogiB. IHTerpauia T2-FLC y cTpykTypy DTC 3a6e3nedye
MOKpAaLLEHy afianTWBHICTb Ta BUCOKY NMPOAYKTUBHICTb, LU0 BifPI3HAE Lie JOCMIAMKEHHS Bif, iCHYIOUMX pobiT. MpakTuyHa 3HaUMMICTb.
3anponoHoBaHa CTpaTeris KepyBaHHA NifBNLLYE HAAiHICTb, eeKTVBHICTb Ta CTabiNbHICTb cMcTeM NpuBody Ha ocHoBi DSPMSM, wo
pobuTb Ti gobpe NpUAATHOK AN BMCOKOMPOAYKTMBHMX 3aCTOCyBaHb, TakuX $K 3a/i3HULS, eneKTpomobini Ta npoMuciosa
aBTOMaTM3aLis. 3aBAsKV NOKPALLEHHI0 TOYHOCTI Ta HafiiHOCTI KepyBaHHs, Lieii niaxig cnpusie po3BUTKY IHTENeKTYyanbHUX TEeXHOMOrIN
MPMBOAY B Cy4acHUX eeKTPUYHIX pyLUifiHUX cucTemax. bibn. 39, Tabn. 4, puc. 16.

Kntouosi €noBa: CMHXPOHHA MallvHa 3 MOCTIHMMW MarHiTamu, KOHTPOSIep 3 HEYITKOK JIOTIKOK 2 TuMy, npsiMe YnpasniHHA
KPYTH/M MOMEHTOM, LLeCTU(ha3HUIA iIHBepTOp, baraTomallnHHa cucTema.

Introduction. In today’s rapidly evolving industrial
landscape, there is an increasing focus on optimizing
system performance while reducing weight, volume, and
operating costs. To achieve this ambitious goal, the
concept of using a multi-machine drive system powered
by a single inverter has emerged as an innovative
solution. Such systems find applications in various
industries, including paper and rolling mills,
transportation, electric traction, marine propulsion, and
electric vehicles.

In the domain of multi-motor drives, the design and
control strategy of the drive system must be carefully
tailored to meet the specific requirements of the
application. These include factors such as output power,
speed control, and accuracy [1-8]. The implementation of
drive techniques involving the parallel connection of two
dual-star permanent magnet synchronous machines
(DSPMSMs), both powered by a six-phase pulse width
modulation (PWM) inverter, has been adopted in various
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industrial applications [1, 2, 9]. However, when it comes
to controlling the speed of multi-phase drives, traditional
control mechanisms face persistent challenges due to
parameter variations, flux and torque ripples, and the
effects of power disturbances on the load [9-11].

To address these issues, this paper proposes an
innovative approach [12] by integrating a type-2 fuzzy
logic controller (T2-FLC) with direct torque control
(DTC) to regulate the speed of two DSPMSMs operating
in parallel [13-15]. This method not only improves
system performance but also mitigates torque and flux
ripples that could otherwise affect operational efficiency.
The motivation behind this work lies in overcoming the
limitations of traditional DTC methods [9-11], which are
known for their sensitivity to rotor parameter variations
and challenges in managing variable switching
frequencies due to the use of hysteresis controllers [12].

In response, this work explores a state-of-the-art
methodology by integrating a T2-FLC, aiming to
overcome these limitations and provide a more suitable
approach for systems affected by uncertainty.

Extensive research on the application of type-2
fuzzy logic in engineering is ongoing, highlighting several
advantages over type-1 fuzzy logic controller (T1-FLC) in
systems affected by uncertainty [15-19]. Recent studies
confirm that the T2-FLC offers better performance than
T1-FLC in managing uncertain or imprecise system
parameters [20-22].

Before presenting the proposed methodology, it is
important to review the current state of the art.
DSPMSMs, featuring two star-connected three-phase
stator windings shifted by 30 , offer several advantages
over conventional three-phase PMSMs. These include
lower torque ripple, reduced current harmonics, higher
reliability, and greater power capability [23]. Moreover,
DTC has proven effective in achieving high dynamic
performance in AC motor drives [24]. Traditional DTC
methods estimate torque and flux to select appropriate
voltage vectors, keeping errors within hysteresis bands.
While this enables fast torque response, it results in
variable switching frequencies [25].

Fuzzy logic controller (FLC) provides an alternative
control strategy that relies on linguistic rules and
membership functions (MFs) rather than complex
mathematical models [26]. FLC is recognized for its
robustness against uncertainties and is particularly well-
suited for complex, nonlinear systems. T2-FLCs are
distinguished by their ability to handle higher degrees of
uncertainty compared to T1-FLCs [27].

Recent studies have investigated the integration of
intelligent control techniques to enhance the performance
of DTC. Notable developments include fuzzy-based DTC
strategies for induction motors, which have demonstrated
improved speed regulation and reduced maintenance costs
[1]. Fuzzy logic controllers have also been incorporated
into DTC systems to improve the efficiency, reliability,
and dynamic behavior of variable-speed drives in a wide
range of applications. For example, fuzzy-2 DTC
combined with space vector pulse width modulation has
shown faster dynamic responses, lower total harmonic
distortion (THD) in current and voltage, and reduced
capacitor voltage spikes in induction motor drives,
outperforming conventional PI-DTC schemes [24].

Furthermore, FLCs have been applied to DTC
schemes to improve the overall performance of variable-
speed drive systems. In [25], a fractional-order FLC was
introduced to enhance the dynamic performance of DTC
in induction motors, leading to significant gains in
efficiency and reliability. In [27], FLC was employed to
optimize electromagnetic torque and speed regulation in
induction machines, effectively replacing conventional
hysteresis comparators and PI speed controllers.

Additionally, DTC has been integrated with adaptive
fuzzy control in the case of DSPMSMs, significantly
reducing harmonic currents and improving efficiency in
high-power traction applications [28]. Fuzzy logic-based
control has also been applied to grid-connected
photovoltaic inverters, stabilizing output voltage and
current, minimizing THD, and enabling power injection
into the grid when generation exceeds local demand [29].

In PMSMs, fuzzy logic-based DTC techniques have
enabled the reduction of torque and flux ripples without
modifying the inverter’s switching frequency [30].
Moreover, fuzzy logic has been used for the control of
DSPMSMs connected in parallel and supplied by a single
six-phase inverter, achieving superior speed tracking
performance, particularly under load disturbances [15].

In the context of five-phase interior PMSMs, a fuzzy
logic-based DTC space vector modulation approach was
proposed, offering fast and simple speed control while
outperforming classical DTC methods [18].

In this paper, we propose an innovative speed
control approach for DSPMSMs operating in parallel and
supplied by a single six-phase PWM inverter. Our
contribution lies in the integration of a T2-FLC with DTC
to address the complex challenges of multi-motor control.
The use of a six-phase PWM inverter, as emphasized in
this work, enhances both system reliability and overall
performance compared to traditional configurations.

The integration of T2-FLC plays a crucial role in
addressing elevated levels of uncertainty, which are often
encountered in real-world applications. Combined with
DTC, well known for its high dynamic performance in
AC motor drives, the proposed approach vyields an
intelligent and adaptive control strategy that significantly
improves system behavior under varying operating
conditions. This research highlights the advantages of T2-
FLC over its T1-FLC counterpart, particularly in
scenarios where uncertainty is a dominant factor, thus
demonstrating the practical relevance of T2-FLC
implementation in industrial contexts. In summary, the
proposed method constitutes a significant advancement in
motor drive control, with the potential to enhance the
reliability, efficiency, and overall performance of electric
drive systems across a wide range of applications.

The goal of the work is to enhance the performance
of DSPMSM drive systems by improving speed
regulation, minimizing torque and flux fluctuations, and
increasing robustness against disturbances, thereby
ensuring greater efficiency and stability. Unlike
conventional DTC approaches that rely on PI controllers
and suffer from significant torque and flux ripples, the
proposed method introduces an adaptive and intelligent
control scheme that improves dynamic response,
minimizes electromagnetic ripples, and ensures stable
operation under parameter uncertainties and external
disturbances.
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System configuration. Figure 1 shows the
configuration of the proposed DTC system applied to two
DSPMSMs operating in parallel and driven by a single
six-phase inverter. This topology effectively mitigates the
risk of over-magnetization in the machines, preserving
performance and system integrity.
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Fig. 1. Block diagram of the type-2 fuzzy logic-based DTC
for two DSPMSMs

The core principle of DTC lies in determining the
appropriate switching states of the voltage source inverter
to directly control the stator voltage vectors. The selection
of these vectors is based on a predefined switching table
that considers torque and flux errors, along with the
position of the stator flux vector. This process is critical to
achieving accurate control and optimizing the overall
performance of the drive system.

The rotational speed of both machines is measured
using high-precision sensors, enabling fine speed
regulation. To achieve this level of control accuracy, the
T2-FLC is embedded within the outer speed regulation
loop of the DSPMSM drive, as shown in Fig. 1.

Additionally, the system’s capability to handle a wide
range of disturbances is thoroughly evaluated. These
disturbances include internal factors such as parameter
variations, as well as external influences such as load
changes and speed fluctuations. This comprehensive analysis
demonstrates the system’s ability to maintain stable and
reliable performance, even under dynamic and uncertain
operating conditions. This aspect reflects the scientific rigor
and practical relevance of the proposed approach.

DSPMSM model. A comprehensive mathematical
model is developed to represent the dynamic behavior of
the DSPMSM. The state variables include stator currents,
stator flux components, and rotor speed, while the control
inputs are the stator voltages (Vgs, Vgs). The model is
formulated in the (d—q) reference frame, which rotates
synchronously with the rotor magnetic field. The dynamic
behavior is expressed through a set of differential
equations (1-4) [31, 32]:

d®gq

Vast,i=Rsti ldsyi ot Dysis
dde
_ gsl,i .
Vqsl,i_Rsl,i Iqsl,i T Ws; q)dsl,i=
q 1)
Vir =Ron: | Dys2,i O -
ds2,i=Rs2,i lds2,i Wi Pgs2,is
Aoy i
_ gs2,i
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where the expressions of stators fluxes are:
Pys1i=Lasti lasti Mas2,i lds2i Pewmiis
Pos,i=losti lgsti Mas2i lgs2,is @
Pys2,i=Las2,i las2,i Masti ldsti Ppwmis
Pys2i=Lgs2,i lgs2i Magsti lgstii-

In these equations, the subscripts (s;, s,) designate
the 1st and 2nd stator of both DSPMSMs, while
subscripts (i = 1, 2) denote variables and parameters about
DSPSM1 and DSPSM2, respectively. The variables and
parameters include: [(Vasti Vosiin), (Maszin Vas2.)ls [(lastis
lostin), (laszi los2)]s [C astiv gstin)s C aszin gs2i)]; [(Lastis
Lostin)s (Lasziv Lgs2,)]; [(Mastiv Mgswin), (Maszi Mgs2,i)] and

pmi, Fepresenting voltage, currents, stator flux linkage,
stator inductance, mutual inductance in the (d—q) axis, and
the permanent magnet flux, respectively.

The mechanical equation of the machine is:

d .
J—=— i =Tg Tr 3

dt
where J is the moment of inertia; fr is the friction
coefficient; T, is the electromagnetic torque; T, is the load
torque; s the rotor’s mechanical speed [13].
The structural representation of the DSPMSM in the
electrical domain is depicted in Fig. 2.
St
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Fig. 2. Schematic of the DSPMSM stator windings

The electromagnetic torque equation is articulated in
terms of stator currents and stator flux as:

q:’dsl,i Iqsl,i qJqsl,i Idsl,i

Te . @4

i (Ddsz,i Iqu,i (Dqsz,i IdsZ,i
where p is the number of pole pairs.

Six-phase inverter model. The stator windings of the
DSPMSMs are supplied by a six-phase voltage source

inverter, as shown in Fig. 3 [33]. In this configuration, the
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notation Ky, Ky, K represent the switches of the upper
half-bridge, while K., Ky, K¢, correspond to the switches of
the lower half-bridge. Additionally, n; and n, denote the
neutral points associated with stator 1 and stator 2,
respectively.

L=

I______Ez_______

™
3

Fig. 3. Schematic diagram of the six-phase inverter

It is important to note that, since the windings of
stator 1 and stator 2 are assumed to be ideally balanced and
their neutral points are not connected, the phase voltages do
not contain any zero-sequence components. As a result,
equation (5) remains valid under these conditions:

Vear Voo Vser= 0; (5)
Vsaz Vsh2 V2= 0.

Furthermore, equation (6) accurately represents the

voltage vector generated by the six-phase inverter:

Ve« 2 1 1 0 0 0 Vap
Vep 1 2 1.0 0 0 Vo
Veer 1 12 0 0 0 Vo ©
Ve 0 0 0 2 1 1 Vuy
Vg 0 0 0 1 2 1 Vyy
Voo 0 0 0 1 1 2 Ve

When multiple motors are connected in parallel and
supplied by a single inverter, the inverter directly controls
the current to ensure proper system operation. However,
discrepancies in speed or parameter variations between
the two motors can lead to an imbalance in the currents
flowing through each stator winding. The stator currents
I, and lgp; are flowing in each machine, can be
represented by Is; which flows equally in both stators

windings and Is; which circulates between each stator
winding (Fig. 4) and described as [16]:
Isi=lsri Is2is (7
Is2i lsii
A's,i:%' (8)

The mean control strategy is based on averaging the
input variables of both motors to form a virtual mean motor
model. The measured variables for both machines include

the stator currents ls;; and Is,; and rotor speeds ( 1, ). The
corresponding average quantities are computed as:
lai lsoi
R 9)
=5 (10)

Six phases inverter

Isy

Fig. 4. Current decomposition in the parallel-connected dual
motor system

DTC based on fuzzy logic. DTC operates on a
fundamental principle that involves selecting appropriate
switching commands for the voltage inverter to control
the stator voltage vectors. These vectors are carefully
chosen from a predefined lookup table based on the
estimated torque and flux errors, as well as the angular
position of the stator flux vector. Two comparators
continuously monitor the key control variables: stator flux
and electromagnetic torque.

A hysteresis controller is integrated into the DTC
scheme to maintain the error between each control
variable and its reference within a defined hysteresis
band. In the case of a two-level controller, the voltage
vector selection depends solely on the polarity of the error
rather than its magnitude. To avoid unnecessary switching
when the flux error becomes negligible, a hysteresis band
centered around zero is introduced [15].

Fundamentally, DTC relies on the orientation and
regulation of the stator flux. The mathematical expression
of the stator flux in the Park reference frame is given as:

1t

dsl12 +

5 Vids12  Vogs12 dt

t 0 (12)
1
3 Rs ls12  lads12 dt
0
t
Vigs1,2 Vogs12 dt
0 (12)

1t
5 Ry ligs12  logs12 dt;
0

Consequently, the stator flux module is:

‘Dslzﬁ(bésﬁ(bgsl ; (13)
chZ:\/q’észJ'q’ész : (14)

The electromagnetic torque can be estimated from
the estimated magnitudes of the flux, and the measured
magnitudes of the line currents:

_p
Te_E Pgs1 ligst logst Pgst ligst  l2dst

(15)

(Ddsz Ilqu IquZ qJqu I2d52 I2d52 :

To enhance the performance of conventional DTC,
particularly by reducing torque and flux ripples and
improve the THD of the stator current, the hysteresis
controllers and switching table are replaced with fuzzy
logic-based decision blocks. These blocks take as inputs
the stator flux angle, torque error, and flux error, resulting
in a fuzzy logic-based DTC scheme [14, 19, 31].

Electrical Engineering & Electromechanics, 2026, no. 1

31



The universe of discourse for the stator flux angle is
divided into 6 fuzzy sets (t;—ts) (Fig. 5,a). Triangular MFs
are used for all angular sectors (t). The universe of
discourse for the electromagnetic torque error is divided
into 3 fuzzy sets (Fig. 5,b): Negative torque error (N), Zero
torque error (Z) and Positive torque error (P). Triangular
MFs are assigned to the central fuzzy set (Z), while
trapezoidal MFs are used for the boundary sets (P) and (N).

