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Electrical Machines and Apparatus
UDC 621.313.33 https://doi.org/10.20998/2074-272X.2026.1.01

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.

Bcmyn. Poboma npucesauena yO0ocKoHanenuio npoekmie mpugasnux acunxponnux oeueynie (TAJ]) na ochosi 3acmocysanus
YUCenbHUX PO3PAXyHKie ixnix maenimmux nonie. Taxa 3adaua € aKmyanibHOlO, 36aJICAlO4U He me, W0 KIACUYHA CUcmemd
npoekmyeanns TA/] ne 3aeoicou 3abezneuye 0OCMAMHIO MOYHICMb IXHIX NPOEKMHUX RAPAMEmpIs, MOMY PO3POONIOSaHI 08USYHI
nompedyoms eKcnepuUMeHmanbHoi 00800Ku I 8i0nN06iOHO 0odamkosux eumpam uacy ma xowmis. Ilpoonema. Ilpu xnacuunomy
npoexmyeanti TAJ] macHimHuil po3paxyHox UKOHYEMbCA HA OCHOGI meopii mazHimuux xin. Maenimonpogio TA/ posdinaromsv na
VYMOBHO OOHOPIOHT OiNAHKU, HA AKUX MASHIMHI 8EIUYUHU B8AXHCAIOMBCA PO3NOOINEHUMU PIGHOMIPHO, Npome peanivHull ixHitl po3nooin
€ Habazamo ckaadHiwum. Taxuu nioxio npuszgooums 00 NOXUOKU BUSHAUEHHS eleKmpomacHimHux napamempie TAJ], i, Ak HAcHiOOK,
Hemo4HOCMi eHepeemuyHUX, MexXaHiyHux, Menioeux mowjo pospaxyuxie. Memoio pobomu € nooanrbuiuii po36UMOK Ccucmemu
npoexmyeannst TAJ[ winsxom it ymounenHs 3a 00OnoMo2010 4UcCenbHO-NOAbOBUX PO3PAXYHKIE eNeKMPOMACHIMHUX MA eHepeemUYHUX
napamempis. Memoouka nobyoosana na 4uceibHO-NONLOGIN nepesipyi ma ymounenui kiacuuno2o npoekmyeanns TAJ. Bona €
CYBOPO  0emepMIHOBAHOI0,  HE36AMNCAIOYU HA  CKAAOHICMb  JUHIUHUX MA  HeNHIUHUX — 63A€MO36 SI3KI  KOHCIPYKMUGHUX,
CNEeKMPOMASHIMHUX A eHEP2eMUYHUX 1020 NAPAMempie,momy Ri0OAEMbCsl A0eKSAMHIl ANeoOpuUmmMizayii i npocpamyeaHHio i3
3aCMOCY8AHHAM TMepayiunux po3paxyHkie. Teopemuuni 0CHOGU MemOOUKU NIOCUNEHI 2APMOHIYHUM AHATIZ30M HACO8UX (DYHKYIU
ENIeKMPOMASHIMHUX — BENUUUH MA  YMOUHEHUM 6USHAYEHHAM OupepenyianbHo2o Oonopy poscilo6aHHA O0OMOMKU CMAMopa.
Incmpymenmom peanizayii memoouxu € npoepama FEMM y cykynnocmi 3i cmeopenumu ckpunmamu Lua. Pezynomamu. Buxonano
4UCeNbHO-NOALOBI PO3PAXYHKU eNeKMPOMASHIMHUX Ma eHepeemuynux napamempie mecmogozo TAJl, pospobaenozo 3a kracuunum
npoexmom. Lleil 0suzyn nepegipeno y medlcax pedxdcumis CUHXPOHHO20 HepobOU020 X00Yy ma HOMIHANLHO20 Hasanmadicenus. Lle
noKazano O0oCMAamHb0 BUCOKY eQeKmusHiCnb HAOAHUX MEOPeMUYHUX | NPAKMUYHUX OCHO8 HUCENbHO-NONbOBUX DO3PAXYHKIE |
susasuno, wo npoekm TAJ/] He 6ionosioae 3as6ieHum nomysxcnocmi ma wanpysi. [ns euxo0y Ha iXwi HOMIHATbHI 3HAYEHHS HAOAHO
WIIAX YMOYHEHHS HAMASHIYY68ANbHO20 CIMPYMY 00MOmMKYU cmamopa i kog3anis pomopa. Haykoeorw noseusnoio ¢ pobomi € cucmema
YUCENbHO-NONbOGUX PO3PAXYHKIE enekmpomazhHimuux ma enepeemuynux napamempie TA/l, axa y cyxynmocmi 3 imepayiiinum
npoyecom 3abesneuyc 1020 8usi0 Ha 3a0aHi HOMIHANbHI HANpY2y 0OMOMKU cmamopa i 6UXIOHY NOMYAHCHICb NpU 0OHOYACHOMY
eapitoeanni namazHiuloieanbnozo cmpymy ma koesanus. Ipakmuuna yinnicms. Memoouxy uucenvno-nonibosux pospaxynxie TAL]
na 6asi npoepamu FEMM i ckpunmy Lua pexomenoosano 6y008ysamu 8 agmomamu3o8amy cucmemy npoeKmy8ants yux O8UyHi6.
Oxpim nepesipku i ymounenns napamempie npockmosanux TAJ], 3a po3pobaenumu Memoouxoio i npoepamoio ModuCHa oOmpumMamu 8
aA8MoMamu308aHoOMy PO3PAXYHKOBOMY PENCUMI CiM 10 YMOUHeHUuxX 1io2o pobouux xapakmepucmuxk. biomn. 29, Tabm. 5, puc. 9.

Kniouoei cnosa: TpudazHuii aCHHXPOHHUN ABUI'YH, aBTOMaTH30BaHi 4HCeJILHO-NI0/IL0OBI pO3paxyHKH, MarHiTHe nojue, FEMM,
€J1eKTPOMATHITHI | eHepreTH4Hi NapaMeTpu, nepeBipka Ta yToO4YHEeHHS NPOEKTHHX JAHHUX.

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.I. 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 (PSO), 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 wvarious 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 wuse 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
Uy = 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 cosqg,y = 0.889. The
motor has the number of pole pairs p = 2 and the number
of phases m, = 3. The main dimensions include the outer
cores diameters of the rotor d. =184 mm and the stator
dee = 272 mm and their length /, =130 mm, air gap
0 = 0.5 mm. The stator has O, = 48 slots, the rotor —
O, = 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 is
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 » and of
the MF n, coincide with the direction of the coordinate «.
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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 1,54 | 1,65 | 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 /, 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:

iy = Ipygcos(ogt);  igp =1, c08(0f — %n) ;
isc zlmscos(cost%r%ﬂ) , (M

where 1, :\/ZIS is the amplitude of currents; I is

their effective value; w,=2nf; is the angular frequency; ¢ is
the time.

In the model in Fig. 1, the values of phase currents
are given by (1) for the initial time # = 0, and then their
instantaneous values: iy = 1, i = i;c = —0.51,,. 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:

1 - -
rot| ——rot(k4,) |=kJ, , 2
Ll( 5) ( z):| z (2)
where J,, 4. 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; A is the magnetic
permeability: either the magnetic constant y, 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 A4.(x, y).

The calculation of the MF was performed at the design
magnetizing current of the stator winding /, = 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

D = (Az,l _Az,2) la s 3)
where A4, 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 4.;, the
second one is where the maximum negative value 4.,.
In the SIM mode, the location of these points is shown
in Fig. 1.

In this way, we obtained 4,; = 34.859 mWb/m;
A, = —34.857 mWb/m and by (3) &, = 9.063 mWhb.
This is close enough, although with a clarification: the
magnetic flux in the TIM design has a value of
9.005 mWb.

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 mWb
(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

Yo =Ng -1, x

1 1 1 1 0
x| — [A,dS—— [A,dS +— [A,dS —— [A4,dS
Si s, 28, 35, 4, J
where integration occurs over the cross-sectional areas
S1—S4 of the conductive part of the slots of the phase
zones with the currents markings +i;4 Ta —i;4 of the phase
winding 4.

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
¥, = 0.9843 Wb was obtained.

In the position of the phase winding A4 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

Eg=\2nf, ¥, =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 4 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):

Yi(ag); oy =>k-Drg k=12,3,..K, (6)
where k is the counter of the positions of the conditionally
movable «mask» of the phase zone; K= Qy/p is the number
of such positions within two pole steps t,, which is the
period of function (6); 1,=360°/Q; is the tooth-slot step of the
stator core.

Table 2

Angular discrete function of the MFL W, of the phase
winding 4 at 24 angular positions, Wb

k 1 2 3 4 5 6
w,| 0,9843 | 0,9430 | 0,8337 | 0,6685 | 0,4617 | 0,2349
k| 7 3 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
kK| 19 20 21 22 23 24
w,|-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 a= Q, where QQ; = o,/p is
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

0.8/,
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0.4\ 2

0.2
0

-0.2

-0.4
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Fig. 3. Time function of the MFL of the stator phase winding

within its period 7 1 — synchronous idle mode; 2 — nominal load
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The function W) 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 4:

Ng
Y= 2 Y, COS(V(Dst""Y\yv): (7
v=1,3,5...
where the amplitudes of ¥, 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
N, cannot exceed K/2. In (7) the values of vo,f and v,,, are
measured in electrical radians or degrees.