Similarly, the universe of discourse for the stator flux
error is divided into 2 fuzzy sets (Fig. 5,c): Negative flux
error (N), Positive flux error (P). For both sets, trapezoidal
MFs are selected to better accommodate uncertainties at the
boundaries of the domain.

\/\/\/\/\/\/
-

—

ot

- '. - P‘. —| '.
X | C)
EE 20: : - k - : ::me i ‘
05 d)

05 0 05 1 1.k
Fig. 5. MFs of the input and output variables used in the fuzzy DTC

The output variable, illustrated in Fig. 5,d, is
decomposed into 3 sub-outputs, corresponding to the 3
switching signals S,, Sp, Sc used to control the inverter
switches in a two-level configuration. The universe of
discourse for each sub-output is divided into 2 fuzzy sets:
Zero and One. Trapezoidal MFs are selected for both sets
to ensure robust switching decisions under uncertainty.

T2-FLC, which relies on type-2 fuzzy sets (T2-FS),
is a powerful approach for managing complex and
nonlinear systems [34]. To address higher levels of
uncertainty in modelling and control, T2-FS are
introduced as an extension of the conventional type-1
fuzzy sets (T1-FS) to better handle uncertainty and
imprecision in complex systems [16, 34-36]. Numerous
studies have demonstrated that T2-FLC offers superior
performance compared to TI1-FLC, particularly in
environments characterized by high levels of uncertainty
and nonlinearity. The fuzzy rule base forms the core of
the T2-FLC system. It encapsulates expert knowledge
through a set of fuzzy rules that describe the expected
behavior of the system under different operating
conditions. In this work, the rule base consists of 36 fuzzy
rules (Table 1).

Table 1
Set of fuzzy rules

Flux error Torque error T, Stator flux angle

tl tz t3 t4 t5 t5

P V3|V4|V5|V6|V1|V2

P Z VO|V7([VO|VT7|V0|V7

N V1|V2|V3|V4|V5|V6

P V4|V5|V6|V1|V2|V3

N z V7|V0|V7|VO|V7|VO

N V6|V1|V2|V3|V4|V5

where:

V0=[000]; V1=[100]; V2=[110]; V3=[010];
V4=[011];V5=[001];V6=[101]; V7=[111].

T-2FLC of DSPMSM. This section describes the
implementation of T2-FLC, which effectively replaced
the PI controller in order to achieve faster response times
while maintaining system stability and eliminating static
error. T2-FLC is well-suited to handling complex non-
linear systems that exhibit a degree of uncertainty [16]. It
does not require an exact model of the system or precise
parameter values [17].

T2-FLC contains 4 elements [16, 18]:

Fuzzification. This initial step involves the
transformation of classical data into MFs such as negative
grand (NG), equal zero (EZ) and so on.

Fuzzy inference engine. This component leverages
a lookup table that consolidates control derivatives
obtained from the interplay of control rules and MFs .

Type reducer. This essential component of the T2-
FLC is responsible for transforming the output of T1-FS and
subsequently transferring it to the defuzzification process.

Defuzzification. The output from the type reducer is
further processed through the defuzzification process,
which converts MFs into crisp data.

In this specific application (Fig. 6) the T2-FLC uses 2
input variables: the speed error (e5) and the variation in
speed error (Aes). The output variable U; is generated
through the fuzzy inference and defuzzification process,
and corresponds to the electromagnetlc torque reference Te.

FOU {A3)

Fig. 6. Block diagram of the T2-FLC

MFs associated with the input variables are depicted
in Fig. 7. T2-FLC follows the conventional IF-THEN
rule-based structure; however, it differs from classical
fuzzy controllers by employing T2-FS for both the
antecedents and the consequents [37-39]. T2-FLC
represents an innovative and robust control strategy that
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offers enhanced flexibility in managing uncertainties and
handling complex nonlinear dynamics. By incorporating a
footprint of uncertainty (FOU) in its MFs, the T2-FLC
has the potential to significantly improve the performance
and reliability of control systems operating under
imprecise or variable conditions.

.::II \”I\ 1 1 15 .1-/ “I..l..n_-.:l\/ .::II \”I\
Fig. 7. MFs of the input variables
To illustrate the operation of the proposed T2-FLC
for speed control, a few representative fuzzy rules are
presented below:
Rule 1: if &5 is NG, and Ae; is NG then U; is NG.
Rule 2: if 5 is NG, and Ae; is NM then U; is NG.
Rule 3: if e is NG, and Ae, is NP then U; is NG.

Rule 36: if g5 is PG, and Ae; is PG then U is PG.

Simulation results and discussion. The described
mathematical model was used to develop the simulation
environment in MATLAB/Simulink. The parameters of the
DSPMSM were adopted from [14] and are listed in Table 2.

Table 2
Simulation parameters of the DSPMSM

Parameter Value
Nominal stator voltage U, V 220
Stator resistances Ry; = Ry, Q 0.12
Stator inductance L, mH 0.8
Mutual inductance L,, mH 0.3
Flux linkage py, Wb 0.394
Pole pairs p 4
Moment of inertia J, kg m? 5107

Viscous friction coefficient fr, N m s/rad| 0
P1 controller gain (integral) K; 3

P1 controller gain (proportional) K 900
0.021
T2-FLC gains Gy, G,, G3 0.012
100

The simulation model was developed to enable the
performance evaluation of various DTC strategies. To that
end, 3 distinct test scenarios were defined for comparative
analysis:

Test 1. Speed reversal with load torque steps. This
scenario evaluates tracking performance and disturbance
rejection capabilities. A trapezoidal reference speed profile
alternating between +150 rad/s, —150 rad/s and +50 rad/s
was applied. Simultaneously, a load torque of 20 N m was
imposed on both machines.

Test 2. Load torque variation. Designed to assess
the dynamic response to external load disturbances, this
test involved stepping the load torque from 0 to 20 N m,
then to 40 Nm, and finally back to 20 N m, while
maintaining a constant reference speed of 150 rad/s.

Test 3. Parameter uncertainty. This test focuses on
evaluating robustness against internal variations by
modelling +100 % increase in the stator resistance Rs.

The proposed T2-FLC was compared via
conventional PI-DTC scheme. Performance metrics such
as speed tracking accuracy, electromagnetic torque ripple,

and robustness to disturbances were recorded for a
comprehensive quantitative comparison.

The simulation results clearly indicate that the T2-FLC
significantly enhances the control performance of the
DSPMSM under all test conditions, particularly in terms of
disturbance rejection and reduced torque ripple,
outperforming the classical PI-DTC strategy.

Test 1. In the 1st scenario, both motors were
subjected to a trapezoidal reference speed profile
comprising positive and negative transitions. A load
torque of 20 N m was applied at different time intervals:
motor 1 att [0.1, 0.2] and motor 2 att  [0.14, 0.2].
The simulation results (Fig. 8, 9) provide a detailed view
of the system’s dynamic behavior, highlighting the
effectiveness of the proposed T2-FLC in tracking and
disturbance rejection.

DSPMSM1

0 01 02 03 04 05

DSPMSM2 Pl |
T2-FLC
\ / ]
t, s
-200 k h

0 0.1 02 03 04 05

Fig. 8. Speed response of the two DSPMSMs in Test 1
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Fig. 9. Torqﬁe waveforms of the two DSPMSMs in Test 1

It is evident from the simulation results that the T2-
FLC exhibits superior performance in accurately tracking
the reference speed trajectory. To facilitate a quantitative
comparison between the proposed T2-FLC and the
conventional Pl-based DTC, several performance indices
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have been calculated, including the Integral Squared Error
(ISE), Integral Absolute Error (IAE), and Integral Time
Squared Error (ITSE) (see Table 3).

T2-FLC successfully tracks a wide speed range,
achieving a transition from +150 rad/s to —150 rad/s at
t=0.2 s, and reaching 50 rad/s at t=0.4 s. Moreover, the
controller demonstrates significantly reduced oscillation
amplitudes and enhanced disturbance rejection,
confirming its superior dynamic response and robustness
compared to the classical PI controller

Test 2. In this scenario, the system’s ability to
handle external load disturbances was thoroughly
evaluated. The load torque applied to the motors was
varied in three steps: from 0 N'm to 20 N m at t=0.12 s,
then increased to 40 N m at t=0.2 s, and finally reduced
back to 20 N m at t=0.28 s. The corresponding simulation
results motor speed, electromagnetic torque, and stator
currents are illustrated in Fig. 10-12.

140

, rad/s
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1201 T2-FLC | 4
--------------- _‘DSF’MSMl
100 o . e
i e \
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% -----------
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Fig. 10. Speed response of the two DSPMSMs under load torque
variation

As shown in Fig. 10, T2-FLC maintained accurate
speed regulation across all disturbance intervals, with
deviations confined within a narrow margin of £0.5 rad/s
from the reference speed of 150 rad/s. This result
underscores the controller’s strong capability for
disturbance rejection, consistent with findings reported in
[9]. In contrast, the Pl-based DTC exhibited notable speed
deviations, reaching over 2 rad/s, revealing its
limitations in coping with rapid load variations.

The torque waveforms (Fig. 11) further highlight the
contrast between the two control strategies. T2-FLC
achieved a peak-to-peak torque ripple of only +3 N m,
demonstrating smoother torque behavior and better
dynamic stability. In comparison, the PI controller showed
substantial oscillations, with ripple amplitudes reaching
+10 N m, indicating poorer disturbance rejection and less
stable operation. It is important to note that minimizing
torque pulsations is critical for precise and efficient
operation of PMSMs, particularly in applications requiring
high dynamic performance [7].

] 01 02 03 04 05
Fig. 11. Comparison of torque ripple under T2-FLC
and PI controllers in Test 2

The stator current (Fig. 12) offers additional insight
into the performance distinction between the T2-FLC and
the PI controller.
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Fig. 12. Stator current response of the two DSPMSMs under
load torque variation (Test 2)

Under load variations, the T2-FLC maintains a
smooth and nearly circular current trajectory, indicating
stable operation and consistent current regulation. In
contrast, the PI controller displays noticeable distortions
and irregularities in the current locus, along with a slower
settling time following torque disturbances, as also noted in
[11]. These results confirm the robustness and dynamic
stability of the T2-FLC, even under fluctuating load
conditions. In summary, the load torque variation test
demonstrates that the T2-FLC offers superior disturbance
rejection, smoother current dynamics, and faster recovery
than the conventional Pl-based DTC approach.

Test 3. While the previous tests focused on the
response to external disturbances such as speed reversals

34

Electrical Engineering & Electromechanics, 2026, no. 1



and load torque variations, this experiment evaluates the
robustness of the control strategy under an internal
disturbance. Specifically, a 100 % increase in stator
resistance was introduced to simulate parameter
uncertainty, which is common in real-world operating
conditions due to temperature variation or aging effects.
Figure 13 illustrates the speed responses of both
DSPMSMs under this condition. The results reveal a clear
distinction in performance between the two control
approaches. T2-FLC shows strong  robustness,
maintaining precise speed tracking despite the abrupt
internal change. The speed error remains within a narrow
tolerance band, indicating effective compensation for the
parameter deviation. Figures 13-16 illustrate the impact
of these parameter variations on speed, torque, stator
current, and stator flux.

, rad/s '

50 011 012 013 0.14 015
PI-DSPMSM |

——— T2-FLC-DSPMSM,

-100 PLDSPMSM,
——— T2FLC-DSPMSM, ts
150 . | |
0 0.05 0.4 0.15 02 0.25 03

Fig. 13. Speed response of the two DSPMSMs under internal
parameter variation (Test 3)
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Fig. 14. Torque ripple performance of DSPMSMs under stator
resistance variation
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Fig. 15. Stator current response of the two DSPMSMs under
internal parameter variation (Test 3)

In contrast, the Pl-based DTC exhibits degraded
performance, with noticeable speed deviations and slower
convergence to the reference trajectory. This confirms the

sensitivity of conventional Pl control to internal
parameter variations, and highlights the adaptive nature of
the T2-FLC in uncertain environments.

Overall, this test reinforces the T2-FLC’s superior
adaptability and resilience in the presence of internal
uncertainties, further validating its effectiveness for real-

time motor drive applications.
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Fig. 16. Comparison of stator flux behavior under internal
disturbances (Test 3)

Discussion. The simulation results offer valuable
insights into the performance of the T2-FLC for the
DSPMSM when compared to the conventional Pl
controller. This section provides a detailed interpretation of
those results, supported by quantitative metrics. Table 3
shows a summary of performance indices ISE, IAE and
ITSE across 3 test scenarios. The recorded values clearly
validate the simulation outcomes and confirm the
effectiveness of the proposed T2-FLC strategy.

Table 3

Comparison of ISE, IAE and ITSE for Pl and T2-FLC

under different test conditions

Controller ISE IAE ITSE

Test 1 Pl 3.425 0.2889 0.204
T2-FLC 2.355 0.0982 0.1197
Test 2 Pl 0.1892 0.0912 0.01832
T2-FLC 0.0066 0.0388 0.00139

Test 3 Pl 1.738 0.3162 0.387
T2-FLC 0.0769 0.0401 0.0194

In addition to the error-based indices, dynamic
performance was also assessed. As shown in Table 4, the T2-
FLC controller outperformed the Pl controller across all
measured criteria. The settling time was reduced from 0.52 s
to 0.28 s, and the overshoot was lowered from 12 % to 7 %.
The steady-state error decreased significantly from 0.04 to
less than 0.01. Furthermore, under a load disturbance applied
att=15s, the T2-FLC restored the system stability within
0.12 s, while the PI controller required 0.26 s.

Table 4
Dynamic performance comparison between Pl and T2-FLC
Performance metrics Pl |T2-FLC
Settling time, s 0.52| 0.28
Overshoot, % 12%| 7%
Steady-state error 0.04 | <0.01
Recovery time after disturbance, s 0.26 | 0.12

The results consistently demonstrate the superiority,
robustness, and adaptability of the proposed control
approach. T2-FLC provides improved tracking accuracy,
reduced torque ripple, and better disturbance rejection
under both external and internal perturbations. These
findings confirm that T2-FLC is a reliable and promising
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control solution for DSPMSMs, especially in demanding
industrial and traction applications.

In the first test, both motors were subjected to a
trapezoidal speed profile with a 20 Nm load torque
applied. The results in Fig. 8, 9 highlight the superior
performance of T2-FLC controller. T2-FLC shown
exceptional speed tracking capabilities, efficiently
transitioning between positive and negative speed values.
Notably, transient speed oscillations were significantly
reduced, emphasizing its improved dynamic response
compared to the standard PI controller.

The second test assessed the system’s response to
varying load torque. As seen in Fig. 10, T2-FLC controller
consistently maintained precise speed regulation even
under fluctuating load conditions, showcasing its robust
disturbance rejection capabilities. In contrast, Pl controller
exhibited greater speed deviations, indicating its inferior
ability to reject disturbances. Analysis of torque waveforms
(Fig. 11) demonstrated that T2-FLC effectively minimized
torque pulsations, a critical factor for the precise control of
PMSM. Additionally, the stator current locus plot (Fig. 12)
showed that T2-FLC maintained a cleaner and more
consistent response, even in the presence of load variations.

The final test evaluated the performance of both
controllers under parametric uncertainties, specifically a
100 % increase in stator resistance. Pl controller exhibited
sensitivity to these disturbances, with noticeable
deviations in the system’s responses. In contrast, T2-FLC
controller displayed resilience and maintained stable
performance, highlighting its robustness against internal
parameter mismatches.