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

Ng
e, = > vo,¥,, cos(vcost+ Yyv — n/Z), ®)
v=1,35...
where the amplitudes of the v-th EMF harmonic are
separated

Ep v, P, 9
as well as its corresponding initial phase
YEv:va_n/z' (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:

Esy = \/Enfsvlymv : (11)
Time functions (7) and (8) in Table 2 and Fig. 3,
respectively, have a semi-periodic asymmetry:
lIjs,k (Of,k) = _\Ps,k(ak + Tp); k= l’ 2> 3:K 5 (12)
therefore, their harmonic series contain only odd
harmonics, i.e. for these functions we get N, = 11.
Taking into account the entire harmonic

composition, we find the equivalent effective value of the
phase EMF of the stator winding

(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 Y¥,,= 0.9630 Wb; v,,=0,
effective value and initial phase of the first harmonic of
the phase EMF E; = 213.9 V, yg, = —n/2; effective value
of the total EMF according to (13) E,, =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 E;, 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

¥, | p.u. | 1,000 | 0,0203 | 0,0003 0,0010]0,0009]0,0002
E,, |p.u.| 1,000 0,0610 | 0,0013 |0,0067]0,0078]0,0027
E, | V [2139] 13,04 | 029 | 1,44 | 1,66 | 0,58

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:

gs = _Es + QRS +gscdif + Qscfh > (14)

where the vectors are applied: EMF E,; voltage drop
across the active resistance of the stator winding U, and
across the inductive resistances of its differential Ussyy
and frontal U, 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° + g, with respect to the current, and it has the
effective values of the active and reactive components:
E.= Ecosog; E,= Esineg. The effective values of the
voltage drops on the specified resistances are calculated
by the formulas URs: Rs‘[n chdif = dei/]s; (Jscfh = ‘X;‘UfhlS'
These resistances are determined when designing the TIM
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and have the values R= 0.402 Q, X = 0.253 Q;
KXo =0.234 Q.

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 U, are obtained:

Usa = Esa + URS ; Usr = Esr + Uscd[f + Uscjh >

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

2 2
Us = VUsa +Ug 5 ¢y =arctgUs, /Uy,) -

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

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 Uyy.

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 /, = 8.09 A was determined, and the values of
the remaining quantities mentioned were ¥,,; = 0.9725 Wb;
E, =216V, Upy =33 V; Uy =2 V5 Ugpy = 1.9 V;
U;=220 V.

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

kyp =Uy | Eg =1,028 (15)

where E =\/ES2‘,+(ES,,—USOW)2 =214.1 V is the phase

EMF without all dissipation components, U= Xiouls =
= 1.9 V is the voltage drop across the slot leakage
reactance; E,, = 0; E,, = 216 V is the active and reactive
components of EMF E (in the SIM mode, according to
calculations, @z, = 90° was turned out).

The value of kyj 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 o,;, which is closest to the
left to the y axis (in Fig. 5 a,; = 0). The remaining slots
are numbered by the counter & and they are shifted from
each other by the angle of the rotor tooth pitch
o, = 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 /,, which is
determined in the SIM mode. But then their values are
refined.

The SIM mode current [, has a reactive component
I, which is practically equal to /,, as well as an active
component /g, which is determined under the condition
Isas<<]p:

. Prags +mRI;

sas — >
mg Us

(16)

where P, 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 /;, which, according to (1), has a zero
initial phase.

Fig. 6. Converted L-shaped equivalent circuit of the reduced IM
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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 Ry, Xyouir; Xsom We add the total reactance of its
dissipation X5, = 0.725 Q.

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

Reactance of the magnetizing branch of the
equivalent circuit:

Xmag ZUSN/[p —Xos»

active resistance R,,;<<X,,,; due to condition /y,,<<I,,.

All of the indicated resistances for the equivalent
circuit (Fig. 6) have an additional transformation:

’ _ . ’ _ . " _ 2 ’ . " _ 2 ’
Xos =1 X Ry=cRy; Xop =1 X, Rsr =i R,

oS> or

(17)

where ¢; = 1 + Xy / X, 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 &y (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:

X5 = (X +a1X5,) 5 Ry = 1R +612Rr /s.(18)
The rotor current of such a motor and its phase shift

with respect to the stator winding voltage Uj

ro U

S
p
R+ X

and then the effective value of the real (not reduced) rotor
winding current

¢, =arctg(X,; /R.), (19

L=cl,Kp (20)
where the reduction factor of the rotor winding current to
the stator winding current [3]

— N s K ws Mg 1

- . 1)
N, Ky, m, K,

Irs
which includes N, = 112 — the number of consecutive
turns in the phase winding of the stator; Ky, = 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

I =1, +1,8inQ, 5 Iy, =1gs+1.0080,, (22)

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

Iszwﬂsza-i-]sz,; o =arccos(ly, /1) .  (23)

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

Py = 180° - P+, (24)
which in the motor design is converted into a geometric
angle

Og =@y /P (25)

On the basis provided, a multiphase system of
instantaneous current values in the rods of the short-
circuited rotor is formed, namely:

I =Imrsin{p~[B+(k—1)-ocrn +0o, +(xr1]} , (26)
where k = 1, 2,...,0, is the numbering of the rotor slots
adopted in Fig. 5; I, =x/5'1r is the amplitude of the

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

The calculations yielded the following values:
I, = 28.8 A; ¢, = 27.25% o, = 12.23°%; ¢, = —164.98°;
K =16.9; 1, =446 A; o, =—-82.49°.

The distribution of currents along the slots of the
stator and rotor at pole pitches 1, 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 mWhb, 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 i, 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 ¥,,, 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

¥, [ p-u.| 1,000 | 0,0216 | 0,0069 | 0,0031 | 0,0001 | 0,0011
E, |pu.| 1,000 | 0,0648 | 0,0347 | 0,0217 | 0,0011 | 0,0117
Ey | V [2069] 1341 | 7,18 4,49 0,23 2,42

Amplitude and initial phase of the first harmonic of
the MFL ¥,,; = 0.9313 Wb; vy, =—56.55°, effective value
and initial phase of the first harmonic of the phase EMF
E; =206.9 V; v = 33.45%; full EMF by (13) E,,,=207.5V;
by (17) phase voltage Us = 224.7 V and the phase shift of
the current relative to it ¢, = 34.84° (Fig. 7); voltage drops
Ups =T V; Usoiy=7.4 V; Uy =69 V.

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

Ng

2 _

Esdgf: Y EL =16.05V,
v=3,5...

as well as the refined differential resistance of the stator
winding

(22)

Xsodif = jl

N

=0.61 Q.

(23)

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 X4

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

- input electrical power of the TIM:

n =mgUgIcosQy ; (24)

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

la

=<4 25
Ho(ry —17) 2

em J-BrBa rds,
S§
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 7, 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:

Fopp = M €2, (26)

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

- electrical power losses in the stator and rotor
windings

2 2
Py =mRJI;; Py =m.R.I..

s 2 e

27)

The values of the remaining power losses in these
calculations do not change and are taken from the TIM
design [4]: P, — magnetic losses in the stator core,
P,ec — mechanical losses, additional losses Puy, Puagr —
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:

PoutZ})em_Pelr_Pmagr_Pmec_Pad' (28)
And finally, the efficiency of the TIM:
N="Foy/By. (29)

The mentioned power losses have the following
values: P, = 1046 W; P = 407.7 W; Pues = 270 W5
Pragr =873 W; Py = 117 W; Py =843 W.

According to the provided formulas, the integral
energy parameters of TIM were obtained: M,,, = 97.72 N'm;
P, = 16.667 kW; P,, = 15350 kW; P,,, = 14.741 kW;
cos@, = 0.821; 1 =0.884.

The phase voltage based on (14) U, = 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 I,
Therefore, by iterative method, numerical-field
calculations using the provided method found /, = 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: ¥,; = 0.9101 Wb; y,, = —57.17%
E; =202.4 V; yp =32.83% a, = 83.10°%; E,, = 207.5 V;
Ups =T V; Uggy = 74 V; Uy = 6.8 V; U= 220 V;
¢, = 34.28°% M,, = 9545 N-m; P, = 16.288 kW,
P,,=14.988 kW; P,,~=14.379 kW, cosp,~0.826; 1 =0.883.

From all of this, it can be noted that the voltage Uj
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, /, 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 /..

This coordinate system is represented in axonometry
by the plane s, /,, in which the point 0 is placed with the
coordinates of the slip sy and the magnetizing current /,,
which are given in the current iteration for calculating the
voltage U, and the power P,,,.
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AUy

Fig. 9. Diagram of the varying current /, and slip s
and the deviation of the desired values U, and P,,,,

In the first iteration, the values of the slip s, and the
current P, 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, 1,9 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 s,, lines 1-3 and 2-4 have the current
coordinates /,; and /.

Then the sides of the rectangle have dimensions

As=s,—s1; A=l — 1. (30)

These dimensions are chosen such that it is possible
to allow within their limits a linear dependence of the
voltage U, and the power P,,; on the slip s and the current
1,. For example, for the first iteration, it is possible to set
As = 0.05sp; Al = 0.05/,, 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:

S1:S()*AS/2; S2:S()+AS/2; Im:[uofAI/Z; 1H2:IH0+AI/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 P,,; (28)
are determined at these points using the method given
above:

Usiks Powre» K=1,2,3,4, (32)

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

AUy =Ugy —Ugy ;s AB =By — Py, k=1,2,3,4.(33)

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

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, /.

As noted, within the coordinate rectangle 1, 2, 3, 4, a
linear dependence of U, and P,,, s and I, is allowed. Then
it is possible to draw straight lines in pairs through the
ends of the vectors AU, and AU,, AU; and AU,, and
similarly through the ends of the vectors AP, and AP,
AP; and AP, (see Fig. 9).

At the intersections of the formed lines with the side
lines of the quadrilateral in its plane, the voltage AU} and
power AP 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:

Al
> lwe =1 —AU3L;
AU, — AU, AU4—AU;

Al
APy —AP; -

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:

Iys =1, — AU,

ps =

Al
Iu7:[u1_APl “AR > Iu8:IHI_AP3

Tye —1ys
ooy DTS 34
w=lus + == (s =) (34)
lyg =17
IHZIH7+%(S—S1). (35)

On line 5-6 AU, = 0, on line 7-8 AP,,, = 0, then at
point 9 at their intersection the conditions AU, = 0 and
AP, = 0 are fulfilled together.

From the system of linear equations (34), (35) we
obtain the desired slip and magnetizing current at point k:

Tys =17
Ky - K,
Ie—1 Io—1
where the coefficients K| =20 ——#5 . g, = B8 “W7
As As

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

Such values should simultaneously provide the
nominal voltage Uy and power P, of the TIM.
To verify this, with the found values of s, and /,, the MF
is calculated using a known method and at point £,
the values of voltage (14) and output power (28)
are determined, respectively: U, = 220.19 V and
P,,, = 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 U,y and P,,.y. The residual differences AU, and AP,,,
can be explained by the fact that the functions U(s, 1,)
and P,,(s, 1,) actually differ somewhat from the linear
ones adopted in Fig. 9 and in the accompanying formulas.

Table 5
Mismatches of values on the first iteration
Variation s;=0.0248 s, =0.0274
_ AU =259V AU;=-3.17V
[ =6.849 A AP, =1311W AP;=-218 W
B AU, =5.19V AU, =483V
Lo =T3TLA AP, =787 W AP,=37TW
Control point k: s, = 0.0274; I, = 7.135 A;
discrepancy AU, =0.19 V; AP, =19 W
12
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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 /,,,
the iterative calculation is repeated.

But in the second iteration, the initial values of slip
so and current /,o are taken as the values of s, and /,
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 A/ are halved by (30, 31).

After the third iteration, the deviations at the new
control point k£ decreased to AU, =0.01 V and AP, =4 W.
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, = I, = 7.12 A;
In=299 A; I. = 469.5 A; o, = 83.41°; M,,, = 100 N-m;
U, =220V, P, =17.1 kW, P, = 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
to 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.
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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.

Bcemyn. Onmumanvhe nnamysanus yCmanoeok posnoodinenoi eenepayii (DG) € KpumuuHo 6axciusoio memoro OOCTIONCEHHS uepes
3pocmarouy inmezpayito 6I0HOGTI08AHOT eHepeemuKu ma HeoOXiOHICMb NiOBUWeHHA NPOOYKMUBHOCMI po3nodinbuoi mepexci. Knacuuni
Memoou onmumizayii 4acmo maromv npobiemu 3 JIMIUHICMIO, ONYKAICMIO MA CUTbHO MO8 A3aHol0 npodnemoro posmiwenns DG.
Ipoonema. Posnoodinbna mepexca 3 wunamu IEEE 33 3a3nac snaunux nadinb Hanpyeu ma GUCOKUX 6mpant aKmueHOi ma peakmusHoi
NOMYJICHOCMI 30 HOPMATILHUX YMOG eKcniyamayii. Busnauenna onmumansroz2o posmiwenns ma posmipie DG e cknaonoio npobiemoio, o
BKTIIOYAE YUCTEHHI 83A€MOOTIOYT 3MIHHI ma eKcnayamayiuti oomedcenns. Mema. Lle docriosicents cnpamosane Ha NOKPAWEHHSL MEXHIUHUX
XAPAKMEPUCUK UIIXOM MIHIMI3ayil 3a2anbHUX 8Mpam aKmueHoi NOMYM’CHOCMI ma GIOXUIEHHS Hanpyeu, 3a0e3neuyiouu npu ybomy
cmabinbHicmy Hanpyau ma Haditinicme mepedici. Memoouka. Aneopumm onmumizayii poio yacmurox (PSO) yoockonaneno 3a donomoeoro
memody Dehghani (DM) — nonynayitinoi Moougixayii, wjo 0036015€ 6cim 0cobam, BKIOUArOYY HAUIZIPUIO20 YIeHd, 3p0OUMU C8ill BHeCOK 6
OMPUMAaHHS HAUIKpawjoeo piuwienns. Yoockonanenuti aneopumm PSO-DM 3acmocosyembcsi 0o cucmemu wiun IEEE 33 y uomupwox
sunaoxkax: bazosuii eunadox 6e3 DG ma cyenapii 3 2, 3 ma 4 DG. Linboéa (hynkyis 6xnouae MiHimMizayito 6mpam aKmueHoi nonys#cHOCmi
ma 3azanvhe gioxunenns nanpyeu. Pesynomamu. Kongicypayia 3 4 DG 3nauno nokpaugye npooykmueHicme cucmemu: 6mpamu akmueHoi
nomyoicHocmi smernuytomocsi 3 210,67 kBm 0o 53,9 kBm (3nuscenns na 74,4 %), peakmuernoi — 3 142,84 kBAp 0o 38,42 kBAp (3Huoicenns
na 73,1 %), minimanona nanpyea na wiuni spocmac 3 0,9037 y.o. 0o 0,9741 y.o., a 3azanvhe gioxunenns nanpyeu smenutyemocs 3 1,8037 y.o.
00 0,5129 y.o. (noxpawennsa na 71,6 %). Li pezynomamu demoncmpyioms, wjo PSO-DM egexmusno banancye po3gioky ma excniyamayiio,
3abesneuyiouu Kpawi piwenns 0as posmiwenna ycmanosok DG. Haykosa nosusna. Inmecpayis DM ¢ PSO enposadicye mexarizm
KOONepamueHo20 YMoUHeHHs pilieHb, AKUll NioGuUwye weuoKicms Koueepeenyii ma mounicms nowyky. Ilpaxmuuna 3uauumicme.
Cmpykmypa PSO-DM 3abesneuye HaOitinuti ma o04UCIO8aTbHO eghekmueHuti  iHcmpymenm 018 naanyéawua DGy cyuacHux
inmenexmyanbHux po3noodineuux mepexcax. biom. 22, tadm. 1, puc. 3.

Kniouosi cnosa: po3noaijiena renepanisi, onTuMizauisi poro 4actok, metrox Dehghani, Binxusienns Hanpyru, minimizauis BTpat
NOTY KHOCTi, pO3N0OALNILHI 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 {Ppg, Opcy} 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 /eL connecting bus i to j, the active power loss is
calculated as:

L 2 2
b +0
Floss :ZRl—zn (D
i=1 Vi
where R, is the line resistance; P;, O, are the active and reactive
power flows; V; is the sending-end voltage magnitude.

Nodal active and reactive power balances are:

b= PBj—Pp;+Ppg,: (2)
jes
0= Y.0;-0pi+0c.i - 3)
jeL;

where Pp;, QOp; denote loads; Ppg;, Opg; denote DG
injections at bus .

Branch power flows in backward-forward sweep
include:

Pj= Y Pp+Pp;—Ppg: (4)
me? ()
Q5= 2.Qm+9p,;~Cpa, - ®)
me¥ (j)
Bus voltages are updated using:
vy Riby + X0y
j =V V. :

1

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

Spex = Ppe i+ jOpc - (6)
DG size constraints are:
P Bn(ifk <PpG.r < PpGk - @)

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

N

min F = @ B, + WZ[ZWZ N 1|] > ®)
i=l

subject to: 0.95 p.u. < V; < 1.05 p.u., where: @,, @, are the

weight coefficients; the second term minimizes total

voltage deviation (VD = ZIZJV,- - 1| ). This formulation

16

Electrical Engineering & Electromechanics, 2026, no. 1



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;eR" and velocity V;eR” at
iteration ¢. Each particle retains a personal best Py, and
the swarm maintains a global best g (also denoted
Xpest)- The standard PSO update rules are:

1
ViH— = wVit + Clrl(Pbest,i - Xtt)"’_ CZFZ(gbest - Xtt)’ (9)

X = xt eyttt (10)
where ® is the inertia weight; C;, C, > 0 are the
cognitive/social coefficients; 7, 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 Xp,, initialized as the
current best:

XDM <~ Xbest' (1 l)

For every particle i = 1, .., N, and for each
dimension d = 1, ... , D, DM attempts a component-wise
replacement:

Xpu(d) < Xi(d). (12)
Compute the objective {Xpy). If
f(XDM) <f(Xhest): (13)
then accept the improvement:
Xhest <~ XDM: (14)

otherwise restore Xpy(d) < Xp(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. Xpu < Xbesr-

2.Fori=1toN,:

3.;;Ford=1toD:

4. 5555 Xpu(d) < Xi(d) and evaluate f{Xpy,).