Overall, the results from these tests suggest that the
proposed T2-FLC controller offers significant advantages
over the conventional Pl controller, particularly in terms of
dynamic response, disturbance rejection, and robustness. T2-
FLC controller demonstrated precise speed control, reduced
torque pulsations, and consistent performance under varying
load conditions and internal disturbances. This highlights the
potential of T2-FLC to enhance the efficiency and robustness
of DSPMSMs in practical applications. While T2-FLC
controller shows considerable promise, it is important to
acknowledge certain limitations, such as the increased
computational complexity. Future work could focus on
optimizing the controller for real-time applications, with a
particular emphasis on reducing computational overhead and
ensuring real-time performance. Additionally, experimental
validation in practical settings is essential to confirm the
simulation results and further refine the controller for
industrial applications.

Conclusions. In this study, an intelligent DTC
strategy based on T2-FLC was proposed for the speed
regulation of two parallel-connected DSPMSMs powered
by a single six-phase inverter. By replacing the
conventional Pl controller with T2-FLC, the proposed
control approach aims to enhance dynamic performance,
robustness, and precision in multi-machine drive systems.

Simulation  results confirmed that T2-FLC
significantly improves tracking accuracy, reduces torque
and flux ripples, and enhances the system’s ability to
reject external disturbances and withstand internal
parameter variations. Compared to the conventional PI-
based DTC, the proposed method consistently delivered

superior dynamic response, better stability, and greater
resilience to uncertainties.

These findings demonstrate the potential of T2-FLC-
based DTC as a robust and efficient control solution for
complex multi-machine architectures, particularly in high-
performance applications such as electric traction, marine
propulsion, and industrial automation.

Future work will focus on the real-time
implementation of the proposed controller and its
experimental validation on a physical test bench to further
assess its practical applicability and performance in real-
world environments. This step is essential to confirm the
simulation outcomes and to verify the robustness of T2-
FLC under actual operating conditions.
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Advanced control of twin rotor multi-input multi-output systems using seagull optimization
for linear quadratic regulator tuning

Introduction. During the past decade, advanced control of complex multi-input multi-output (MIMO) systems has been a sustained focus
owing to their growing use in aerospace and robotic platforms. The twin rotor MIMO system (TRMS) serves as a helicopter-like benchmark
system for testing advanced control techniques. Its nonlinear behavior and significant cross-coupling render it difficult to control using
traditional methods. Problem. The TRMS features strong nonlinear dynamics and cross-coupling effects that challenge conventional control
methods. Manual tuning of control parameters often results in suboptimal performance and reduced robustness. The goal of this study is to
optimize the linear quadratic regulator (LQR) weighting matrices Q and R for the TRMS using the seagull optimization algorithm (SOA) to
improve transient performance, minimize overshoot, and accelerate stabilization in both pitch and yaw compared to classical LQR tuning.
Methodology. The new approach integrates the SOA with LQR control theory. The SOA determines the best values of Q and R matrices by
minimizing a cost function defined by system performance metrics. SOA-optimized LQR is evaluated through simulations and contrasted
with the classical LQR under identical conditions. Population size is 50 agents with a maximum of 100 iterations to achieve convergence.
Results. Simulation results show that the SOA-optimized LQR has a remarkable improvement in the system’s time response. In comparison
to the classical LQR, these results provide a shorter settling time from 7.35 s to 5.34 s (=28 %), decreases overshoot (=3 % vs. 30 % open
loop), increases damping, and reduces oscillations. The pitch and yaw angle responses across several control schemes clearly demonstrate
the superior performance of the proposed optimization technique. Scientific novelty. This work demonstrates, for the first time, the use of
SOA for optimal tuning of LQR in a TRMS benchmark. It opens new avenues to enhance the performance of high-order nonlinear systems,
pointing toward more accurate and stable control techniques in industrial and aerospace engineering fields. Practical value. The technique
provides an efficient method to enhance the functionality of complex nonlinear systems without requiring manual tuning, and it has potential
applications in the industrial and aerospace areas. References 38, tables 3, figures 4.

Key words: seagull optimization algorithm, linear quadratic regulator, twin rotor multi-input multi-output system, parameter
tuning, control performance.
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BcTyn. MpoTAroM oCTaHHLOro AeCATWIITTS PO3LLUMPeHe YNpaBiiHHA CKnagHuMK 6araToBxofosuMu Ta 6araTosuxigHumn (MIMO)
cMCTEMaMM 3HaXOAWIOCS B LEHTPI yBary y 38°A3Ky 3 iX 3pOCTalUMM BUKOPUCTAHHAM B aePOKOCMIYHIN TexHiLi Ta poboToTexHiui.
[OsopoTopHa MIMO cucTema (TRMS) Cy>KUTb €TalOHHOK CUCTEMO, MOAIGHOK [0 BepTObOTY, AN TeCTyBaHHA NepesoBux
MeTOiB ynpasniHHs. Ti HeniHiiiHa nosediHKa Ta 3HAYHWI MEPEXPECHIA 3B’S130K YCKMAZHIOWTb YNPaB/iHHA TPaaULiiHMM MeTodamu.
Mpobnema. TRMS XapakTepu3yeThCA CUMbHOK HEMIHIMHOI AvHAMIKOW Ta edieKTamu MepexpecHoro 38°A3Ky, LU0 KMAaloTb BUKIMK
TpaguuiiHm MeTofam ynpasfiHHA. PyyHe HanalTyBaHH nNapaMeTpiB KepyBaHHA 4acTO MPW3BOANTL [0 HEOMTUMAbHUX
XapaKkTepUCTUK Ta 3HWXKEHH HagiiHOCTi. MeTow po6oTu € onTumisauis BaroBux MaTpuub Q i R NiHiliHO-KBAAPATUYHOIO
perynaTopa (LQR) ans TRMS 3 BUKOPUCTaHHAM anropuTMy onTumisauii «yaiika» (SOA) 4151 NOKPALLEHHS NEPEXifHNX XapaKTepucTVK,
MiHiMi3aLjii nepeperynioBaHHA Ta MPUCKOPEHHS cTabinisauil SK 3a BUCOTOK, TaK i 3a HanpsMKOM B MOPIBHAHHI 3 KnacuyHuM LQR
HanawTyBaHHAM. MeToauka. Hosuii nigxig iHTerpye SOA 3 Teopieto ynpasniHHa LQR. SOA BusHauae HaiikpaLli 3HaueHHst MaTpuub Q i
R wnsxomM MiHimisaUil (yHKUiT BapTOCTI, fKa BM3HAYAETHCA METPUKaMK NPOAYKTUBHOCTI cucTemu. ONTUMI30BaHWiA 3a [AOMOMOrOH
SOA LQR OUiHIeTbCA 3a AONOMOroK MOAENOBAHHSA Ta MOPIBHIOETHCA 3 KnacuyHuM LQR 3a igeH Tu4HMX ymoB. KinbKicTb CTaHoBUTb 50
areHTiB 3 makcumymom 100 iTepauiil A [OCATHEHHS 36DDKHOCTI. PesynbTaTu. PesynbTaTu MOAEMNOBaHHA MOKasylThb, LU0
onTumizoBaHmii SOA LQR 3abe3neyye 3HayHe MOKPALLEHHS Yacy BiAryKy cMCTeMMU. Y MOpiBHAHHI 3 KnacuuHuM LQR, ui pesynbTaTy
3a6e3neuytoTb 6ifbL KOPOTKMIA Yac BCTaHOBNEHHS 3 7,35 ¢ A0 5,34 ¢ (=28 %), 3MeHLLY0Tb NepeperyntoBaqHs (=3 % nopisHaHo 3 30 %y
PO3IMKHY TOMY KOHTYPI), 30iMbLUY0Th AeMNyBaHHA | 3MEHLLYIOTb KOMMBAHHA. Peakuii KyTiB 3a BUCOTOI Ta HanpsMKOM N5 KifbKOX
CXeM YnpaBAiHHA HA0YHO AEMOHCTPYOTb BMCOKY MPOAYKTMBHICTH 3anpOnOHOBAHOTO MeTOAy OnTuMisauii. HaykoBa HOBM3HA. Y Uil
po6OTi BrepLUe AeMOHCTPYETHCA BUKOPUCTaHHA SOA and onTuMabHOro HanawTyBaHHA LQR y TRMS. Lle BifkprBae HOBI MOXK/MBOCTI
ANA NiABULLEHHA NPOAYKTWBHOCTI HENiHIiHAX CUCTEM BMCOKOTO MOPAZAKY, BKasytoun LWisxX 40 6inbll TOYHMX Ta CTabiNbHUX MeTOoAiB
yNpaBfiHHA B MPOMMCAOBIA Ta aepoKOCMIYHIA TexHiui. MpakTuyHa 3Ha4YMMICTb. MeTog 3abesnedye edeKTWBHE MiABULLEHHS
(DYHKUiIOHANILHOCTi CKNaHNX HENIHIMHMX cucTeM 6e3 HeObXiAHOCTI PYYHOro HanallTyBaHHA Ta Mae NOTEHLiHI ranysi 3acTocyBaHHs y
MPOMMCAOBI Ta aepoKOCMIYHI TexHiui. bion. 38, Tabn. 3, puc. 4.

Knto4yosi cnoBa: anroputm onTuMisaLii «valika», NiHiNHWIA KBagpaTUyHWIA perynsTop, ABOPOTOpHA 6araTtoBxigHa 6araTtoBuxigHa
CYCTEMA, HANTALLITYBaHHSA NapamMeTpiB, XapaKTePUCTUKM KepyBaHHS.

Introduction. The twin rotor multi-input multi-
output (MIMO) system (TRMS) remains one of the most
highly regarded benchmark platforms within the fields of
control research and educational applications, as it
effectively represents the challenges of real-world
multivariable systems. Constructed to mirror the dynamic
properties of a helicopter with two distinct rotors, the
TRMS demonstrates notable inter-axis coupling,
nonlinear behavior, and open-loop instability, making its
control particularly challenging [1-3]. These features
make the TRMS an ideal platform for designing and
refining advanced control strategies, such as those applied
to MIMO systems, where the complex interaction
between control variables is critically important [3-5].

Traditionally, robust control methodologies have
been employed to address the significant nonlinear cross-
coupling inherent in the TRMS. Among these
methodologies, the linear quadratic regulator (LQR) is
particularly appealing due to its capacity to stabilize the

system by minimizing a quadratic performance index that
penalizes deviations in state variables and control efforts.
Recent studies on TRMS control have confirmed the
effectiveness of LQR-based strategies. Adaptive LQR
approaches have exhibited superior performance relative
to classical LQR and PID controllers, whereas
SimMechanics-based LQR designs incorporating steady-
state compensation and optimal state-feedback
formulations have yielded favorable outcomes for pitch
and yaw regulation [6-12].

Traditional PID control is characterized by its
simplicity and robustness, rendering it appropriate for
systems exhibiting relatively low levels of complexity [13,
14]. However, in the case of nonlinear and tightly coupled
MIMO systems like the TRMS, intelligent methodologies
are more advantageous. Neural networks [5] and fuzzy logic
controllers [15, 16] are capable of addressing uncertainties
and complex dynamics without the need for precise models.
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Although numerous conventional control
methodologies have been employed in the context of
TRMS, they frequently do not adequately address its
nonlinear dynamics and pronounced pitch—yaw coupling
[3, 5 17]. To enhance regulatory capabilities and
robustness, contemporary research endeavors have
concentrated on intelligent control methodologies. For
example, a butterfly-inspired particle swarm optimization
algorithm has been implemented to optimize the
parameters of controllers within TRMS [18, 19], while a
multi-objective genetic algorithm has contributed to the
improvement of stability and tuning precision [20].
Moreover, the integration of inverse modeling with Al-
driven controllers has been suggested to effectively manage
intricate dynamic interactions [21]. These approaches have
succeeded in advancing tracking and damping
performance; however, they often fall short in the direct
optimization of transient characteristics. To the best of our
knowledge, this is among the first studies applying seagull
optimization algorithm (SOA) to dynamically tune LQR
weighting matrices for TRMS, specifically targeting multi-
objective transient improvements.

To address this limitation, the current study
introduces a seagull-optimized LQR controller, which is
designed to enhance settling time, overshoot, and the
overall stability of the system within cross-coupled
nonlinear environments.

The goal of this study is to optimize the linear
quadratic regulator (LQR) weighting matrices Q and R for
the TRMS using the seagull optimization algorithm
(SOA) to improve transient performance, minimize
overshoot, and accelerate stabilization in both pitch and
yaw compared to classical LQR tuning.

This paper applies the seagull optimization algorithm
to automatically adjust the Q and R matrices of the LQR
for the TRMS, with the goal of enhancing the balance
between response speed and system stability. In contrast to
traditional LQR or PID designs, which often necessitate
significant manual tuning due to nonlinearities and intense
cross-couplings, the SOA offers a self-optimizing feature
that decreases the amount of tuning required. By
adaptively probing the Q-R space, the proposed technique
results in superior transient performance, including faster
rise time, reduced overshoot, and quicker settling when
compared to both classical manual tuning methods and
less adaptive optimization strategies.

The TRMS model. The TRMS is a laboratory
platform that is widely used for teaching and research in
multivariable control (Fig. 1). The mechanical design
features a beam attached to a pivot that rotates about two
orthogonal axes, allowing for coupled pitch and yaw
movements similar to the interaction between the main and
tail rotors of helicopters [3, 22]. Two DC motor-driven
rotors supply the actuation: the «main» rotor primarily
influences vertical (pitch) dynamics, whereas the «tail»
rotor generates lateral torque for yaw control; the
interaction between these channels results in significant
cross-coupling, rendering the system a valuable benchmark
for study [22-28]. An arm connected to the beam provides
stability by balancing angular momentum. The TRMS
contains multiple sensors, including incremental encoders
and tachogenerators, that monitor 4 essential state
variables: pitch angle, yaw angle, pitch angular velocity
and yaw angular velocity [28]. Aerodynamic forces and
torques are produced by adjusting the rotor speeds, which

are controlled via the supply voltage to the DC motors. The
system operates in three control modes [3]:

single degree of freedom (rotors controlled
independently);
two degrees of freedom (both  rotors

simultaneously);

decoupled control (cross-couplings modeled and
compensated).

In every control mode, the aim is to direct the beam
along a defined path, reducing transient errors in the resulting
angles. The TRMS system, developed by feedback
instruments limited, is an example of a high-level nonlinear
system and provides a valuable platform for control studies.

3 Figure 2 presents a
simplified diagram of
the TRMS. To
control TRMS two
inputs are used: u;
(applied to the main
rotor) and u, (applied
to the tail rotor).
Dynamic  couplings
e ' between two motors

v

o=k are the most
=" / Fig. 1. important feature of

The general view of the TRMS [23] the TRMS system.

The position beams are measured by incremental encoders,
which deliver a relative position signal [28] Therefore,
whenever real-time TRMS simulation is executed, it should
not be forgotten that setting the proper initial conditions is a
critical issue.

€

Uy R 6
—p| Pitch rotor | Main path pitch

—| Cross path from pitch

—p| Cross path from yaw
Y Iy, " ¢
—»| Yaw rotor > Main path yaw

Fig. 2. Diagram of TRMS functions

Modeling and analysis. The modeling requires four
linear models: two describing the main dynamic paths
from u; to  (pitch) and from u, to  (yaw) and two
additional models for the cross-coupling dynamics, from
u; to  and from u, to

The main rotor (pitch angle) equation is defined by:

lp My Mg Mg Mg, 1)
where |, is the moment of inertia of vertical plane; M; is
the gross momentum of the main rotor; Mg is the
gravitational momentum; Mg, is the momentum due to

frictional force; My is the gyroscopic momentum.

The momentum is defined as follows:

M a? biys (2 Mg Mgsin 5 ()
MB Bl BZ Sin(2 ) 2:(4) Mg KgyMl Ccos 1(5)
where a;, b; are the static characteristic of parameter;
By1, By are the friction momentum function.

The torque 1, generated by the main rotor is linked
to the input voltage u; and is can be represented by the
following transfer function:

Ky

1 ———Uy, (6)
Tiis Tyo
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where K; is the gain of the main rotor; Ty, Ty are the
main rotor time constants.

In the same way, we develop the equations of the tail
rotor (yaw angle), with the moment produced by the latter
described by:

I

M M

2 My Mg Mg, )
where 1, is the horizontal rotor moment of inertia; M, is
the tail rotor’s gross momentum; Mgg is the friction

momentum; Mg is the cross-reaction momentum:
2

My ay5 By (8)
Mg B B, sign ; 9)
Kelps B (10)

R Tps 1 2 '
where a,, b, are the static characteristic of parameters; K is
the cross-reaction momentum gain; T, is the cross-reaction
parameter; T, is the cross-reaction momentum of the
parameter.

The dynamic behavior of «Motor 2» is modeled in a
manner analogous to that of «Motor 1» with the torque 1,
produced by the tail rotor being related to the input voltage
u, and represented by the following transfer function:

K2
T T2 ()
21° 20
where Tag, T are the tail rotor time constants; K, is the
tail rotor gain.

The main physical parameters of TRMS described in
Table 1 play a paramount role concerning the
determination of the system dynamic behavior. Besides,
these parameters are very important and useful in the
development of different control strategies for achieving
the wanted performance of the system.

Table 1
TRMS parameters [27]
Parameters and description Value
I, — moment of inertia of vertical plane 2
(pitch axis) P 0.068 kg m
I, — moment of inertia of horizontal plane 2
(yaw axis) 0.02kgm
a, — static characteristic of parameter 0.00135
b, — static characteristic of parameter 0.0924
a, — static characteristic of parameter 0.02
b, — static characteristic of parameter 0.09
Mg — gravity momentum 0.32Nm

0.006 N m s/rad
0.001 N m s¥rad

Bg; — parameter of friction momentum
Bg, — parameter of friction momentum

By1 — parameter of friction momentum 0.1 N.ms/rad

By2 — parameter of friction momentum 0.01 N m s%rad

Ky — parameter of gyroscopic moment 0.05 s/rad

K; —motor 1 (pitch) gain 1.1

K, — motor 2 (tail) gain 0.8

Ty, — motor 1 denominator parameter 1.1

T1o — motor 1 denominator parameter 1

T, — motor 2 denominator parameter 1

T,o — motor 2 denominator parameter 1

T, — cross-reaction momentum parameter 2

Ty — Cross reaction momentum parameter 3.5

K — cross-reaction momentum gain -0.2
State space representation. The state-space

representation of the TRMS describes the system behavior
as a set of matrices (A, B, C, D), defining how the system
state varies with time in response to control inputs:

x(t) A x() B u(t);

yt) C x(t) D u(t),
where x(t) is the state vector; u(t) is the control input. The
matrices A, B, C, D define the dynamics of the system.
The state variables include the pitch and yaw angles
together with their corresponding angular velocities. The
control vector u(t) consists of the voltages applied to the
main rotor (affecting pitch) and the tail rotor (affecting
yaw). The output vector y(t) corresponds to the measured
pitch and yaw angles [12].

The system is linearized around the equilibrium
points where ¢=0 and 6=0, so the nonlinear components
become simpler and thus the system simpler to analyze.
The state vector x(t) and control input u(t) for the TRMS
are delivered by:

(12)

X 5, (13) u (14)
Mg U2
From (5), we can describe our system as
0 00 0 O 1 0
0 00 0 0 0 1
0 0 099 0 O 0 0
A 0 00 10 0 0
0 0 0,218181 0 05 0 0
470588 0 1358823 0 O 0,088235 0
0 00 45 50 5 0
0 0
0 0
1 o . c ! 0. 5 0
B 0 08 0 0
035 0
0 0
0 0

LQR formulation. LQR is designed to optimize a
quadratic cost function, effectively balancing state
regulation with control effort. This makes it particularly
well-suited for intricate systems like the TRMS [9, 29].
For the TRMS, the severe cross-coupling and nonlinear
dynamics require an energy efficient control approach. In
the LQR problem, the cost function is usually given by:

J (xTQx uTRu)dt,
0
where X is the state vector, encompassing the pitch and yaw
angles as well as their corresponding angular velocities; the
vector u indicates the control inputs that are applied to the
rotors; Q is the state-weighting matrix that is positive semi-
definite which penalizes variations in the pitch and yaw
states, in contrast R is the positive definite weighting matrix
that prioritizes the reduction of control effort [11, 25, 26].
The purpose of the LQR controller is to determine
an optimal state feedback gain matrix K, such that the
control law:

(15)
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ut) K x(t). (16)

The matrix K results from solving the algebraic Riccati
equation, which balances state regulation (minimizing
deviations) and control effort (minimizing energy use). The
resulting K provides optimal feedback gains that stabilize
the system with high efficiency [25, 29-31].

This work applies SOA to tune the Q and R matrices
of the LQR, improving stability and energy efficiency in
the nonlinear TRMS. The new method assures improved
control performance.

Seagull optimization algorithm (SOA) is a
population-based metaheuristic proposed by Dhiman and
Kumar in 2019 and is inspired by the migratory and predatory
behaviors of seagulls [32]. Migration here refers to periodic
motion of gulls while searching for rich food sources to keep
their energy levels. During migration, all seagulls avoid any
collision with others while updating positions in accordance
with information about the best-performing individual in the
population [32, 33]. This behavior motivates the seagulls to
attack a target in a spiral path through the air. In SOA,
migration performs global exploration, and attack performs
local exploitation [33]. By integrating both behaviors, the
SOA continuously updates the positions of the seagulls to
identify the optimal solution. The SOA algorithm is
comprised of two main phases: the migration (exploration)
phase and the attack (exploitation) phase [33].

Migration phase. The migration behavior of the
seagulls involves 3 steps:

1. Collision avoidance.

2. Moving towards the best agent.

3. Convergence towards best agent.

Collision avoidance. To prevent the collision with
the neighboring seagulls, a variable A is used to update
the position of every seagull:

CS :A PS(t)v (17)
where Cs is the position where the seagull will not collide
with another one; Py(t) is the current position of seagull;
t is the iterations number; A is utilized to find the new
position of seagulls.

It is updated as [32, 34].

A 1:C t fC /Tmax ’ (18)
where T is the maximum number of iterations; f. (set to 2)
is the frequency to control the variable A which is linearly
decreases from f; to 0.

Movement towards the best seagull. After
avoiding collisions, the seagulls move toward the best
seagull [34-38]. This behavior can be mathematically
modeled as follows:

M = B — (Ppest(t) — Ps(1)) (19)

B=2A%rd, (20)
where M is the direction leading to the optimal location;
Ppest(t) refers to the current position of the most effective
search agent; B is the movement behavior of the search
agent, which is essential for balancing exploitation and
exploration; rd is the randomly generated value that falls
between 0 and 1 [36].

Convergence towards best agent. After
determining the convergence direction, the seagull move
toward the best search agent [33, 38]:

Ds= Cs+ M, (21)
where Ds is the distance between seagulls and the best
search agent.

Attacking phase. In the second phase, after
reaching a new location, seagulls execute a spiral attack

on prey. This predatory behavior can be mathematically
modeled as follows:

P(t) = Ds Xyz + Pbest(t)! (22)
where P(t) retains the best solution; x, y, z are the spiral
components:

X=TC0S ; (23) y=rsin ; (24)

z=r ; (25) r= e’ (26)

where r is the spiral radius during the seagull’s motion,

while p and v are the correlation constants that define the

spiral shape; 0 is the angle, which is a random value
within the range of [0, 2m] [35].

In the standard SOA, both p and v are set to 1. The
updated position of the seagull is determined using
equations (23)—(26), as illustrated:

Ps(t+1) = Ds Xyz + Pbest(t)y
where Py(t+1) is the new position of the search agent.

Results and discussions. In this study, SOA was
utilized for the TRMS. The population size was set to
50 agents, which is a balance between exploration
capability and computational cost. The optimization
process was allowed to perform at a maximum of 100
iterations T,,=100, therefore providing sufficient time
for convergence.

The frequency control parameter f. was set as 2, and
the movement behavior parameter A started at 2 and
linearly decreased to O over iterations to reduce collisions
and enhance convergence. The best position Ppeg(t) was
updated incrementally, improving the global best solution
at each iteration A random variable rd uniformly generated
in the range of 0 to 1 was included to maintain a balance
between exploration and exploitation by introducing
stochastic variability. In addition, collision avoiding
mechanisms and distance calculation based on the current
position of the agents and their iteration steps were
implemented to ensure an optimally balanced and effective
search process. As shown in Table 2, in open loop the
system is rapid (rise time 0.896 s), but unstable with lengthy
overshoot of 30.34 % and settling time of 65.88 s,
indicating an under damped system.

(27)

Table 2
Temporal characteristics for pitch response
Characteristic of Open Classical SOA-optimized
pitch loop LQR LQR
Rise time, s 0.896 4.0069 1.2379
Settling time, s 65.88 7.3462 5.3055
Overshoot, % 30.34 1.3589 3.0618

With the classical LQR controller, the TRMS
becomes stable with a slower rise time of 4.0069 s, settling
time of 7.3462 s and smaller overshoot of 1.3589 %,
showing improved damping. The performance of SOA-
optimized is accomplished with the rise time of 1.2379 s,
settling time of 5.3055 s and controlled overshoot of
3.0618 %, achieving a balance between speed and stability.

The TRMS in open-loop yaw (Table 3) response is
very slow with a rise time of 316.18 s and a settling time
of 455.89 s, indicating severe instability. The classical
LQR controller enhances the performance significantly,
by minimizing the rise time to 0.75 s and settling time to
6.28 s, and an overshoot of 10.72 %, which shows a
minor oscillatory response. The SOA-optimized LQR
further reduces these values, the rise time coming to 0.48
s and settling time coming to 2.67 s, which shows
accelerated convergence. The overshoot is reduced to
9.71 %, indicating a damped response.
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Table 3
Temporal characteristics for yaw response

Characteristic of | Open Classical SOA-optimized
yaw loop LOR LQR
Rise time, s 316.18 0.75 0.48
Settling time, s 455.89 6.28 2.67
Overshoot, % 0 10.72 9.71
For pitch response, the SOA-optimized LQR

decreases settling time to 5.3055 s (7.3462 s for classical
LQR) with a 28 % decrease but keeps the overshoot in
control at 3.0618 %. For yaw response also, the settling
time decreases from 6.28 s to 2.67 s, a significant 57 %
decrease, with an eased overshoot of 9.71 %.

Figures 3, 4 illustrate the pitch and yaw angle
response of the system under 3 control modes: open-loop,
classical LQR, and SOA-optimized LQR.

Open-Loop Pitch Response
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Fig. 3. Temporal characteristics of pitch responses
under open loop (a); with LQR and SOA controller (b)

Open-Loop Yaw Response

loop and standard LQR control. Although the rise time is
slightly increased, the settling time and overshoot have been
significantly reduced, realizing a balance speed between
stability. These results validate the performance of SOA in
regulating control parameters of deeply coupled complex
MIMO systems as well as in dealing with nonlinearities.

Conclusions. Twin rotor MIMO system was
effectively controlled with an SOA-optimized LQR
algorithm, demonstrating improved dynamic response
(pitch settling =28 % faster; yaw =57 % faster vs classical
LQR) and enhanced stability compared to open-loop
(overshoot =3 % vs 30 % open-loop pitch) and standard
LQR control strategies.

This research proposed a new contribution by
combining the seagull optimization algorithm with
systematic parameter space exploration, adding a new
reference for adaptive control of dynamic systems. The
limited trade-offs observed in this study indicate potential
for future progress.

Future research might focus on real-time
implementation, addressing computational complexity
and robustness against external disturbances, in order to
enable reliable experimental applications.
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4) Fourth scenario. This section synthesizes the
preceding analyses to demonstrate the precision of the
SAPF and the accuracy of its DC-link voltage regulation
(Fig. 19). The fuzzy logic control system dynamically
selects the optimal DC-link stage by assessing load
characteristics (magnitude and type) (Table 3), and the
load voltage THD. This adaptive selection ensures

normal voltage ! ' normal voltage

efficient and precise compensation. Collectively, the
simulations validate the SAPF’s capability to enhance
voltage quality across diverse load and grid conditions.
FLC plays a pivotal role in optimizing DC-link
dynamics, thereby ensuring both system stability and
effective harmonic suppression.

15.11 % THD
1. harmonic source
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Fig. 19. Voltage waveforms and load current for the fourth scenario

Table 3
Load variations within the fourth scenario
Time, s Loads type
0-0.1 NL1 without SAPF
0.1-0.2 NL1 with SAPF
0.2-0.4 NL2
0.4-0.6 NL3
0.6-0.8 NL1+ NL2+ NL3+ L1
0.8-1 NL1+ NL2+ NL3+ L1+ L2
1-1.2 NL1+ NL2+ NL3+ L1+ L2+ L3
1.2-1.4 L1+ L2+ L3
1.4-1.6 L1+ L2+ L3

Results discussion. This study aims to evaluate the
performance of a SAPF in mitigating power quality
disturbances, including voltage sags, swells, and harmonic
voltage sources. The voltage source values over time will
be set according to the parameters listed in Table 2.

In the first scenario, the experimental results of this
scenario demonstrate a significant improvement in the
voltage waveform under non-linear load conditions
following the introduction of the successive effective
filter. The voltage stabilizing to the source value,

indicating successful compensation for voltage drops,
evidences this improvement (e.g., up to 3.1 % AV) at the
source without the use of SAPF (Fig. 13). Furthermore,
FFT analysis, as Fig. 14,a,b,c confirms the system’s
efficiency in managing the load voltage, with observed
THD values of 1.6 % during voltage sag, 0.41 % during
voltage swell, and 0.46 % in the presence of a harmonic
source exhibiting a 14.05 % THD

In the second scenario, the results of this scenario
demonstrate a significant improvement in the voltage
waveform with a high linear load after the introduction of
the successive effective candidate. This improvement is
evidenced by the voltage’s stabilization to the source value,
indicating successful compensation for voltage drops,
which evidences this improvement (e.g., up to 4 % AV) at
the source without the use of SAPF (Fig. 15). Moreover,
the FFT analyzer verifies that the system efficiently handles
the load voltage, according to the following detected THD:
0.09 % for voltage sag, 0.1 % during voltage swell, and
0.07 % with a load-source that injects 18.03 % THD. These
THD values are shown in Fig. 16,a,b,c.

60

Electrical Engineering & Electromechanics, 2026, no. 1



In the third scenario, the results of this scenario
demonstrate a significant improvement in the voltage
waveform under combined 3-stage linear and 3-stage non-
linear loads, with consistent voltage source properties
(Table 2) after the introduction of the successive effective
candidate. This improvement is evidenced by the
voltage’s stabilization to the source value, indicating
successful compensation for voltage drops, which
evidences this improvement (e.g., up to 7.22 % AV) at the
source without the use of SAPF (Fig. 17). Furthermore,
the FFT analyzer confirms the system’s efficiency in
managing the load voltage, with the observed THD
measured 3.81 % during voltage sag, 1.64 % during
voltage swell, and 0.44 % in the presence of a harmonic
source exhibiting a 15.11 % THD. These specific THD
values are visually represented in Fig. 18,a,b,c.

In the fourth scenario, this section synthesizes prior
analyses to demonstrate the efficacy of the SAPF and the
precision of its DC-link voltage regulation. This is observed
across diverse load conditions, as comprehensively presented
in Table 3 and visually depicted in Fig. 19. The FLC
dynamically determines the optimal harmonic compensation
phase, and the quality of compensation is directly affected by
the THD value. This type of adaptive control allows an
effective, highly accurate compensation that is to be held
stable below 5 % THD, in line with industry levels. Besides,
the installation of SAPF helps to reduce the voltage drop
developed across the source impedance, which in turn
enhances the overall performance of the system.