XDM(d) <~ Xhest(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 ¢, apply
DM to refine X}, That is:

1. Update V!, X/

2. Update P best,i and 8best-

3. Apply DM to attempt component-wise improvement
0beest~

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
Py, KW 210.67| 183.37 136.5 53.9
QOlosss KVAT 142.84] 1233 90.87 38.42
Vinins P-U. 0.903 | 09195 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
240.91
129.31 466.97
Ppe, kW B 306.87 29270’30 131.15
700

124.90

116.68 ’
62.63 226.16
Op, KVAr | 14862 194635965 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. Voltage 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.

BRI N T T e

Bus Number

Fig. 1. Voltage profile without and with DGs integration
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Fig. 2. Active power loss after DG placement
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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 kVAr, 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 um) 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 107° 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.

Bemyn. Excnonenyiansie 3pocmants Kitbkocmi 6i0X00i@ enekmpuunoco ma enekmponnozo oonaonanns (WEEE) eumacace eghexmugHux
cmpameeiii ynpasninia niacmukosumu gioxooamu. Ihacmuxu, octosna wacmuna WEEE, cmanoenamy sK exonoeiuny npoonemy uepes
HU3LKY OIOpO3KIadHicmb, mak [ yinHe Ooicepeno emopunHoi cuposunu. Ilpobnema. Tpuboaepoenexmpocmamuuni cenapamopu 3
00epmosUMU  OUCKOBUMU  eNIEKMPOOaMU  HPONOHYIOMb NEPCHEKMUeHe piuteHHs: 0Nl MOHKo20 posdinenns naacmuxy. OOwak  ixus
NPOOYKMUGHICIb  3A/1eNCUMb IO YUCTICHHUX, HEMHIUHUX Mma 3MIHHUX Y Yaci ¢hakmopis, maxux sK weuokicms Oucka, Hanpyea ma
enacmugocmi uacmuHox. Lli cknaomi e3aemooii ycknaouiooms ananimuume MOOEN0BAHHA Ma CMadinbHe KepyeanHs Npoyecom, 00Medcyiodu
npomucnose 6npogadicents. Memorw podbomu € po3pobka HAOIIHOT OUHAMIYHOT MOOeni Ha OCHO8I HelpoHHux mepedc NARX, 30amuux
NpOHO3YBAMU eBOTIOYII0 KIIOYOBUX 3MIHHUX NpoYecy, Makux sK 6IOHOGIeHA MaAcCa ma 3apso0 YACMUHOK, ) peansHomy uaci. Memooonozia.
3anpononosana netiponna mepexca NARX eusuac yacosi neninitini 3anezicHocmi 6e3nocepeoHbo 3 eKCnepuMeHmanbHux OaHUX, YHUKAYU
HeoOXIOHocmi A6HUX DI3UUHUX PIGHAHb. EXcnepumenmu nposoounucs Ha CUHMEMUYHIT CyMiutl YaCMUHOK aKpUIOHIMpUIOymaoieHCmupony
(ABS) ma nonicmupony (PS) y cniggionowenni 50:50 ona oyinku npoOyKmugHocmi mMooeni 3a PizHUX WeUOKOCmell OUCKIS, Hanpye ma
wisuoxocmeti nomoky nogimps. Pezynemamu. Po3po6iena mooens mouHo npoeHo3ye 6i0H06NeHy mMacy ma Habymuti 3apsio sax ABS, max i PS
¥y wupoxkomy oianazomi pobouux ymos. I[IpocHosu OemMoHcmpyiomb 6UCOKY GIONOGIOHICMb 3 eKCHepUMEHMANbHUMU SUMIPIOBAHHAMU,
nIOMpUMyIOUU HU3LKULL pieerb NOXUOKU HAGIMb NpU eKcmpemanbHux 3nauennax napavempie. Haykoea noeusna. L[a poboma asnse coboio
nepute 3acmocyéants Heuporunux mepexc NARX ona mooentosanns ounamiunoi nogedinku mpuboaepoenekmpocmamuyHo2o cenapamopa 3
0dgoma obepmosumu ouckamu. Lleti nioxio epaxosye 8axciusi 3anexcHi 6i0 uacy 63aemooii, AKi 36UNALiHI CIamuyHi ab0 aHATIMUYHI MoOeri He
modicyms onucamu. Ilpakmuuna 3snauumicms. Mooerns NARX oemoncmpye 8ucoky npocHocmutHy mOYHICHs Ma CIIUKICMb Y PO3UIUPEHitl
pobGouiii onacmi (420 kB, 15-60 06/x6, 7-9 m*/200), 3 noxubkamu, oomexncernmu dianasonavy 10° 2 ma 107 yxKn. Lfi xapaxmepucmuxu
OeMOHCIPYIOmb 1020 NOMEHYIan Osl IHMENEKMYWIbHO20 KEPYSAHHS 6 PEXCUMI PeaibHO20 4acy ma aoanmueHoi onmumizayii npoyecie
ENeKMpPOCMAamuyHo20 Po30LIeHHs npu nepepobyi niacmurosux eioxoodis. bion. 39, Tabn. 3, puc. 9.

Kniouogi cnosa: eleKTpocTATHYHA cenapanisi, BICOKA HAaNpyra, JMHAMiYHe MO/leJIIOBaHHs, HelipoHHa Mepe:xka NARX, nepepo0ka.

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 (AI) offers a
powerful and innovative alternative. Artificial neural
networks (ANNS), 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]. ANNs 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 um. 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.

3

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].

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 pm
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 m3/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:

y(e+1)= fIp(e).. v —d, + Dsule)....u(t —d, + 1], (1)
where u(?), y(f) are the input and output of the network at
time f; d,, d, are the input and output orders; f is the

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

yle+1)= sy} ule)]. )

U
2 =|Nd
Q
Input

— mABS

— | Mipg

Ee 455

py

Qutput

Fig. 4. NARX neural network with delayed input

The input vector u=[U, N, O]" consists of 3
elements: the high voltage applied to the electrodes (U),
the rotational speed of the electrodes (V;) and the air flow
rate of the blower (Q); T is the transpose of the vector. In
contrast, the output vector y = [mygs, Mps, qaps qPS]T
consists of 4 elements: the collected mass of ABS and BS
(m4ps, mps) and the electrical charge of the collected mass
of ABS and PS (guss ¢ps). This network also employs
tapped delay lines to store previous values of the input
sequence u(f) and output sequence y(f). Moreover, the
NARX network output, y(¢), is fed back to the network
input (through delays), since u(f) depends on y(+1),
W(t=2),....(t-d,). 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 =Y (M, —Y,~)2/N; 3)

i

R? =1—§(Mi —Yi)z/]z\_/:(Mi ‘;")2 > @

1

ME:Z(M,.—Y,.)/Ne; ®)
MAE:Z|M,.—Y,.|/N, (6)

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; ¥; is the average
output; ¥; is the output provided by the network.

The total number of configurations tested is 540
(30%3x%6). 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 21.2:10°°
R’ >0.9999
h J |!_‘\ MSE—s— RIEM Best value| R
> 0,99992
a 150
=
0,99984
100 —
0,99976
50 ‘ 0,99968
053 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,ef) 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,g,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 +9-10° uC.
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A temporal analysis, however, reveals transient
fluctuations up to 8-10° 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 +9-10° 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 (420 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.
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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 PI 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 PI 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 PI-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 DSPMSMSs, 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.

Bcemyn. 3pocmatoua nompeba 6 eghekmusHux ma BUCOKONPOOYKIMUGHUX CUCEMAX eleKmponpueody npuzeenda 00 NOCUTEHHS OOCTION#CEHb
YOOCKOHaneHux cmpamezii kepysants onsi 6azamomawunnux kougizypayiti. Ceped HUX, CUHXPOHHI MAWUHY 3 ROCMITLIHUMY MASHIMAMU Ma
00MOMKOIO CIMAMOpa 3a cXemol0 3 €OHaHMA «3IPKay i3 CRITbHUM pe2yToeaHHAM cmpymie obmomok cmamopa (DSPMSM), wo niokmoueni
napanenbHo 00 00HO20 IHEEPMOpA, NPONOHYIONb NEPCHEKMUGHE PiueHHs. Ol 3aCMOCY8aHb, SIKI GUMAAIOMb GUCOKOL HAOLIHOCME ma
mounoeo kepysarnns. Ilpoonema. Tpaouyiini cmpameeii npsamoco kepyeéanns kpymuum momenmom (DTC), sxi 6azyiomwvcs Ha PI-
KOHMPOIepax, Maomy 3HAUHI NYIbCAYIT KPYMHO20 MOMEHITY Ma ROMOKY, WO He2AMUBHO BNIUBAE HA eHeKMUBHICINb cucmeMu ma OUHAMIUHY
xapaxmepucmuxy. Kpivm moeo, yi mpaouyitini Konmponepu cmuxaiomscs 3 npooiemami 06pooKu KoaueaHs napamempie ma 306HiUHIX
30ypeHb, o 0OMeNCYE IXHIO 3ACMOCO8HICMb ) CKIAOHUX yMmosax. Mema. Lle 0ocniodicents cnpamosane Ha niO8UIeHHs NPOOYKIMUBHOCTE
cucmem npueody DSPMSM wuisixom noxpawenms pecymoBanHs wieUOKOCH, MiHIMI3ayii KOnueans KpymHO20 MOMeHmy ma HOMOKY, a
MaKodic NioGUeH s Cmilikocmi 0o 30ypenb, mum camum 3abesneuyiouu oinouty egexmuericms ma cmadinoricms. Memooonocin. [na
BUpIUEHHs Yux npobrem 3anponoHoéaro Hogy cmpamezito DTC, sxa 3aminoe mpaduyitinuil PI-koHmponep KOHmMpoiepom 3 HeuimKor
noeikoro 2-eo muny (T2-FLC). Lleil inmenexmyanvruil nioxio 00 KepyeaHHs GUKOPUCTOBYE AOANTMUBHICTIb HeYIMKOL TI02IKU OJisl HOKPAWEHHS
MOYHOCMIE IO2YKY MA OUHAMIYHUX XAPAKMEPUCUK. 3anponoHOSaHa Memooosoeis Nepesipena 3a 00NoMo20t0 MAcumadHoi cumynayii 3
suxopucmanuim MATLAB/Simulink, ananizyiouu pisni poboui ymosu ma nopisniorouu npooykmueHicme 3 mpaouyitinumu DTC memooam.
Pezynomamu mooenosanns niomseepoxcyioms, wo DTC na ocnosi T2-FLC 3uauno 3menutye nynscayii KpymHoeo MOMeHmy ma NOmoxy,
3abe3neyyroul npu YboMy MmouHe pesyiro8aHHs WEUOKOCHI. 3anponoHosanutl nioxio OeMOHCMpYe NOKpaujeHy cmitikicms 00 30ypeHb ma
Konusans napamempis, nepegepuiyiouu mpaouyitinui DTC na ocnosi PI 3 mouku 30py eghexmusnocmi ma moynocmi kepysanns. Hayxoea
HosusHa. Lle docniocennsn npedcmasnsie innosayitine 3acmocyeanna T2-FLC y DTC ons napanenvho 3 ’c¢onanux DSPMSM, nponouyrouu
HOBY cmpameziio KepyBaHHs, SIKA egheKMmuHo yCyeae nedoniku 3eudaiinux memoois. Iumezpayia T2-FLC y cmpykmypy DTC 3abe3neuye
NOKpaujery aoanmueHicms ma 6UCOKY NPOOYKMUGHICMb, W0 GIOPIZHAE ye 00CTiONCeHHs 6i0 icHylouux pobim. Ilpakmuuna 3nauumicme.
3anpononosana cmpameeis kepyeanHs nidguugye HAOIIHICMb, epeKmueHicmy ma cmabiibHicmy cucmem npugody Ha ochosi DSPMSM, wo
pobums i dobpe npuodammolo O UCOKONPOOVKMUBHUX 3ACMOCYBAHb, MAKUX AK 3AN3HUYA, eleKmpoMOOini ma NpoMUciosd
asmomamuzayis. 3a805Ku NOKpaWeHH0 MOYHOCII Ma HAOIIHOCIMI KEPYBAHHS, yell NiOXi0 CNpUac po3eUmKy iHMeNeKmyanbHUX MexHON02il
NpuUoody 8 CYYACHUX enekmpuyHux pywitinux cucmemax. biomn. 39, tadm. 4, puc. 16.

Knioyogi croéa: CHHXpOHHA MALUIMHA 3 MOCTIHHUMH MAarHiTaMH, KOHTPOJEpP 3 He4YiTKOI0 JIOTiKOKW 2 TUmy, HmpsiMe YNpaBJiHHS
KPYTHHM MOMEHTOM, liecTu(asHuii inBepTOp, 6araToMalIMHHA CHCTeMA.

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

© A. Bounab, A. Chaiba, S. Belkacem, A. Chariete

28

Electrical Engineering & Electromechanics, 2026, no. 1



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 yields 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 TI1-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 (Vy, Vy). The model is
formulated in the (d—g) 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]:
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Vqsl,i_Rsl,i 'Iqsl,i + ‘ Wei 'desl i
do &
_ ds2,i .
VdsZ,i_Rs2,i '[ds2,i + - Wsi '¢qs2,i’
do, . ;
_ qs2,i
Vqs2,i_R52,i '[qSZ,i + — Wi '¢d52,i=
where the expressions of stators fluxes are:
Dys1,i=Las1,i Last,i + Masa,i Las2,i + Ppais
gzsqsl,i:l‘qsl,i 'Iqsl,i +qu2,i 'IqSZ,i; (2)
Dsa,i=Las2,i Las2,i ¥ Mas1i Last,i ~ Peuis
gbqu,i:LqSZ,i '[qSZ,i +qul,i '[qsl,i'

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: [(Vuii Visiin)s (Vaszis Vs2,)1s [Last i
Los1,6)s (asnis Lgs2. )]s [(@astis Pystin)s (Puszis Pysa,d)s [(Last i
Lgs1.6)s (Laszis Lasod)]s [(Mastis Mys1ir), (Masa,is Mys;)] and
@py,;, Tepresenting voltage, currents, stator flux linkage,
stator inductance, mutual inductance in the (d—g) axis, and
the permanent magnet flux, respectively.

The mechanical equation of the machine is:

I 0T, - T 3

where J is the moment of inertia; fr is the friction
coefficient; 7, is the electromagnetic torque; 7, is the load
torque; £2is the rotor’s mechanical speed [13].
The structural representation of the DSPMSM in the
electrical domain is depicted in Fig. 2.
Sp

1
i Vop1
@inbl

~ i

Fig. 2. Schematic of the DSPMSM stator windings

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

[stl,i 'Iqsl,i _Qqsl,i '[dsl,i +

, “)
+¢ds2,i 'Iqs2,i _qqu2,i 'Ids2,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

T, =p-

i
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notation K, Ky, K. represent the switches of the upper
half-bridge, while K, Kj», 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.

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:

Vsal + Vsbl + Vscl= 0;
VsaZ + Vst + Vsc2: 0.

Furthermore, equation (6) accurately represents the
voltage vector generated by the six-phase inverter:

Vel [2 =1 =1 0 0 0 Vao

Var | 1-1 2 =1 0 0 0

Ver | |-1 =1 2 0 0 0 [V

= . (6)
Vsa2 0 0 0 2 -1 -1 Va20

Ve | LO 0 0 =1 =1 2|V, |
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 I, are flowing in each machine, can be
represented by /;; which flows equally in both stators
windings and Al;; which circulates between each stator
winding (Fig. 4) and described as [16]:
]s[:Isl,l + 1s2,i ; (7
I 52,1 -1

, Li
Al == (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 /;; and /;,; and rotor speeds (@, @»). The
corresponding average quantities are computed as:

)

Vpio

11-+I 2
Isi: sl,i . 2,1 : (9)
w[=“’1;“’2 (10)

A
=]
t
a
>
4=
$
m
£
a
2%
A

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:

t

Dys(1,2) = %J.(Vlds(ll) + V2ds(l,2))dt -

0 an
t

1
—EfRs : (11ds(1,2) + lzds(l,z))dt;
0

1 t
Dys(1,2) = EI(qus(l,z) + qus(l,z))df -
0 (12)
1 t
- E(J;Rs ’ (Ilqs(l,2) + I2qs(1,2)}jt;

Consequently, the stator flux module is:

D= D+ Doy (13)
djﬂ:‘\f gzj532 +¢§S2 : (14)

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

Tezg[gbdsl '([lqsl +12qsl)_ (pqsl .(Ildﬂ +[2d‘91)+

+Dys2 '(IquZ +12qs2 )_ Qqs2 '(IZdSZ +1o450 )

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].

(15)
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The universe of discourse for the stator flux angle is
divided into 6 fuzzy sets (¢#;—s) (Fig. 5,a). Triangular MFs
are used for all angular sectors (¢). 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 (&).

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.

”\/"\/”\/”\/“\/"'\/“a)

N ) ) .I' ' ' r'. ]

A

—t
—

ib)

P‘. —|

I
\

N

|
10)

ZERO one

05 1.5

05 1 :
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,, Sj, S. 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

Stator flux angle &

Flux error A@| Torque error AT,

Wl |ttt

P V3| V4| V5(Ve| V1|12

P Z Vo V7| Vo |viiro|vi

N V1| V2| V3| V4| V5| Ve

P V4 V5| Ve |V1|V2| V3

N Z Vi|Vo|v7|vo|vi|ro

N Vo | V1| V2| V3| V4| V5

where:
VOo=[000]; ¥V1=[100]; ¥2=[110]; V3=[01 0];
VA=1011]; 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]:

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

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

e 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.

o 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 (e;) and the variation in
speed error (Ae,). The output variable U, is generated
through the fuzzy inference and defuzzification process,
and corresponds to the electromagnetic torque reference 7.

N FOU (A3}

» (i
LX (e5) Gil—» 1
= (U, u
—»G3 System —»
d (deg) 62 —_—
[ I

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.

Fig. 7. MFs of the input variables

1 L5 1 L5

To illustrate the operation of the proposed T2-FLC
for speed control, a few representative fuzzy rules are
presented below:

Rule 1: if e; is NG, and Ae, is NG then U, is NG.

Rule 2: if e, 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 ¢, is PG, and Ae, is PG then Uy 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 R;; = Ry, Q 0.12
Stator inductance L,, mH 0.8
Mutual inductance L,,, mH 0.3
Flux linkage @p,;, Wb 0.394
Pole pairs p 4
Moment of inertia J, kg-m2 5-107°

Viscous friction coefficient fi, N-m-s/rad| 0

PI controller gain (integral) K; 3
PI controller gain (proportional) K, 900
0.021
T2-FLC gains Gy, Gy, 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 N-m, 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 R;.