Conclusions. This paper presents a novel 3-phase
SAPF topology to address the increasing challenges of
power quality deterioration in modern electrical systems,
including electric power distribution networks. The
proposed SAPF, the sole SAPF integrated with PV-battery
energy storage, significantly enhances power quality. The
outcome is highly effective in mitigating voltage
abnormalities such as sags and swells, as well as filtering
harmonic distortions in load voltage across various load
circumstances (linear, non-linear, and mixed).

The THD values were measured well below the 5 %
over the whole frequency range, 5 % (e.g., 1.6 % during sag,
0.41 % during swell, and 0.46 % with a harmonic source for
non-linear loads), validating its efficiency. A key innovation
is using an FLC system for dynamic DC-link voltage
regulation and optimal harmonic compensation, which
eliminates the need for medium-voltage transformers. The
results confirm the SAPF’s capability to ensure enhanced
power quality, overall system stability, and proficient voltage
management even during significant voltage drops (up to
7.22 % AV) at the source without relying on conventional
SAPFs. This robust and efficient solution offers a promising
direction for maintaining optimal power quality in
contemporary electrical grids. This work provides a future
recommendation to enhance the efficiency and sustainability
of the proposed system by adding a battery management
system (BMS), which aims to precisely coordinate charging
and discharging operations among the energy storage units
(batteries). Implementing a BMS ensures a balanced
distribution of the stored energy consumption, thereby
avoiding uneven stress on individual units. Practically
speaking, this extends the operational lifespan of the batteries
(number of cycles) and improves the overall performance
and reliability of the energy storage system.
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Association smooth-pole dual open-end windings permanent magnet synchronous machine
with cascaded 2-level inverters for improved performances

Introduction. Power segmentation is an increasingly important priority in high-power industrial drive applications that utilize AC machines.
Problem. To improve the dynamic performance, reliability and power segmentation of drive systems in high-power applications (above the
megawatt range), it’s advantageous to replace a single high-power converter with several low-power converters. This principle is applied to
the combination of AC machines and inverter structures. Goal. The authors propose a novel dual open-end windings permanent magnet
synchronous machine. This machine reduces the required size of the power supply inverters while also improving dynamic performances
and lifespan. Its power supply using 2-levels cascading inverters, further enhances these performances. Methodology. For this study, the
mathematical model of the system in the Park reference frame is introduced and validated using the MATLAB/Simulink environment. First,
simulation results are presented for the proposed machine supplied by four conventional two-level inverters based on the pulse width
modulation technique. Next, the new machine is fed by four multilevel converters, with each converter consisting of two two-level inverters.
To further demonstrate the benefits of this converter structure, the authors then use a configuration with three cascaded two-level inverters.
The results demonstrate that the use of the new machine with conventional two-level inverters ensures power segmentation and improves the
quality of the voltage, stator current, and torque. Furthermore, associating this same machine with cascaded multilevel inverter structures
significantly enhances dynamic performance and reliability. The scientific novelty lies in the synergy achieved by integrating the novel
synchronous machine with the cascaded two-level inverters, enabling the system to simultaneously surpass conventional limitations in both
performance and reliability. Practical value. A simulation model of the novel dual open-end winding permanent magnet synchronous
machine was implemented to validate the superior performance achieved with cascaded multilevel inverter structures for voltage supply
compared to conventional two-level inverters. References 19, table 2, figures 17.

Key words: smooth-pole dual open end permanent magnet synchronous machine, cascaded 2-levels inverters, power
segmentation, reliability.

BcTyn. CermeHTalis NOTY>KHOCTi CTae BCe Oibll BEXK/IMBUM 3aBLAHHAM Y MOTYXKHUX MPOMUCIOBUX MPUBOLHMX CUCTEMAx, Lo
BUKOPUCTOBYIOTb MaLLWHK 3MiHHOrO cTpymy. Mpo6iema. s NoKpaLweHHs AMHaMIYHUX XapaKTepUCTUK, HagiiHOCTI Ta cerMeHTauii
MOTY>KHOCTI MPUBOAHMX CUCTEM Y MOTYXKHWX YCTaHOBKax (BMLLE MeraBaTHOro fianasoHy) AOUiNbHO 3aMiHUTV OAWMH MOTY>KHUIA
nepeTBOptoBaY KifbkOMa ManonoTY>KH/MW NepeTBOprOBaYamMu. Liei mpuHUMN 3aCTOCOBYETLCA 47151 KOMOiHAUii MalivH 3MiHHOro
CTpyMy Ta iHBEPTOPHUX CTPYKTYP. MeTa. ABTOpW NPOMOHYOTH HOBY CUHXPOHHY MallMHY 3 [BOMa BiAKPUTUMM O6MOTKaMu Ta
NOCTIiiHAMM MarHiTamu. Lla mMawmHa 3MeHLye HeoOXigHi po3Mipy iHBEPTOPIB >KMBMEHHS, OAHOYACHO MOKpPaLLytouM AuHaMiYHi
XapakTepUCTUKN Ta TEePMiH Cy>KOW. 1T XKUBNEHHS i3 BUKOPUCTAHHAM [JBOPIBHEBMX KAaCKa[HWX iHBEPTOPIB [OAATKOBO MiBMLLYE Lji
xapakTepucTuku. MeTogamka. [na Lboro AOCNiAMKeHHA po3pobneHa MaTeMaTuyHa MOJeNb CUCTEMU Y cucTemi KoopauHaT lMapka,
sKa nepesipeHa y MATLAB/Simulink. CnoyaTky NpefcTas/neHi pe3ynbTaTy MOJENOBaHHA A9 NPOMOHOBAHOI MALLMHK, LU0 >KUBUTHCA
4yoTMpMa 3BMYAAHWMW [BOPIBHEBAMW iHBEPTOPAMM Ha OCHOBI MeTOZY LUMPOTHO-iMAyNbCcHOT Mogynsuii. MoTiM HoBa MaluuHa
32DKMBMIOBaNACh Bifj YOTUPLOX GaraTopiBHEBUX NEPeTBOPIOBAYIB, KOXKEH i3 AKUX CKNafacTbCA 3 [BOX [ABOPIBHEBWX iHBepTOpIB. [ns
nofanbLLIOl eMOHCTpaLii nepesar AaHoi CTPYKTYpU NepeTBOptoBaYa asTopy BUKOPUCTOBYIOTH KOHADIrypayito 3 TpboMa KackagHo
3’eHaHNMN [BOPIBHEBUMM iHBEpTOpPaMu. Pe3ynbTaTy NoKasylTb, LU0 BUKOPUCTAaHHS HOBOI MalUMHW i3 3BMYaliHUMU [1BOPIBHEBUMY
iHBepTOpamu 3a6e3nedye cerMeHTaLito NOTY>KHOCTI Ta NoKpaLLlye AKICTb Hanpyru, CTpyMy CTaTopa Ta KpyTHOro MoMeHTY. Kpim
TOro, NOEfHaHHA L€l MalUMHU 3 KackafHo 3’€AHaHUMN GaraTOpPiBHEBMMM iHBEPTOPHUMM CTPYKTYPaMW 3HAUYHO MiABULLYE AVHAMIUHI
XapaKTepuCTUKN | HagiliHicTb. HaykoBa HOBM3HA NOMSrae B CUHepril, fka AOCAraeThCs 3a PaxyHOK iHTerpauil HOBOI CUMHXPOHHOI
MaLLVHN 3 KaCKaHO 3’€HaHWMN ABOPIBHEBMMM iHBEPTOPamW, LU0 A03BO/NSE CUCTEMI OAHOYACHO AONaTV TPaauLiiiHi 06Me>KeHHs AK 3a
MPOAYKTVBHICTIO, TaK i 3a HafilHicTo. MpakTuyHa 3HauYMMicTb. PeanizoaHa imMiTaliliHa MOAeb HOBOT CMHXPOHHOI MallUMHM 3
[BOMa BISKPUTVMKU 06MOTKaMW Ta MOCTIVHAMK MarHiTamu A1 NigTBEPO>KEHHS BUCOKUX XapaKTepucTUK, WO [ocAraoThes 3a
[OMOMOrO0  KackafiHo 3’efHaHNX 6GaraTOpiBHEBNX iHBEPTOPHNX CTPYKTYP A7 >KMBMEHHA Hanpyry MOPIBHAHO i3 3BUYAHUMY
[BOpiBHEBUMM iHBepTOpamu. bibn. 19, Tabn. 2, puc. 17.

Kntoyosi cnosa: rnafKomnoflocHa CMHXPOHHA MaluvHa 3 MOCTIMHMMW MarHiTaMum Ta LBOCTOPOHHIM BigKPUTVM BMBOLOM,
KacKa/fHi BOPiBHEBI iIHBEPTOPW, CErMeHTaL s MOTY>XHOCTI, HafiiHICTb.

Introduction. The machine-converter associations the new machine structure; it is the dual three-phase open-

are widely used in application industrial drives [1-3]. But
this association machine with conventional converter is
not without disadvantage especially in high power. To
ensure the power segmentation, the improvement the
reliability and consequently the availability of this
association inverter-machine, several researches have also
been developed. The research at the level of inverter
structures includes cascaded H-bridge multilevel
inverters, diode clamped multilevel inverters, flying-
capacitor multilevel inverters, cascaded two-level
inverters and other structures [4-8] and in synchronous or
asynchronous machines structures, in particular the
permanent magnet synchronous machine (PMSM)
includes multiphase machines [9, 10], the multi-star
machines [11, 12], the open-end stator winding machine
[13, 14] and the multiphase open-end stator windings
machine [15]. Recently, some researchers have developed

end stator windings AC machines supplied by four
voltage source inverters [16-18]. Furthermore, this
machine offers good solution for the power segmentation
and best dynamic performance compared with classic
machine, double star machine and open-end stator
winding machine. Also, this machine increases the liberty
degrees of system drive in degraded mode.

The goal of this work is to present a novel dual open-
end windings permanent magnet synchronous machine
(DOEWPMSM). This machine is designed to improve
dynamic performance and lifetime, while reducing the size
of the required power inverters. The use of cascaded two-
level inverters improves these performances. In the first
part, the mathematical modeling of novel machine is
presented in the Park reference frame and implemented in
MATLAB/Simulink environment. In the second part, the
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proposed machine is fed by four voltage source inverters
using a pulse width modulation (PWM) technique. The
results obtained for the total harmonic distortion (THD) of
the phase-to-phase voltage, the THD of the stator current,
and the torque ripple are shown. To improve the
performance of the new machine, a combination of
cascaded inverter structures is used. In the first
configuration, two cascaded 2-level inverters are used,
while the second configuration consists of three cascaded
2-level inverters [19]. The simulation results obtained from
the cascaded configurations show significant advantages in
terms of voltage, current and torque quality.

Modeling of the smooth-pole DOEWPMSM. The
windings of this machine shifted by 0° in the (d, q) Park
reference (w, q = Wr) are represented in Fig. 1.

44, Ad,
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Fig. 1. Windings representation in the (d, q) reference frame

The relation that links the flux and the currents is:

sd1 Ly Mg O 0 lsgr f
sd2 Mg Ly 0 0 s f )
sql 0 0 Lq M q lsq1 0
sQ2 0 0 M q Lq isq2 0
The voltage is related by the following matrix:

Vediz Vsdiz Ry 0 0 0 s sd1

Vsd21  Vsd22 0 R, 0 0 g2 d sd2

Vsgu1  Vsq2 0 0 Ry O isql dt sql

Vsq21 Vsq22 0 0 0 R isq2 g2 (2)
0 0 dq 0 sd1
0 0 0 dg s
dg O 0 0 sql '
0 dq 0 0 sq2

where R; is the stator resistance; Ly = Lq = L is the stator
inductance in d, q axis for the smooth-pole synchronous
machine; My is the mutual inductance of the stator in dy,
d, axis; My is the mutual inductance of stator in g, o
axis; ¢ is the flux of the permanent magnet by pole.

If the smooth-pole DOEWPMSM is supplied by
voltage sources, the mathematical current model is written
in (d, q) reference frame, and described as:

The state matrix [A] is:

RsL RsL | 0
2 M2 L2 M2 a
RL RL 0
d
. 2 M3 L2 M2 a @
0 RsL RsMgq
dq 2 M2 L2 M2
q q
0 RsMyg RL
dq 2 2 2 2
L* MG L® Mg
The matrix [B] is:
L My 0 0 0
2 112 12 ap2
K VS V F
2Md2 2L 2 0 0 0
5 L* Mg L° M§ .(5)
0 0 L Mq dg
2 2 2 2 L M
> M§ * M q
0 0 Mq L dg
2 2 2 2 L M
K VSN V F q

The electromagnetic torque of the DOEWPMSM is:

3 . . . .
Tem 5 P(Mg Mg)(isqolsqr isdrlsqe) £ (isqr isq2)) - (6)
The drive mechanical equation is:

d
Tem Tr=d— f . 7
em r dt ()

Case 1. Supply of the DOEWPMSM by 2-levels

inverters. The DOEWPMSM is fed by four three-phase
2-level inverters based on PWM technique (Fig. 2) with:
Vsai1, VSa12, Vsaiz are the simple voltage of inverter A;;
Vsao1, VSa2, Vsaos are the simple voltage of inverter A;;
Vsg11, VSg12, VSg13 are the simple voltage of inverter By;
Vsgo1, VS22, VSeos are the simple voltage of inverter B,;
(Vsa11—Vsa1p) is the pole voltage of inverter Ay;
(Vsa21—Vsaz) is the pole voltage of inverter A,;
(Vsg11—Vsg1o) is the pole voltage of inverter By;
(Vsga1—Vsgy) is the pole voltage of inverter By;

UA = (VSA11—VSA12)—(VSA21—VSA22) is the phase-to-phase
voltage of machine stator winding A,

Ug = (VSg11—Vse12)—(VSea1—Vse2) is the phase-to-phase
voltage of machine stator winding B.

The VOItageS (VSAll_VSA12)u (VSAZl—VSAzz), Ua
(winding A) and same simulation results for winding B
are shown in Fig. 3.

Figure 4 shows the harmonic content of the phase-
to-phase machine voltage.

Figure 5 shows the simulation results of the speed
and the torque. At time t = 1 s the impact of torque
T, =180 N m is applied.

In order to analyse the torque quality, the definition of

d
= , 3 _ A
dt AT B Y ®) the torque undulations AT, by the expression is:
where: | iy gy isgl s | 1S the state vector; T Tmax _ Tem 100% . ©)
i i T em
sdll Tsd12 The enlarging effect of the torque for a load torque
Ved2r Vsdzz T, =T, is indicated in Fig. 6.
V. Ve Vegp 1 the control vector. Then, the torque undulation is:
Vsq21 Vsq22 Tem M 100% 17.5%.
; 180
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Fig. 4. Harmonic content of machine voltage

The simulation results of the stator currents Iy, of the
winding A and I of the winding B are shown in Fig. 7.
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Fig. 7. The simulation results of the stator currents
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The harmonic content of the stator current Is,;, of the
winding A is shown in Fig. 8.

Fundamental (50Hz) = 29.18 , THD= 5.35%
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Fig. 8. The harmonic content of the stator current

Case 2. Supply of the DOEWPMSM by two 2-levels
inverters in cascading. To enhance the performance of
the DOEWPMSM in terms of voltage, current and torque
quality, it’s essential to supply it with a multi-level
inverter. As shown in Fig. 9, this inverter is a cascaded

configuration of two 2-level inverters [19].
Inverter Al

Ton |
T

Inverter A12

T |
T'zd

T |

T2

— E/4

Three reference voltages with a frequency of f; and a
120° phase shift between them are compared with two
amplitude carriers. This method controls the two cascaded
inverters at input Al of stator winding A. Similarly, three
other reference voltages, shifted by 180° relative to the first
three, are compared with the same carriers to control the
two cascaded inverters at input A2 of stator winding A.
This same control principle is applied to the two cascaded
inverters located at inputs B1 and B2 of stator winding B.