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 at r € [0.1, 0.2] and motor 2 at ¢t € [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

-200 - - - . LS
0 0.1 02 03 04 05
Fig. 8. Speed response of the two DSPMSMs in Test 1

300

T., N-m

v
'
7

DSPMSM2

50 " i " L " s s
50
0 0.05 01 0.15 02 025 03 035 04 0.45 05

Fig. 9. Torque 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 PI-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 +=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 #=0.12 s,
then increased to 40 N-m at =0.2 s, and finally reduced
back to 20 N-m at =0.28 s. The corresponding simulation
results motor speed, electromagnetic torque, and stator

currents are illustrated in Fig. 10-12.
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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 PI-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 PI-based DTC approach.

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

T
o, rad/s )

50 011 0.12 0.13 0.14 0.15

Pl-DEPMEM'
— T2FLC-DSPMSM,
00 pLospumsm,
— T2FLC-DSPMSM, s
150 | | |
0 0.05 041 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 PI-based DTC exhibits degraded
performance, with noticeable speed deviations and slower
convergence to the reference trajectory. This confirms the

sensitivity of conventional PI 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 PI
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, TAE and ITSE for PI and T2-FLC

under different test conditions

Controller ISE IAE ITSE

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

PI 1.738 0.3162 0.387

Test 3

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 PI 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
at t = 1.5 s, 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 PI and T2-FLC
Performance metrics PI |T2-FLC
Settling time, s 0.52 ] 0.28
Overshoot, % 12%| 7%
Steady-state error 0.04 | <0.01
Recovery time after disturbance, s 026 | 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 N-m 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, PI 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. PI 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 PI 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 PI 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 (LOR) 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 LOR tuning.
Methodology. The new approach integrates the SOA with LOR 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 LOR is evaluated through simulations and contrasted
with the classical LOR 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 LOR has a remarkable improvement in the system’s time response. In comparison
to the classical LOR, 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 LOR 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.

Bcemyn. Tlpomsazom ocmannvozo Oecamunimms po3uwiupene Ynpaeninusa ckiaOnumu baeamoexooosumu ma bazamoguxionumu (MIMO)
cucmemamu 3Haxo0UNOCs 8 YeHmpi yeazu y 36 A3Ky 3 iX 3pOCMaroduM 6UKOPUCIAHHAM 6 AePOKOCMIYMILL meXHiyi ma pooomomexHiyi.
Heopomopna MIMO cucmema (TRMS) cryswcums emanonnoro cucmemoro, noodibnoio 0o 6epmonbomy, Onisi Mecmy8aHHs nepeoosux
Memooie ynpaeninma. Ii neninitina nosedinka ma snaunuti nepexpecnuii 36’130k YCKIAOHIOIONL YIPAGTIHHS MPAOUYILIHUMU MEMOOaMIL.
Ilpoonema. TRMS xapaxmepusyembcs CUNbHOIW HENIHIUHOK OUHAMIKOW MA eheKkmamu nepexpectHozo 36 3Ky, o KUuoaiomv GUKIUK
mpaouyitinum Mmemooam YnpaeuinHa. Pyune uanawimysamms napamempie Kepy8auHs HACHmO NPU3EOOUms 00 HEONMUMATbHUX
Xapakxmepucmux ma 3HudceHHs Haoitinocmi. Memoio pobomu € onmumizayis azoeux mampuyvb Q i R ninilino-keadpamuunozo
peaynsimopa (LOR) onss TRMS 3 euxopucmannam ancopummy onmumizayii «uatikay (SOA) ona nokpawjens nepexionux xapaxmepucmux,
MiHIMI3ayii nepepezyntoeanHs ma NPUCKOPeHHs cmabinizayii K 3a 6ucomoro, max i 3a HanpsamKom 6 nopieHauHi 3 xaacuunum LOR
Hanawmysanusim. Memoouka. Hoeuii nioxio inmezpye SOA 3 meopieto ynpasninnsi LOR. SOA susnauae natikpawyi suauenis mampuyv Q i
R wunsixom minimizayii pynxyii eapmocmi, SKa 8UHAUAEMbCA MEMPUKAMU npooykmugrnocmi cucmemu. Onmumizoeanuii 3a 00nOMO2010
SOA LOR oyintoemuvcs 3a 00nomo2010 MOOen08anHs ma nopieHioemuca 3 knacuunum LOR 3a ioenmuunux ymos. Kinvxicms cmanogums 50
azenmie 3 maxcumymom 100 imepayiti 0 docsienenns 36idcnocmi. Pesynomamu. Pesynomamu MoOent06anHs NOKA3YVIoOmb, o
onmumizoeanuti SOA LOR 3abe3neuye 3naune noxpawjeHHs uacy 6io2yky cucmemu. Y nopiseuamui 3 xaiacuunum LOR, yi pesynomamu
3abe3neuyioms OLbU KOPOmMKULL yac ecmarosnenus 3 7,35 ¢ 00 5,34 ¢ (=28 %), smenuyroms nepepezymosants (<3 % nopisnsno 3 30 %y
PO3IMKHYMOMY KOHMYPI), 3011buiyioms 0eMnysans i smenutyloms Konusanns. Peaxyii kymig 3a 6ucomoro ma HanpsamKom Osl KbKOX
cxXeM YNpaeniHHA HAOYHO OeMOHCHPYIOMb GUCOKY MPOOYKMUGHICHb 3anponoHoéano2o memoody onmumizayii. Haykoea noeusna. Y yii
pobomi enepute demoncmpyemocs guxopucmannsi SOA ons onmumanvhozo narawmysanns LOR y TRMS. L]e siokpusac HoI Moocaugocmi
0 niOBULYeHHs NPOOYKMUBHOCHI] HENHIUHUX CUCIeM BUCOKO020 NOPAOKY, 6KA3VIOUU WAX 00 OLlbld MOYHUX MA CMADITLHUX Memolig
YIpaeniHHa 8 NpomMucnosgii. ma aepoxocmiuniu mexuiyi. Ilpakmuuna 3nauumicms. Memoo 3abesneuye eghekmuene niogueHHs
yHryioHATLHOCME CKIAOHUX HENIHIUHUX cucmem Oe3 HeoOXIOHOCIE PYYHO20 HANAWNTY8AHHS A MAE NOMEHYILIHI 2ay3i 3CMOCYBAHHSL )
npomuciosii ma aepokocmiunii mexniyi. bion. 38, Tadm. 3, puc. 4.

Knrouosi cnosa: anroputm ontumizauii «4aiika», JiHiiiHUA KBaApaTUYHUI peryJsiTop, IBOPOTOPHA 0araToBXiqHa 0araToBHMXiIHa
cHcTeMa, HATAIITYBAHHS MapaMeTpiB, XapaKTepHCTUKH KePYBaHHSI.

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 O-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]:

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

simultaneously);
e 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.

A 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
between two motors

o

P

> 3 / . are  the  most
o 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.

U . 0
—p| Pitch rotor | Main path pitch

—| Cross path from pitch

—p|{ Cross path from yaw
“2 50 vaw rot 9
—»| 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:

B=M|~Mpp Mg, ~M,, (1

where [; is the moment of inertia of vertical plane; M is
the gross momentum of the main rotor; Mpr is the
gravitational momentum; My, is the momentum due to
frictional force; M, is the gyroscopic momentum.

The momentum is defined as follows:

M, =ayri +byry ; (2) Mpp=Mgsing> 3)
M g, = By + By, sin20)¢” 5(4) My = Ko M0 cos g (5)
where a;, b; are the static characteristic of parameter;
B,1, B, are the friction momentum function.

The torque 7; generated by the main rotor is linked
to the input voltage u; and is can be represented by the
following transfer function:

Ky
(5 e |
s +Tho

(6)
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where K, is the gain of the main rotor; 7', T}y 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:

1,0=My-Mpy-Mp, @)
where I, is the horizontal rotor moment of inertia; M, is
the tail rotor’s gross momentum; Mpy is the friction
momentum; My is the cross-reaction momentum:

2
M2 =ay7, +b2r2; ®)
M gy = B¢+ By psign0 ; ©)
K (Ths+1
:MM , (10)
R T s+1 1

P
where a,, b, are the static characteristic of parameters; K, is

the cross-reaction momentum gain; 7, is the cross-reaction
parameter; 7 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 7,
produced by the tail rotor being related to the input voltage
u and represented by the following transfer function:

aP (11

2T Ty 2
where T,y, 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 0.068 kg-m2
(pitch axis)
- morpent of inertia of horizontal plane 0.02 ke-m’
(yaw axis)
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
M, — gravity momentum 0.32 N-m

0.006 N-m-s/rad
0.001 N-m-s*/rad

By, — parameter of friction momentum
By, — parameter of friction momentum

B, — parameter of friction momentum 0.1 N-m-s/rad

B, — parameter of friction momentum 0.01 N-m-s*/rad

K,, — 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,y — motor 2 denominator parameter 1

T, — cross-reaction momentum parameter 2

T, — 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 (4, B, C, D), defining how the system
state varies with time in response to control inputs:

x(t)=A-x@)+B-u(@);,
{y(t) =C-x(t)+D-u(t), (12)

where x(7) is the state vector; u(%) 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(?) consists of the voltages applied to the
main rotor (affecting pitch) and the tail rotor (affecting
yaw). The output vector y(f) corresponds to the measured
pitch and yaw angles [12].