Figure 11 shows the pole voltages (VSai1i—VSa12),
(Vsa2—Vsaz) and the phase-to-phase voltage U, of the stator
winding A, which have five voltage levels between phases of
the machine. The same applies to the stator winding B.
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Fig. 11. The pole voltages and the phase-to-phase voltage

In order to control
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the two cascaded 2-level

inverters, the phase disposition PWM technique was used,

as shown in Fig. 10.
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Fig. 10. Principle of the phase disposition PWM technique

of the stator winding A (case 2)

The harmonic content of the phase-to-phase machine
voltage for the DOEWPMSM is shown in Fig. 12.

Fundamental (50Hz) = 451.2 , THD= 26.82%
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Fig. 12. The harmonic content of the machine voltage

Using multi-level voltage converters to feed the
DOEWPMSM significantly improves the voltage level
and reduces its THD from 44.27 % with a conventional
inverter to 26.82 % with cascaded 2-level inverters. The
enlarging effect of the torque is indicated in Fig. 13.
Then, the torque undulation is:
193 180

T 100%  7.22%.
180
N
ao0bi R O T [
150_5 ............ I e ............. ............ ..............
100 | ] i i 1 I ts
1.4 15 18 1.7 18 14 2

Fig. 13. Enlarging effect of the waveform torque

The harmonic content of stator current is shown in
Fig. 14. Connecting the machine to two cascaded 2-level
inverters, instead of a conventional inverter, improved the
stator current’s THD from 5.35 % to 3.86 %. It also
reduced torque ripple from 17.5 % to 7.22 %.
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Fig. 14. The harmonic content of the stator current

Case 3. Supply of the DOEWPMSM by three 2-levels
inverters in cascading. To demonstrate the performance
improvement gained by using cascaded 2-level inverters,
the proposed machine is also supplied by a second
cascaded multi-level inverter structure at each input (Al,
A2, B1 and B2). This structure is formed by three 2-level
inverters connected in a cascade (Fig. 15).

The enlarging effect of the waveform torque is
shown in Fig. 17.
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Fig. 17.'Enlarging effect of the waveform tofque

Then, the torque undulation is:
187.4 180

180
Table 1 presents the results obtained with three
cascaded inverters, along with those from the two other
types of power supply structures. This table clearly
illustrates the advantages of the DOEWPMSM when
combined with cascaded 2-level inverters. Indeed, the use

Tem 100% 4.11%.

fonvetrte;'g‘: of these cascaded structures improves stator current
averter quality, voltage THD and reduces torque ripple.
T T T Table 1
|— ® |‘ % I‘ . Different results for three structures
El6 ——
Inverter Al 1 inverter 2. cascaded 3. cascaded
, T LT inverters inverters
[T L 3 THD voltage, %|  44.27 26.82 16.42
THD current, % 5.35 3.86 1.63
Inverter:A22 ATem, % 175 7.22 411
| T2 L T2 | T El6 —— Assuming the machine has a total power P. Table 2
summarizes the specifications for its power supply system.
The table details the power ratings for the two cascaded
ZEbLT'ZB zﬁLT’zz | T2 inverters, as well as the required stator current and the
voltage of the switches needed to supply the machine. This
same process is applied to all inverter modules at each of
the machine’s inputs, ensuring consistent sizing across the
T T T entire system [19].
| ZE;L 13 zEDL 12 )EjL 1 Table 2
féA) L @) El6—— Sizing of the two cascaded inverters
—p1 Is13(A) Inverter AL Power Stator Switches
inverter current, A voltage, V
|_T’l3 |_T’12 LT’M Inverter A1l P/4 1/2 V111 = Ef2
Inverter A12 P/8 1/2 V11 = E/4
Inverter A21 Table 2 demonstrates that using two cascaded

Fig. 15. Three 2-levels inverters in cascading

Figure 16 shows the pole voltages (VSai1—VSa1),
(Vsa2—Vsaz) and phase-to-phase voltage Ua of the stator
winding A. The results indicate that an increase in the
voltage level enhances the lifespan of this machine.

Vs~V V

300

VSpp1=Vsa, V.

1'8 1 135 1‘9 Il, s
Fig. 16. The pole voltages and the phase-to-phase voltage
of the stator winding A (case 3)

inverters to supply the DOEWPMSM is not a constraint
but rather a key component of power segmentation. The
table shows that the cascaded inverter Al2 has a
significantly lower power rating P/8 than the principal
inverter A11. This finding is crucial because it indicates
that the system can be built with a smaller and more cost-
effective secondary inverter while still achieving the
benefits of a multilevel configuration.

The combination of a DOEWPMSM with cascaded
inverters provides a reliable solution for degraded-mode
operation. However, to ensure the drive system’s
continued performance, specific operational conditions
must be met in the event of an inverter failure. This
involves a precise reduction of the machine’s speed to
prevent a rise in current draw, which in turn avoids the
overheating of both the motor windings and, most
importantly, the semiconductor devices.

The characteristics of the machine are: nominal power
P =40 kW, speed 1000 rpm, stator resistance R = 65 mQ,
stator inductance Ly = L4= 0.655 mH, mutual inductance of
stator d; , axis My = 0.545 mH, mutual inductance of stator
012 axis My = 0.545 mH, magnet flux g = 0.8 Wh, inertia
moment J = 0.02 kg m?, viscous force F =2 10 N m s/rad.
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Conclusions. The novel smooth-pole dual open-end
windings permanent magnet synchronous machine
(DOEWPMSM) when associated with cascaded inverters
structures offers a significant advantage over the
conventional 2-levels inverters. The mathematical model of
the DOEWPMSM is presented and simulated in
MATLAB/Simulink. The machine is first fed by
conventional 2-level inverter and then by cascaded 2-level
inverter structures. The new machine offers such benefits:

a good solution for power segmentation, reducing
clutter, improving the availability of the drive system, and
increasing redundancy in degraded mode compared to a
classic synchronous machine.

When the new machine is powered by cascaded 2-level
inverter structures, it provides a better voltage level between
the machine phases. With a conventional 2-level inverter,
three levels are obtained. With two 2-level inverters in
cascading, five levels are obtained, and with three 2-level
inverters in cascading, seven levels are obtained.

A better voltage THD. If the THD is 44.27 % with a
conventional inverter, it drops to 16.42 % when powered
by three 2-level inverters in cascading.

A better quality of stator current. With a
conventional inverter, the THD is 5.35 %. Using three
cascaded 2-level inverters, the THD becomes 1.63 %.

A better torque quality. The value decreases from
17.5 % to 4.11 % with three cascaded 2-level inverters.

A reduced the DC bus voltage value of E going from
E/2 to E/6 with three cascaded 2-level inverters.

An extended bandwidth.

In future work it is planned to experimentally confirm
the advantages of the proposed new DOEWPMSM and
powered using cascaded 2-level inverters.
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Influence of gamma radiation on the electrical and mechanical properties of on-board systems
cables

Introduction. Electrical and fiber-optic cables of on-board systems for transmitting monitoring, control and communication signals
are increasingly used in nuclear power plants, aircraft systems and military applications. Such operating conditions are
characterized by an increased level of ionizing radiation compared to the background: from 10 kGy in space applications to 1 GGy
in the corium of a nuclear reactor. Problem. The resistance of polymer insulation to the action of ionizing radiation is determined on
the basis of mechanical, thermophysical, physicochemical indicators that reflect the local characteristics of the polymer insulation of
electrical cables. Modern special radiation-resistant optical fibers are capable of operating under the action of gamma radiation
with a dose of 1 MGy. To ensure mechanical strength and protection of the optical fiber from moisture, high-strength structural
elements and hydrophobic fillers are used in the optical cable. The goal of the work consists in establishing the effect of gamma
radiation on unshielded cables with unshielded twisted pairs and optical cables with the determination of the dynamics of changes in
the electrical properties of polyethylene insulation of conductors and mechanical properties of aramid yarns with a water-blocking
coating, respectively. Methodology is based on the determination of the change in the electrical capacitance of each of the 8
polyethylene-insulated twisted pair conductors and the mechanical tensile strength of Kevlar yarns with a water-blocking compound,
compared to the un-irradiated state, depending on the absorbed dose of gamma radiation of 100 kGy, 200 kGy and 300 kGy when
processing samples of electrical and optical cables in the cobalt-60 (Co®) installation. Scientific novelty consists in establishing the
criterion for achieving the critical state of polymeric polyethylene insulation of insulated conductors and the effect of the influence of
a water-blocking coating with ultra-high absorption capacity on the mechanical strength of aramid yarns under the action of gamma
radiation on samples of an electric cable in a protective sheath of polyvinyl chloride plastic compound and an optical cable in a
protective sheath based on a polymer fire-resistant composition, respectively. Practical value is qualified by the range of radiation
resistance of structural elements to ensure the operational functionality and efficiency of cables of on-board systems under the action
of gamma radiation. References 50, tables 3, figures 6.

Key words: on-board systems, unshielded cable with unshielded twisted pairs, optical cable, absorbed dose of gamma
radiation, polyethylene insulation, electrical capacitance, aramid yarns, waterproof compound, mechanical tensile strength,
radiation resistance.

BcTyn. EnekTpuuHi Ta onTWuHi kabeni 60pTOBUX CUCTEM ANA Nepefadi CUrHaNiB MOHITOPUHTY, KepyBaHHA Ta 3B’A3Ky Bce
yacTilwe BMKOPUCTOBYHOTHCA HA aTOMHUX €neKTPUYHKMX CTaHLisX, B CUCTeMax NiTanbHMX anapaTiB Ta BiliCbKOBOMY
3aCTOCyBaHHi. Taki YMOBM eKcniyaTauil xapakTepusylTbcA NigBULLEHUM MOPIBHAHO 3 (POHOBMM pIiBHEM iOHi3yHO4Oro
BUNPOMIiHIOBaHHS: Big 10 KI'p y KOCMiuHMX 3acTocyBaHHAX A0 1 'Tp B akTUBHIN 30Hi agepHOro peakTopa. MNpobnema. CTilKicTb
nonimMepHoT i30n4Lii 4o AT iOHI3yH04Oro BUNPOMIHIOBaHHS BU3HAYAETLCA HA NiACTasi MexaHiuHuX, TennoqisnyHux, (isnkKo-XiMiyHuxX
MOKAa3HWKIB, fKi BigobGpa>KalTb NOKaNbHI XapaKTepucTMKN MONIMEPHOT 301Ul eneKTpuyHMX Kabenis. CyyacHi creuianbHi
pagiayiiHo-CTiliKi ONTWYHI BONOKHA 3[4aTHI MpaulBaTW Mpu AiT ramMmma-BunpoMiHeHHs fosv 1 MIp. 3agns 3abesneveHHs
MexaHiYHOT MILUHOCTI Ta 3axucTy Bif BOOrM OMTWUYHOTO BOMOKHA B OMNTWYHOMY Kabeni 3acTOCOBYHTbCA BMCOKOMILHI
KOHCTPYKTWBHI eneMeHT¥ Ta rigpodo6Hi 3anosHoBadi. MeTa poboTw nonsrae y BCTaHOBNEHHI BN/MBY raMma-BUNPOMIHEHHS Ha
HeeKpaHoBaHi Kabefi 3 HeeKpaHOBaHMMM BUTUMU MapamMn Ta ONTUYHI Kabeni 3 BU3HAYEHHSIM AMHAMIKM 3MIiHEHHS! eneKTPUYHUX
BNacTMBOCTEA MNOMieTWUNEHOBOI i30MUii MPOBIAHMKIB Ta MeXaHiYHWX BNAacTMBOCTEN apaMifHUX HWTOK 3 BOA03aXMCHUM
MOKPUTTAM BigMOBiAHO. MeToaMKa FPyHTYETHCA Ha BU3HAYEHHI MOPIBHAHO 3 HEOMPOMIHEHWM CTaHOM 3MIHEHHS eneKTpPUYHOI
EMHOCTI KOXXHOIO 3 BOCbMU i30/1bOBaHMX NONieTUNEHOM NPOBIAHUKIB BUTUX Nap Ta MeXaHiYHOl MILHOCTI Ha po3TAr KeBnapoBux
HUTOK 3 BOJO03aXMCHUM KOMMNayHZOM B 3a/IEXKHOCT Bifj NOMMHEHOT 03K ramMMa-BunpoMiHeHHs 100 kIp, 200 kI'p Ta 300 KkI'p npu
06p06Li 3pasKiB eNeKTPUIHOT0 Ta ONTUYHOrO Kabenis B ycTaHoBLi KobanbT-60 (Co™). HaykoBa HOBW3Ha Monsrae y BCTaHOBNEHHi
KPUTEPIt0 [OCATHEHHA KPUTUYHOTO CTaHy NOMiMEpPHOI NonieTUNEHOBOT i30NALT i301b0BAHUX MPOBIAHUKIB Ta eMekTy BhAUBY
BOJ03aXVCHOr0 NOKPUTTH 3 HAABUCOKOK NOMMHANBHOK 34ATHICTHO HA MeXaHiyHy MILHICTb apamifgHux HWTOK npu gii ramma-
BMMPOMIHEHHS Ha 3pa3ku eNeKTPUYHOTO Kabemto y 3axXMCHI noniMepHiii 060/10HLi 3 NOAIXIOPBIHINOBOr0 MAACTUKY Ta ONTWUYHOTO
Kabento y 3axMCHiii 060NMOHLi Ha OCHOBI MONIMEPHOT BOrHECTIAKOI KOMNO3ULii BigNOBigHO. MpakTnYHA LiHHICTb KBanidikyeThes
AianasoHoM pagiauiiHoi CTIKOCTiI KOHCTPYKTUBHUX €NeMeHTIB AN 3abe3neyeHHs ekcniyaTauiiiHoi yHKUioHanbHOCTiI Ta
eheKTVBHOCTI KabeniB 60pPTOBMX CUCTEM B yMOBaX fii ramMa-BUnpoMiHeHHs. Bi6n. 50, Tabn. 3, puc. 6.

KntoyoBi cnosa: 60pTOBi CUCTEMW, HeeKpaHOBaHWIA Kabeflb 3 HeeKpaHOBaHMMW BUTWMW Mapamul, OMTUYHWIA Kabesb,
NoranHeHa fo3a raMmMa-BUMNPOMIHEHHS, MOMieTUeHOBA i30M5LiS, eeKTpUYHa EMHICTb, apamifHi HUTKW, BOA03aXUCHWI
KOMMayH[, MexaHi4Ha MiLHICTb Ha po3Tar, pagialiiiHa CTifKiCTb.

Introduction. As critical safety components, on-
board cables play a crucial role in connecting various
electronic and electrical systems, including radar systems,
avionics, navigation equipment, and weapons systems [1—
10]. The main purpose of on-board cables is to collect and
manage data; distribute power with simultaneous data
transmission; and provide reliable and secure
communication with a high level of noise immunity.
Twisted pair and optical cables are increasingly used for
real-time transmission of monitoring, control, data, and

communication signals in on-board systems and nuclear
power plants (NPPs) [1-14].

The trend towards miniaturization continues to
affect all aspects of on-board systems. Innovations in
electrical insulation materials and cable designs make this
possible without sacrificing system performance by
creating hybrid cables by combining electrical and optical
in a single design.

© G.V. Bezprozvannych, I.A. Pushkar
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Cables must meet a list of requirements related to
functional characteristics, dimensions, and weight. The
operational functionality of cables in on-board systems is
determined by their resistance to the influence of external
and internal factors. The first ones include such operating
conditions of cables as temperature, pressure, air
humidity, the presence of external tensile mechanical
loads [10], chemical aggressiveness of the external
environment and the influence of radiation [12]. The
operation of cables of on-board systems is characterized
by an increased level of ionizing radiation compared to
the background. Thus, at a NPP under normal operating
conditions at elevated temperature, cables of the sealed
zone are constantly exposed to gamma radiation [13-17].
Outside the radiation protection of the reactor, the
radiation level approaches the background, and the
temperature approaches the ambient temperature.
Aerospace cables [12] are exposed to solar radiation,
including intense solar flares. Military cables (aircraft,
unmanned aerial vehicles) can also be exposed to natural
and artificial radiation, including nuclear explosions
[1, 7]. Radiation levels can range from 10 kGy when
using cables in space applications to 1 GGy in the core of
a nuclear reactor [17-19].