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

@
0
4
U
x=(7 |; (13) u:{ } (14)
Uy
Mp
@
N
From (5), we can describe our system as
[0 0 0 0 0 1 0]
0 00 0 0 0 1
0 0 -099 0 O 0 0
A=|0 0 0 -1 0 0 0|
0 0 0,218181 0 -05 O 0
-4,70588 0 1358823 0 O —-0,088235 0
0 00 45 -50 -5 0]
o 0
0 0
1 0 QC:F OOOOOO}D:{O 0]
B=|0 0,8 01 00O0O0O 0 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:

o0
J = j(xTQeruTRu)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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u(t)y=—K-x(1). (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 @ 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 A4 is used to update
the position of every seagull:

C, =A-P(1), (17)
where Cy is the position where the seagull will not collide
with another one; Py(?) is the current position of seagull;
t is the iterations number; 4 is utilized to find the new
position of seagulls.

It is updated as [32, 34].

Azfc_t‘(fc/TmaX)’ (18)
where T, is the maximum number of iterations; f. (set to 2)
is the frequency to control the variable 4 which is linearly
decreases from £ 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:

Ms‘ =B- (Pbest(t) - P?(t)) (19)

B=2-4rd, (20)
where M; is the direction leading to the optimal location;
Pps(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]:

D,=|C,+M,|, (21)
where Dy 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) = D.r X-y-z + Pbe.rt(t)a (22)
where P(f) retains the best solution; x, y, z are the spiral
components:

x =r-cosb; (23) y=rsind; (24)

z=r0; (25) r=pe”, (26)

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

while u and v are the correlation constants that define the

spiral shape; 6 is the angle, which is a random value
within the range of [0, 2xt] [35].

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

Ps(t—"_l) = DS XYz + Pbest(t)s
where P(#+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 71,,,=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 0 over iterations to reduce collisions
and enhance convergence. The best position Py (f) was
updated incrementally, improving the global best solution
at each iteration 4 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 LQR 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 0f 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 ()

Open-Loop Yaw Response

14

125

=

in

2

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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Q.B. Nguyen, X.C. Nguyen
Finite-time robust position tracking control for DC motors under uncertain dynamics

Introduction. This study proposes a finite-time robust control law for position tracking of a DC motor under conditions of model
uncertainty and external disturbances. The motor operates through a pulse-width modulation (PWM) unit and an H-bridge power
circuit, aiming to achieve finite-time position tracking while minimizing the effects of model uncertainties and external disturbances.
Problem. The main challenge lies in achieving accurate and rapid position and speed regulation for the DC motor while maintaining
high performance, despite model inaccuracies and external disturbances. The goal of this paper is to design a robust finite-time position
tracking control law for a DC motor based on the differential geometric approach, ensuring high tracking accuracy and control
efficiency in the presence of disturbances and parameter uncertainties. Scientific novelty. The integration of finite-time control based on
a virtual system, diffeomorphism transformation, and disturbance compensation introduces an innovative solution for DC motor position
tracking under incomplete modeling and external perturbations. Methodology. The study employs the differential geometric method to
construct a virtual system with finite-time characteristics and uses Lyapunov theory to prove global stability in the presence of
uncertainties and disturbances. A finite-time virtual system is proposed after analyzing the incomplete dynamic model of the DC motor.
Results. To validate the proposed approach, MATLAB simulations were conducted and compared with a conventional sliding mode
controller. The results demonstrate improved settling time and robustness of the proposed method in DC motor position tracking. The
findings confirm that the proposed controller provides intuitive and precise control, accurate position tracking, and enhanced
performance regulation. It also exhibits strong robustness against model uncertainties and external disturbances. The practical value of
the proposed method is considerable, as it offers a reliable and efficient position control scheme for DC motors using PWM. The method
ensures precise position control and robust performance under varying conditions and external interferences, making it well-suited for
real-world DC motor control applications. References 23, tables 1, figures 12.

Key words: DC motor, finite-time control, sliding mode control, diffeomorphism transformation, differential geometric method.

Bemyn. 'Y oocniosicenni npononyemocsi pobacmuuti 3aKOH KepyBaHHA 3i CKIHYEHHUM HAcOM Ol GIOCMEICEHHSI NOJNOINCEHHS OBU2YHA
NOCMILIHO20 CIMPYMY 8 YMOBAX HEGUZHAUEHOCH MO0 Ma 306HIHIX 30ypetb. [leueyn npayroe yepes 610K WupomHO-iMIYIbCHOT MOOYIAYIT
(PWM) ma cxemy srcuenenuss H-nodibnozo mocma, mMemoro 4020 € 00CASHEHHs1 6I0CMENCEHHS NOJIONCEHHS! 31 CKIHYEHHUM YACOM, MIHIMIZVIouU
6nue HegusHaueHocmetl Mooeni ma 306Hiunix 30ypens. Ilpoonema. Ocnoena npobiema nonseac 6 OOCAHEHHI MOYHO20 MA WEUOKO2O
De2YNIoBanHs NONONCEHHS MA WEUOKOCH 08USYHA NOCMITHO20 CIMPYMY, 30epiearoyu npu YbOMY 6UCOKY NPOOYKIMUGHICIb, HE36ANHCAIOYU HA
Hemoynocmi mMooeni ma 306HiwHi 30ypenns. Memoro pobomu € po3pobka pobacmHo20 3aKOHY KepYBaHHs GIOCHMENCCHHAM NON0JICEHHS
0BUSYHA NOCMITIHO20 CIPYMY 31 CKIHUEHHUM YACOM HA OCHOSI OUpEPEHYIaIbHO-2e0MEMPUUHO20 NIOXOOY, WO 3a0e3nedye 6UCOKY MOUHICHb
8i0cmediceHHss ma eghekmugHicmes Kepyeanis 3a HaseHocmi 30ypeHb ma Hesusnauenocmeli napamvempis. Haykoea noeusna. Inmezpayis
KepyBanHs 3i CKIHUEHHUM YaCOM MHA OCHOBI GIPMYanbHOi cucmemu, nepemeoperHs Ougeomopizmy ma Komnencayii 30ypeHs npononye
iHHOBaYilIHe pilieHHs 0N BIOCMEIHCEHHST NOIONCEHHsL OBUSYHA NOCMILIHO2O0 CMPYMY 30 HENOBHO20 MOOETIOBAHHS MA 306HIUHIX 30)PeHb.
Memooonozia. Y Oocniodcenni 8UKOpUCMOBYEMbC OupepeHyianbHo-2eOMempuyHuil Memoo 01 nobyo0osu GipmyanbHoi cucmemu 3
Xapakmepucmukamu 3i CKiHUeHHUM Yacom ma meopist JIanyHoea 0iist 008e0eHHs1 2100aNbHOT CIMIUKOCMI 30 HASIBHOCMI HeGU3HAYeHOCmell ma
30ypens. 1licnsa ananizy HenoeHol OUHAMIUHOT MOOeT J8U2YHA NOCMIIHO20 CIMPYMY 3anpPONOHOBAHO GIPMYATLHY CUCIEMY 3 CKIHYEHHUM
uacom. Pezynomamu. /[ns nepesipku 3anpononoéano2o nioxody 6yno npogedero mooemosanns 6 MATLAB ma nopisnano 3i 36uuaiinum
KOHMPONEPOM K083H020 pedicumy. Pezynbmamu demoncmpyromes nokpaweHuli 4ac 6CMaHoenenHs ma Cmitikicms 3anponoHOBaH020 Mmooy
8I0CMECEHHS NONIOAHCEHHA 08USYHA NOCMILIHO20 cmpymy. Ompumani 0aui NiOMeepo’CyoNb, WO 3aNPONOHOBAHUL KOHMPOep 3a0e3neyye
iHmyimueno 3po3ymine ma moune KepyeaHHs, MoyHe 6I0CMedICeH sl NONOJICeH s MA NOKpawjene pezyriosantis npooykmueHocmi. Bin maxooic
0eMOHCMPYE BUCOKY CITUKICIb 00 HegUHaUeHOCHell MoOen ma 3068HiuHIX 30ypetb. IIpakmuuna 3nayumicme 3anponoHo8anoeo mMemooy €
3HAUHOIO, OCKINbKU BiH NPONOMYE HAOWIMY MA epeKmueHy cxemy KepyBaHHs NONOJCEHHAM ON OBUSYHIE ROCMILHO20 CMpYyMy 3
suropucmannsim PWM. Memoo 3abesneuye moune kepysantst NOJONCSHHSIM Ma CMILKY pOOOmMY 3a PI3HUX YMO8 MA 306HIUHIX NEPEUKO0, WO
Pobumb 11020 00Ope NPUOAMHUM OJist PEATIbHUX 3ACIMOCY68AHb KePYBAHHA 08USYHaMU nocmiinozo cmpymy. bion. 23, Tabn. 1, puc. 12.

Kniouogi cnosa: TBUTYH NOCTIHHOTO CTpyMy, KiHIleBe KepyBaHHsl, KOB3HHIi peskMM KepyBaHHsl, Iu(eoMop(He TNepeTBOPEHHs,
qudepeHIiaIbHO-TeOMEeTPUYHMIA MeTO.