Problem definition. lonizing energy sources
(absorbed dose) fully determine the full effect of exposure
to polymers used as electrical insulation of cables and
optical quartz fibers [20-31].

The following main processes occur in polymers
when exposed to ionizing radiation:

creation of chemical bonds, both between and within
macromolecules, destruction and decomposition of
macromolecules with the release of gaseous and liquid
components, change in the number and nature of double
bonds (in the presence of oxygen) and other processes
[23-27];

long chains can connect into rigid three-dimensional
networks (crosslinking process) or split into smaller
molecules (destruction process). Both processes can occur
simultaneously, so at a certain absorbed radiation dose,
the final properties and structure of the polymer will be
determined by the reaction that dominates [23-27].

For polyethylene, as the absorbed radiation dose
increases, the degree of crosslinking increases and, at the
same time, fragments of molecular decay accumulate,
which in aggregate leads to a decrease in mechanical
properties and material destruction [25, 26]. Radiation
destruction of macromolecules leads to a decrease in
mechanical strength, an increase (up to a certain limit) in
relative elongation, and cracking. The polymer surface
becomes sticky. The dose required for crosslinking
polyethylene is (200-400) kGy [28, 29]. The radiation
resistance of polyvinyl chloride plastic is determined by
the permissible absorbed dose of gamma radiation at the
level of 500 kGy [28] and is established, as for many
other polymer materials, on the basis of mechanical,
thermophysical, and physicochemical parameters [28-32].
These indicators reflect the indirect characteristics of
polymer insulation, unlike electrical ones, which are basic
and have an integral nature and reflect the state of cable
insulation as a whole.

In optical cables, the effect of radiation separately on
optical fibers is considered to the greatest extent [33-36].
Quartz optical fibers are characterized by higher values of
the radiation dose at which structural damage occurs,
compared to polymeric materials [37]. Under the action of
gamma rays and neutrons, the ionization of quartz
molecules occurs in the fiber, the migration of electrons
and doping impurities, the change in the density of the
distribution of valence electrons, hydroxyl ions OH™ are
formed from free hydrogen, and radiation absorption
centers appear [36]. As a result, electromagnetic energy
losses increase [35], i.e. the power of the optical signal
propagating in the fiber decreases. Radiation-induced
electromagnetic energy losses are determined both by the
concentration of absorption centers in the matrix itself
based on quartz oxide and by impurities (germanium
oxide, phosphorus) [35, 36]. These losses depend on the
type and energy of radiation, dose, exposure time,
wavelength at which radiation-induced losses are
measured, temperature, fiber type and manufacturing
technology. After the end of the radiation exposure,
optical fibers partially restore their original properties, in
particular, an improvement in the indicators of induced
electromagnetic energy losses in the optical fiber is
observed, which is due to the relaxation of radiation
defects [38].

It should be noted that the radiation effect is not
always destructive, since it is known that special wires
and cables with radiation-crosslinked polymer insulation
are produced by the industry of many countries and are
used in communication systems, military, aviation and
space technology, electronic and computer equipment,
nuclear installations, etc. [15]. At the same time, it is
necessary to understand that the achievement of a positive
radiation-stimulated effect occurs under a set of agreed
technological conditions: dose rate, radiation temperature,
cable tension force in the radiation field, etc., while under
operating conditions these factors are quite random.

Special radiation-resistant optical fibers based on
pure silicon oxide without impurities with a hermetic
primary coating based on a highly saturated carbon
varnish are being developed [39].

The operational functionality of optical fibers in
onboard system cables is determined by two components:
optical, which consists of the signal throughput at the
appropriate distance, associated with the stability of the
transmitting optical parameters, and mechanical, due to
the preservation of fiber integrity. In practice, the
mechanical tensile strength of an optical fiber with a
diameter of 125 pym is approximately 5 GPa or 60 N for
dynamic tensile strength and 3 GPa or 40 N for static
tensile strength [40]. This is due to the loss of durability
of optical fibers over time, which is explained by the
growth of Griffiths cracks as a result of a chemical
reaction under mechanical stress (stress corrosion) when
the fiber breaks. Crack growth is also affected by
environmental conditions, especially the humidity in
which the fiber is located. In the presence of moisture, the
fiber breaks even if the mechanical stress applied to it is
less than the destructive one. It is static fatigue that limits
the service life of the fiber [40, 41], which is a process of
slow growth of micron cracks (defects) due to the
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influence of moisture and tensile stresses. There is a
possibility of fiber failure due to the growth of micron
cracks. Moisture in the cable structure, together with the
stimulated mechanical stress, causes a corrosion process
at the crack tip located on the fiber surface. In this
process, water molecules entering the crack from the
environment activate the rupture of chemical bonds at the
crack tip. This leads to an increase in the crack length
under the action of the mechanical stress applied to the
fiber. As the crack length increases, the stress
concentration at its tip increases and the crack growth rate
increases, which ultimately leads to fiber failure: the
mechanical stress reaches a critical value. Therefore, the
mechanical properties of optical fibers are the most
important characteristics that determine the possibility of
their practical use in on-board systems. To increase the
mechanical strength and ensure the operational
functionality of the optical fiber, special strength elements
and hydrophobic materials are used in cable structures.
These structural elements and materials for protecting the
optical fiber from moisture are also exposed to significant
influences, in particular radiation, with a change in
properties, in particular mechanical. In any case, the
issues of the influence of ionizing radiation not only on
electrical insulating materials [27, 30, 42, 43] and optical
fiber separately [34-36], but also on the cables of on-
board systems in general remain unresolved. It is this
approach that allows us to take into account the integral
nature of the influence of complex physicochemical
processes under the influence of gamma radiation on the
electrical performance of electric cables and the
mechanical strength of optical cables.

The goal of the work is to establish the effect of
gamma radiation on unshielded cables with unshielded
twisted pairs and optical cables with the determination of
the dynamics of changes in the electrical properties of
polyethylene insulation of conductors and the mechanical
properties of aramid yarns with a waterproof coating,
respectively.

Test samples of on-board system cables. Two
types of cables were studied:

1. Electrical — unshielded cable with four unshielded
twisted pairs of category 5e. Electrical insulation of
copper conductors is made of polyethylene, protective
polymer sheath — of polyvinyl chloride-based plastic. The
outer diameter of the cable is 5.1 mm. The cable is
designed to transmit signals in the frequency range up to
125 MHz.

2. Optical cable with single-mode optical fiber in a
dense two-layer coating. The core and reflective sheath of
the fiber with a diameter of 125 ym — based on quartz.
Buffer primary polymer coating with a thickness of
62.5 um — based on an ultraviolet-curing silicone varnish
to ensure the mechanical integrity of the optical fiber. The
second layer of the coating with a thickness of 325.5 pm
is based on a thermoplastic organosilicon compound with
a top layer of 15 um of blue color. In the cable design, the
power element is two strands of aramid tyarns based on
Kevlar (organic fiber from the aromatic polyamide series)
[44] to increase mechanical strength with a water-
repellent compound applied to protect the optical fiber
from moisture. The linear density of each strand of yarns

is 805 tex [tex is the linear density: 1 tex = 1 g/km]. Each
strand consists of 5 yarns with a linear density of 161 tex.
The cable yarn is made on the basis of a polymer fire-
resistant composition of orange color. The total diameter
of the cable is 2.8 mm.

Table 1 shows the comparative properties of the
mechanical characteristics of Kevlar® yarns manufactured
by DuPont and other materials.

Table 1
Comparative analysis of mechanical and thermal properties of
materials of power elements of optical cables [44]

Power [Density,| Tensile | Young | Relative Thermal
element | kg/m® | strength | modulus | elongation | expansion
material g,10°% | E, 10° €, % coefficient
Pa Pa (in the
longitudinal
direction),
10° K™
Reviar 1143035 30 | 1124 | 24 2.2
S-glass [2491.19| 3.45 85.5 5.4 +1.7
Steel rod|7750.37| 1.96 199.9 2.0 +3.7
High-
strength {1799.19| 3.1 220.6 14 -0.1
carbon

The presented materials can be used as power
elements of optical cables of on-board systems. Unique
properties distinguish Kevlar® from other commercial
artificial yarns due to the combination of high mechanical
strength, high modulus of elasticity, impact strength,
thermal stability with a high value of the negative
coefficient of thermal expansion [44].

Thanks to the use of Kevlar yarns with a water-
resistant compound, it is possible to ensure resistance to
tensile forces, an optical cable of on-board systems 50 km
long when the optical fiber operates at a working
wavelength of 1.31 pm.

Radiation irradiation procedure. Samples in the
amount of 15 segments of 5 m each from one coil of
electrical and optical cables, respectively, were placed in
a polyethylene container for processing in a cobalt-60
(Co®) gamma radiation installation. The radiation
exposure dose rate was 207 R/min. The processing time
of the cable samples was determined by the absorbed
dose. For each batch of 5 cable samples, the absorbed
dose of gamma radiation was 100 kGy, 200 kGy and
300 kGy, respectively. The uniformity of the dose
distribution when irradiating the material with gamma
guanta energies of 1.17 MeV and 1.33 MeV, the radiation
of which is accompanied by the decay of the Co® isotope,
was ensured by choosing its equivalent thickness of no
more than 20 mm [45]: the diameters of the electric and
optical cables do not exceed the value of the equivalent
thickness.

In the initial state and after the action of irradiation,
a study was conducted on the influence of radiation dose
on the electrical and mechanical properties of electrical
and optical cables, respectively. At all stages of the study,
the cables were in an unsealed state to reduce the
influence of volatile substances on the analysis results.
These substances, which accumulated in the free space of
the cable core, diffused out of the cables.
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Numerical calculation of the electric field and
capacitance of insulated conductors of an unshielded
cable in a polymer protective sheath. For electrical
cables, the electrical capacitance is the most sensitive
electrical parameter for assessing the influence of
radiation on solid polymer insulation [46], taking into
account the influence of complex physicochemical
processes in structural elements, including the polymer
protective sheath.

The justification of the inspection scheme for
monitoring the electrical capacitance of solid polymer
insulation of conductors of an unshielded cable with four
twisted pairs in a polymer sheath was performed on the
basis of numerical modelling of a plane-parallel
electrostatic field by the secondary source method
[46, 47]. The method is based on the superposition of
electric fields of elementary electric charges located in a
vacuum.,

Figure 1,a shows a physical model of an unshielded
cable with four unshielded twisted pairs. The numbers
are: from 1 to 8 - conductors, 1’ — 8 — polymer
insulation.

Fig. 1. Physical model of an unshielded cable with four
unshielded twisted pairs (a) and the pattern of lines of the
normal component of the intensity of the probing electric

field (b), provided that one of the conductors is under potential

and all others are at zero potential

The model neglects the helical surface of twisted
pairs, which provides a plane-parallel electric field in the
cable cross-section. The surfaces of conductors and
conductor insulation are assumed to be circular
cylindrical, which is consistent with the boundaries of the
separation of media in the original problem. The
difference in dielectric properties of the cable structural
elements is taken into account: the dielectric permittivity
of polyethylene insulation of conductors is €,=2.3;
interphase air medium ¢&,=1; protective polymer sheath
€,=4.5. The cable is located in an air medium with
dielectric permittivity e=1.

To implement the secondary sources method, a
transition is made from the calculation of the electric field
in the original problem to the calculation of the electric
field in a vacuum. To do this, instead of bound charges on
the surfaces of the separation of the media of the original
problem, free secondary electric charges are located in a
vacuum (on an infinitely thin surface S of the same shape
as the boundary of the separation of the media of the
original problem).

The calculated surface density ¢ (C/m?) of these
secondary charges must satisfy two conditions:

1) on surfaces reflecting conductors (electrodes), the
specified potentials U; must be achieved;

2) on surfaces reflecting the boundaries of dielectric
media, the condition of equality of the normal
components of the electric displacement vector must be
fulfilled:

O L9

& Ej 2% & Ep 2%, ) 1)

where E, is the normal component of the electric field

strength at point i, created by all charges except the one

located at this point on an infinitely small surface AS;

0il(2¢g) is the normal component of the electric field

strength at point i, created by the charge itself located at

this point on an infinitely small surface AS;
€, = 8.85:1072 F/m is the electric constant.

The first and second conditions are written as
Fredholm integral equations of the first (2) and second (3)
kind, respectively:

L
1 loj
gj In =L di;=U;; (2
2me, 0 Fi
0; €, € 1 COSF,E
i 22 & 0] #d“:o, ©)
28, &,+¢g 2m, s s fij

where i is the node number where the characteristics of
the electric field are sought; j is the node number where
the charge is located; rj is the distance between points i
and j; ry is the distance from point j to point O, the
potential of which can be taken as zero (rg; = 1 m for
models whose transverse size lies in the centimeter range,
which is true for the model of an unshielded cable with
four twisted pairs); o; is the secondary charge density at
point j; dl; is the length of an infinitely small section

centered at point j; cos a,ni is the cosine of the angle

between the vectors a and n_I — the normal vector to the

interface of the media at point i.

Only in this case will the electric field of the
calculation model be identical to the field of the original
problem. The calculation of the electric field is reduced to
solving a component system of linear algebraic equations
(SLAE), to which (2) and (3) are reduced. Based on the
numerical solution of such a SLAE, the calculated surface
density (in vacuum) of secondary charges and the electric
field strength are determined:

E = 9i _ for the surfaces of conductors (electrodes),

sU
E, :ZG_i 141 _ for the interface of dielectric media
g O

(the normal component of the electric field strength from
the side of the positive direction of the normal), where is
the parameter associated with the dielectric permittivities
of adjacent media when the normal vector is oriented
from a medium with a dielectric permittivity &
(polyethylene insulation) to a medium with €, (interphase
air medium).

The actual density ¢'; of surface charges on the
surfaces of conductors insulated with a dielectric with a
dielectric permittivity €, is €, times greater
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o=¢ 0,
which is taken into account when determining the total
charge of each insulated core and electric capacitance
under the condition of given potentials of the conductors.

Figures 1-4 present electric field patterns in the
form of lines for the normal component of the electric
field strength on the surface of conductors and the
interface of dielectric media depending on the survey
scheme under the condition of applying a potential of 1 V
to:

one conductor and the other seven being at zero
potential (Fig. 1,b);

two conductors and the other six being at zero
potential (Fig. 2);

three conductors and the other five being at zero
potential (Fig. 3);

four conductors and the other four being at zero
potential (Fig. 4).

The points show the nodes on the surface of
conductors (1-8) and insulation (1'-8’) with the desired
values of surface charge density and electric field strength
in the calculation model of an unshielded cable with four
unshielded twisted pairs.

Fig. 2. Visualization of the normal component of the p bng
electric field strength under the condition of two insulated
conductors 5 and 6 (a) and 1 and 6 (b) at a potential of 1 V

S a E,-’ - v . p

Fig. 3. Visualization of the normal component of the probin
electric field strength under the condition of three insulated

conductors 1, 5, and 6 (a) and 1 and 2, 5, and 6 (b) at a potential

of 1V

o’ . 3 et ) -
Fig. 4. Visualization of the normal component of the probing
electric field strength under the condition of four insulated
conductors 3, 4, 5, and 6 (a) and 1, 4, 6, and 7 (b) at a potential

of 1V

For the presented inspection schemes (Fig. 1-4), the
probing electric field is concentrated both in the solid
polyethylene insulation and in the interphase space of the
insulated conductors, which allows determining the total
Cs and partial Cyay electric capacitances of the insulating
gaps based on determining the actual density ¢’ of surface
charges and the total charge of each insulated conductor
under the condition of a given potential.

For example, under the condition of applying a
potential of 1 V to conductor 5 and zero potential to seven
other conductors (Fig. 1,a), the partial capacitances Cs.,
Cso, Csa, Cs4, Csg Cs7, Csyg of the inSUIating gaps
between conductors 5-1, 5-2, 5-3, 5-4, 5-6, 5-7 and 5-8
are connected in parallel and determine the total
capacitance Css of conductor 5:

Css=Cs1+Coo+ Cs3+ Cog+ Cop+ Gy + Cog.

Given that two insulated conductors 5 and 6
(Fig. 2,a) are under a potential of 1 V and the other 6 are
under zero potential, the partial capacitances of the
insulating gaps between conductors 5,6-1, 5,6-2, 5,6-3,
5,6-4, 5,6-7 and 5,6-8 are connected in parallel and
determine the total capacitance of conductors 5 and 6,
respectively:

Css+ Cos=Csp1+ Cs62+ Cs3+ Cs64+ Cs7+ Csps.

The inspection scheme, provided that a potential
of 1V is applied to one of the conductors and zero to the
other seven, can be written in binary. For example,
when conductor 5 is under a potential of 1 V, the
corresponding code looks like: 00001000 (Fig. 1, a). For
conductor 6 — 00000100 (Fig. 1, b).

Table 2 shows individual results of determining the
electrical capacitance of conductors depending on the
survey code in accordance with Fig. 1-4.

Table 2

Electrical capacitance of insulated conductors of unshielded
twisted pairs of unshielded cable

Inspection | Electrical capacitance of an insulated conductor
code C, pF/m
1 2 3 4 5 6 7 8
00001000 |1.041]0.263|1.972|3.712|43.13|29.06|3.706|1.974

00000100
00001100
10000100
10001100
01001100
00111100
10010110

0.223|2.494/2.061|20.58|28.10|76.31|2.059(20.58
1.363|2.717|6.285|22.64|15.26|48.20|6.281(22.63
42.21|28.32|8.445|4.120|28.30(42.17(8.439|4.119
41.95|30.79|10.51|24.70|47.98|14.11|10.49|24.69
29.44(73.55(8.345|43.21|15.03|45.71|8.339(43.20
7.644(25.35(8.966|25.56|8.966|25.56|7.644(25.35
39.89(51.13(38.60|51.16|12.05|27.19|10.72(27.39

The difference between the total and partial
capacitance values according to the 00001000 inspection
scheme is 2.9 %, according to the 00001100 inspection
scheme — 2.5 %.

Even with the same survey scheme, the electrical
capacitances of conductors in a cable with different
orientation of twisted pairs are different due to the different
configuration of the electric field and the distance between
insulated conductors (compare Fig. 1,a and Fig. 1,b). For
an ideal calculation model of a cable with four twisted pairs
twisted with the same twist steps (Fig. 1), provided that one
of the conductors is under potential, and all the other seven
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are under zero, there are only two schemes in which the
capacitances of insulated conductors, taking into account
the influence of those located nearby, differ from each
other (see Table 1). The value of the electric capacitance
for the inspection codes 00000100 and 00001000 differs by
76.31/43.13=1.7693 times.

For the following inspection schemes, namely: two
conductors - relative to six; three conductors — relative to
five; four conductors - relative to four, there are four main
survey schemes. All others are inverse. Comparison of the
results of numerical calculations of the electric
capacitance for the main and inverse differ by 0.4 %,
which indicates the high accuracy of the numerical
calculation of the electric field and the determination of
the electric capacitance of the conductors based on it.

In practice, four pairs of the cable are twisted with
different steps to increase noise immunity when
transmitting digital signals. A polymer protective sheath
based on polar plastic is tightly applied to the core of the
twisted pairs. This causes a more complex field
configuration for any scheme of applying potential to the
conductors and performing a full set of inspection
schemes. First of all, to determine the dynamics of the
change in electrical capacitance, i.e. the properties of the
solid insulation of each conductor according to the survey
scheme, each of the 8 conductors is under an applied
potential — relative to all the other seven under zero
potential (see Fig. 1, Table 2). In this case, the probing
electric field is concentrated mainly in the solid polymer
insulation of each of the 8 conductors (see Fig. 1). Such a
inspection scheme provides control of the individual
electrical properties of the solid polymer insulation of the
conductors and should be implemented in practice. In a
real cable design, with such an inspection scheme, the
electrical capacitances of the conductors in the initial
unirradiated state differ by no more than 4 %, which
requires high accuracy of control of electrical parameters.

Dynamics of the change in electrical capacitance
of insulated conductors depending on the absorbed
dose of gamma radiation by cable samples. The control
of the electrical capacitance of electrical cable samples in
the initial state and after the absorbed radiation dose of
100, 200 and 300 kGy was carried out for four frequency
values of 0.1; 1; 10 and 1000 kHz using devices with two
terminals, respectively. In the frequency range from 0.1 to
10 kHz, the measurement was performed in the mode of
10-fold accumulation of results with automatic averaging
to increase the control accuracy. The total number of
measurements for each sample was 241 measurements
before and after exposure to radiation. The measurement
results of each of the five samples in the initial state and
after the corresponding radiation dose were averaged.

Figure 5 shows the dynamics of the change in the
electrical capacitance of insulated conductors depending
on the absorbed dose of gamma radiation at different
frequency values. Curves 1 correspond to the values of
the capacitance of the conductors in the initial state before
the action of gamma radiation. Curves 2 — at an absorbed
radiation dose of 100, 200 and 300 kGy, respectively.
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Fig. 5. Comparative analysis of the dynamics of changes in

experimental frequency dependencies of electrical capacitance

of polyethylene-insulated conductors before and after gamma

radiation of twisted pair cable samples

Table 3 shows the determined pairwise linear
correlation coefficients between the capacitance of
insulated conductors of a twisted pair cable in the
irradiated and non-irradiated states for different frequency
values according to Fig. 5. Positive Pearson correlation
coefficients indicate the presence of a significant direct
relationship between the capacitance of conductors in the
irradiated and non-irradiated states: the highest values at
the level of 0.99 are observed in the frequency range from
0.1 kHz to 10 kHz at an irradiation dose of 200 kGy.

Table 3

Pearson pairwise correlation coefficients between the electrical
capacitance of insulated conductors

Frequency, kHz
0.1 | 1 | 100 | 1000
Pairwise correlation coefficient between the values of the

electrical capacitance of insulated conductors in the irradiated
state relative to the unirradiated state

1-2 | 3-4 | 5-6 | 7-8

When exposed to gamma radiation at a dose of 100 kGy

0.9725 0.9780 0.9705 0.9829
0.9777 0.9822 0.9755 0.9857
0.9762 0.9809 0.9740 0.9846
0.9721 0.9722 0.9653 0.9653

When exposed to gamma radiation at a dose of 200 kGy

0.9866 0.9858 0.9870 0.9207
0.9875 0.9866 0.9864 0.9178
0.9866 0.9861 0.9864 0.9390
0.9887 0.9877 0.9846 0.9164
When exposed to gamma radiation at a dose of 300 kGy
0.9725 0.9777 0.9762 0.9721
0.9780 0.9822 0.9809 0.9722
0.9705 0.9755 0.9740 0.9653
0.9829 0.9857 0.9846 0.9788

Figure 5 also shows the effect of radiation dose on
the relative value of AC of the electrical capacitance in
the irradiated state to the capacitance in the initial
unirradiated state of cable samples (bottom figure, right).
The relative value of the electrical capacitance is defined
as: (C, — Cp) / Cy 100, %, where C, is the electrical
capacitance of the conductors in the initial state before the
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action of gamma radiation; C, is the electrical capacitance
of the conductors under the action of gamma radiation.

At an absorbed radiation dose of 100 kGy and
200 kGy, the relative value of the capacitance is positive,
which indicates the process of crosslinking of
thermoplastic polyethylene insulation. At a radiation dose
of up to 100 kGy, crosslinking of polyethylene insulation
occurs with the formation of cross-linking intermolecular
bonds. This process causes an increase in the density of
the polymer and, as a consequence, an increase in the
dielectric constant, i.e. the electrical capacitance of
insulated conductors. At the same time, the dispersion of
the electrical capacitance — the dependence of the
electrical capacitance on the frequency, which is
determined by the difference in the capacitance values for
the frequency of 0.1 kHz and 1 MHz, is observed to a
greater extent at an absorbed dose of 200 kGy (see
Fig. 5). At this radiation dose, the process of intensive
destruction of the polymer insulation begins with
additional crosslinking of the structure, which increases
the thermal stability of the insulation [48]. Destruction
leads to the formation of polymer chains of shorter length
in the structure of polyethylene insulation, which causes
the manifestation of the process of their polarization in
the low-frequency frequency range. This corresponds to
the hypothesis of the slowed-down dipole-segmental
polarization of polymers, which is detected precisely in
the frequency range of the experimental studies
conducted. In other words, at an absorbed radiation dose
of more than 200 kGy, the destruction processes dominate
over the crosslinking process of polymer insulation. For a
radiation dose of 300 kGy, the relative value of the
capacitance changes to the opposite and becomes negative
(see Fig. 5). There is a decrease in the density of
polyethylene insulation and, as a result, a decrease in the
capacitance of insulated conductors (see Fig. 5).

Determination of the mechanical strength of
aramid yarns of an optical cable. Mechanical indicators
are most suitable for assessing the effect of radiation on
the protective elements of cables and are widely used, for
example, in diagnosing protective sheaths of electric
cables. These include the following indicators [42, 43].

1) Relative elongation at break — the main indicator
of the quality of polymer insulation of cables and optical
fiber. The service life of polymer insulation of cables
correlates well with the value of elongation at break. The
values of elongation at break are (400 — 500) % for new
polyethylene insulation and only 50 % for aged: at such
elongation values, the service life of polyethylene
insulation is considered exhausted [49].

2) The modulus of elasticity of insulation during
torsion — an indicator alternative to elongation at break.

3) The modulus of elasticity during compression.
This is the simplest way to assess the condition of cable
sheaths.

These indicators are not suitable for assessing the
condition of power elements of optical cables due to their
design.

The evaluation of the effect of gamma radiation on a
power element made of Kevlar yarns impregnated with a
water-repellent compound was carried out based on the
determination of the mechanical tensile strength. The test

was carried out in accordance with ASTM
D7269/D7269M-2 «Standard Test Methods for Tensile
Strength of Aramid Yarns». ASTM D7269 is an
international test Standard for determining the tensile
strength of aramid yarns, cords twisted from such yarns,
and fabrics woven from such cords. The ASTM D7269
standard covers several variants of testing procedures for
aramid yarns and Kevlar-type fibers. This test was carried
out using a tensile testing machine. The machine is a
mechanical-electrical integration and consists of a force
sensor, a transmitter, a microprocessor and a load drive
mechanism. The high-precision electronic motor can be
adjusted to five speeds, and the components are connected
by plugs. The breaking load measurement was performed
at a constant speed of a moving clamp with a pendulum.
The clamp jaws are flat with a gasket to avoid slipping
and catching of the threads during the tests. The test was
performed on untwisted yarns. The nominal distance
between the clamps (length of the yarn samples) is
200 mm. The clamping speed is 250 mm/min. The
pretension of the yarns is (20 + 2) mN/tex. The actual
breaking load at thread breakage is taken as the arithmetic
mean of five test results in the unirradiated state and after
each absorbed dose of radiation of the optical cable
samples, respectively.

Influence of the absorbed dose of gamma
radiation on the mechanical tensile strength of high-
strength yarns with a waterproof compound of optical
cables. The Kevlar yarns themselves demonstrate high
radiation resistance under the action of accelerated
electron irradiation [44]. In Fig. 6, curve 1 confirms the
high mechanical properties of Kevlar® 49 yarns [44]: a
slight increase of 7 % in mechanical tensile strength
relative to the initial, unirradiated state is observed at an
absorbed dose of up to 2000 kGy [44].

e

1.1 1

13

2 12

0.0 bn s
q 1
0.9

0.8 o8
0.

050 100 150 200 250 300
DGy

D, kGy

0 500 1000 1500 2000
Fig. 6. Dynamics of change in mechanical tensile strength of
Kevlar® 49 aramid yarns under irradiation with accelerated
electrons (curve 1) [44] and of Kevlar-based aramid yarns
impregnated with a water-repellent emulsion under the action of
gamma radiation on optical cable samples

Irradiation of optical cable samples with Kevlar
yarns impregnated with a water-repellent emulsion
demonstrates a significant effect of the absorbed dose of
gamma radiation on the mechanical strength of irradiated
samples compared to the mechanical strength of
unirradiated samples. Curve 2 in Fig. 6 corresponds to the
experimental dependence of the mechanical tensile
strength of high-strength Kevlar-based yarns with a
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water-repellent compound, extracted from optical cable
samples irradiated with a dose of 100, 200 and 300 kGy.
The points on curve 2 are the result of averaging the
mechanical strength values. The smooth curve 2 is a
polynomial approximation of a 5th-order polynomial [50].

In the considered range of absorbed gamma
radiation dose, a characteristic decrease in mechanical
tensile strength by 30 % is observed at a dose of 75 kGy
and an increase by 11.5 % at a dose of about 250 kGy
relative to the initial unirradiated state. The decrease in
mechanical strength of aramid yarns is observed due to
the influence of a water-protective adsorbent. Under the
influence of radiation, additional polymerization of the
water-oil emulsion of polymers with ultra-high absorption
capacity occurs. This leads to its shrinkage, which causes
a strong effect of the influence on the mechanical strength
of aramid yarns. At higher values of the absorbed
radiation dose, the influence of the water-oil emulsion of
polymers with ultra-high absorption capacity decreases.
In this case, processes of direct influence of gamma
radiation on aramid yarns with an increase in their
mechanical strength are observed: the process of radiation
crosslinking of organic fiber based on aromatic
polyamides is traced.

Conclusions.

1. Based on numerical modeling of the electrostatic
field in an unshielded electrical cable with different
orientations of four unshielded twisted pairs, an
inspection scheme was justified to control the individual
electrical properties of solid polymer insulation of
insulated conductors.

2. Experimental studies have proven the effect of an
absorbed dose of 100 kGy, 200 kGy and 300 kGy of
gamma radiation on the processes of crosslinking and
destruction of polyethylene insulation of samples of an
unshielded electrical cable. This is indirectly confirmed
by the dynamics of changes in the electrical capacitance
of insulated conductors of unshielded four twisted pairs
according to the test scheme: each insulated conductor
under potential — against all seven others under zero
potential.

3. A criterion for achieving a critical state of
polymer polyethylene insulation of insulated conductors
under the action of gamma radiation of cables is
proposed. The criterion is based on the change in the sign
of the relative electrical capacitance of insulated
conductors in the irradiated state to the unirradiated state
of the cables of on-board systems. In the range of the
absorbed dose of gamma radiation from 100 kGy to
200 kGy (in the frequency range from 0.1 kHz to
10 kHz), the relative electrical capacitance has a positive
sign. At an absorbed dose of 300 kGy, it has a negative
sign.

4. The synergistic effect of the influence of a water-
repellent adsorbent on the mechanical strength of aramid
yarns of the power element under the action of gamma
radiation on samples of the optical cable of on-board
systems has been experimentally proven. In the range of
the absorbed dose of radiation up to 175 kGy, a decrease
in the mechanical tensile strength of aramid yarns is
observed, which is due to the influence of the adsorbent
itself. At a gamma radiation dose of more than 175 kGy,

the effect of the adsorbent decreases. The effect of
radiation strengthening of the mechanical strength of
aramid yarns by 11.5 % relative to the unirradiated state is
observed at an absorbed dose of 250 kGy.

5. The conducted experimental studies provide
grounds for increasing the radiation resistance of
structural elements and the overall efficiency of the
operation of electrical and optical cables of on-board
systems under gamma radiation.
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