Introduction. A DC motor has been widely applied
in various fields such as robotics, servo systems,
biomedical devices, and embedded systems due to its
simple structure, ease of control, and low cost [1, 2].
However, achieving precise control of DC motors remains
a significant challenge because of their strong nonlinear
characteristics, parameter uncertainties (such as friction,
inductance, and back electromotive force), and external
disturbances including load variations or dead zones [3].
In particular, for small-scale DC motors driven by pulse-
width modulation (PWM), direct measurement of the
armature current is often difficult, which highlights the
need for developing control strategies based on
incomplete or uncertain models [4].

Over the past decades, numerous control approaches
have been proposed to improve the trajectory-tracking
performance of DC motors. However, the conventional
PID control method cannot accurately capture the dynamic

variations of motor excitation [4, 5]. Consequently, with
the growing interest in nonlinear systems, a wide range of
control theories and techniques related to nonlinear
dynamics have been employed to address DC motor drive
control problems, such as backstepping control [3], sliding
mode control (SMC) [6, 7], adaptive control [8, 9], fuzzy
control [2, 10], neural network-based control [11], and
robust control [12]. In studies [13-15], several
optimization-based methods were proposed for tuning
controller parameters using nature-inspired optimization
algorithms, aiming to minimize steady-state error and
shorten the transient response. However, these studies did
not consider the finite-time response of the system and
were limited to ensuring only asymptotic stability.

The finite-time control technique [16-19] offers
significant advantages, including rapid response,
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predefined convergence time, and strong robustness
against disturbances. The application of finite-time
control in tracking problems has yielded remarkable
results. In many practical cases, DC motors require real-
time control, and the system must achieve stability within
a short period. Therefore, employing finite-time control
techniques for DC motors under disturbances and model
uncertainties has attracted considerable attention from
researchers seeking to enhance control performance. In
[16], a controller was developed to ensure that the
transient motion process is almost completed within a
predetermined finite time, after which the desired
trajectory is tracked with a specified precision. In [17], a
novel finite-time disturbance observer was proposed for
trajectory tracking of DC motors with model uncertainties
and exogenous disturbances. The application of finite-
time control has also produced impressive results in
electromechanical systems with DC motor actuators, as
reported in [18, 19]. Furthermore, studies [20-23] have
introduced an approach to control law design based on the
diffeomorphic control method. This method utilizes
geometric transformations to map the actual system into a
simplified virtual system, enabling the design of a control
law that ensures the real system states are embedded into
a desired invariant manifold [20]. The main advantage of
diffeomorphic control lies in its flexible design
framework, which can be readily extended to various
nonlinear systems, allowing the designer to specify
desired manifold properties directly.

Purpose and objectives of the article. This paper
proposes a synthesis technique for a finite-time robust
control law based on geometric control theory. The
approach involves constructing a virtual system with both
asymptotic and finite-time stability properties and
establishing a diffeomorphic transformation between the
real and virtual systems to derive the control law. The
proposed control law ensures the equivalence of dynamic
properties between the real and virtual systems, meaning
that the real system also achieves finite-time stability. To
guarantee the robustness of the control system under
model uncertainties and external disturbances, a
disturbance compensation component is incorporated. A
Lyapunov-based stability analysis is then carried out to
rigorously prove the global finite-time robust stability of
the overall system.

1. System description and modeling.

1.1. Experimental setup and operating principle.
The study of the motor control algorithm was conducted
on an experimental system. Figure 1 illustrates the
connection diagram of the motor control model based on
a microcontroller platform. The experimental setup for
DC motor position control was developed in the Control
Systems Laboratory at Le Quy Don Technical University
and serves as the research object.

The nominal parameters of the motor were
approximately determined through measurements and the
manufacturer’s datasheet. The YFROBOT Metal
Gearmotor GA25 operates at a 12 V DC supply and is
equipped with a 34:1 gearbox, which increases torque
while reducing rotational speed. Additionally, a Hall-
effect encoder is directly mounted on the motor shaft to
provide position feedback.

13 CPR Encoder
Hal Q

7

BTS7960 Motor
Driver

Embedded board
STM32F4 DIS

YFROBOT Metal
Gearmotor GA25 12V

Fig. 1. Block diagram of the experimental DC motor control setup

The embedded controller is implemented on an
STM32F411 microcontroller. The microcontroller acquires
the motor shaft’s angular position through a 13-CPR Hall-
effect encoder, whose signals are read via the built-in
external interrupt interface. The rotational speed of the
motor shaft and the control algorithm are executed within
the embedded software. The control signal is generated in
the form of PWM using the microcontroller’s internal timer
and transmitted via GPIO to the BTS7960 motor driver
module, enabling the motor to rotate precisely to the
desired position.

1.2. Nonlinear mathematical model of the DC
motor. The schematic diagram of the DC motor is shown
in Fig. 2, where R is the armature resistance, L is the
armature inductance, v is the applied voltage, i is the
armature current, e is the back electromotive force (back
EMF), Jy, = J + AJ is the load moment of inertia, J is the
nominal inertia, 4J represents its bounded variation, B is
the viscous friction coefficient, 7 is the electromagnetic
torque generated by the motor, 6 is the angular position,
and o the angular velocity of the motor shatft.

Fig. 2. Model of the permanent magnet DC motor system

The dynamic equations of the DC motor, according
to [4], are expressed as

do) _

” (1);
d;([) W(t) = Ri(t) — k(1) )
799D _ ity = Beo(t)— C sen(e) +d, (1),

where k,, is the back EMF constant; k; is the motor torque
constant, C is the static friction of the motor. The
disturbance term d(¢) accounts for external disturbance
torques and model uncertainties (for example, inertia
variations AJ).

For small-scale DC motors, the control method
typically employs PWM signals applied to an H-bridge
circuit, which makes accurate and efficient current
measurement highly complex. The electrical time
constant (L/R) is typically much smaller than the
mechanical time constant (J/B). Therefore, the current
dynamics reach steady state much faster than the
mechanical dynamics. This allows the armature current i
to be considered nearly steady, meaning that i=v/R.
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Nevertheless, when operating in high-frequency or large-
angle regimes, the inductance L can influence the
transient response, and this approximation may require
further validation through experimental comparison. Let
the state variables be defined as 6=x,, w=x, and v=u. The
dynamic model of the DC motor can be rewritten in the
following form [5, 8, 10]:

X = X3
. B C k; ()
Xy =——Xy ——sgn(x,)+—u+d(1),
257X 2788 (x2) TR (0
where d(f) represents both the electrical model

uncertainties and the disturbance term d,(¢).

Assumption 1. The disturbance term d(¢) is bounded
within the interval (—D, D), where D is a positive
constant.

In this study, the DC motor is coupled to the load
through a gearbox with minimal backlash. The stiffness of
the coupling and the gearbox is assumed to be sufficiently
high, allowing the elastic effects to be neglected.
Therefore, the system can be reasonably modeled as a
single-mass electromechanical system rather than a two-
mass one. The control objective is to design a finite-time
robust position-tracking controller for the DC motor to
follow a given reference trajectory x,,(f), based on the
incomplete mathematical model (2) in the presence of the
disturbance d(z).

2. Synthesis of a finite-time robust position-
tracking control law (RFTC) for the DC motor.

2.1. Fundamentals of finite-time control theory.

Consider a nonlinear system that can be described as
follows:

x(0) = f(x(0),u), x(0)=xo, €)

where xeR, is the state vector of the system; f{0)=0. The
function f{x) is the continuous nonlinear function defined
in an open neighborhood around the origin.

Definition 1 [23]. Given an initial time ¢, a positive
constant 7, and two state sets X, and X, system (3) is said
to be finite-time stable with respect to (¢, T, Xo, X)) if

X0 eX0:>x(t):Xt, fE[fo,to-l-T], (4)
where x(f) denotes the solution of (3) starting from the
initial state x, at time f,.

Lemma 1 [20]. Assume there exists a continuously
differentiable  function V(x)eC', defined in a
neighborhood UcR" of the origin, and real constants ¢>0
and 0<a<l1 such that:

1) V(x) is positive definite on U;

2) V(x)+cV¥(x)<0, VxeU.

Then, the origin of the system is finite-time stable. The
settling time depends on the initial state x, and satisfies

V' (xo)
k(—a)

for all x, within some open neighborhood of the origin. If
U=R" and V(x) is radially unbounded (i.e., V(x) — +o as
Xx — +o0), then system (4) is globally finite-time stable at
the origin of the coordinate system.

Lemma 2. Consider the strict-feedback system
given by

Ti(xg) < (5)

Z'l =2y,

. 2p-1 Z 6
Zp = —ﬂ,Sgl’l(C'lZl +Zz)|(,’121 +Zz| & +ov ﬁ —C12p, ( )
VZ] +&
where vi>0, >0, >0, S<(0.5, 1), ¢;>0. Then, system (6)
is globally finite-time stable.
Proof. Consider the Lyapunov function

Vi =055 =05(c1z +25)°. (7)
Taking the time derivative yields
Vf = (clzl + Zz)(CIZ.I + 22) =
21 2
= (clzl + 22)(— isgn(clzl + Z2)|C121 + Z2| ﬂ ) = —A|S| ﬂ
From this, we obtain:
V2P v P <o, ®)
From Lemma 1, it follows that the virtual system
(6) is globally finite-time stable, which guarantees that
system (6) evolves on the manifold s=0. Next, it is
necessary to show that the motion on the manifold s=0
drives the system (6) states to the origin z=0.
With s=0, we have
Zp =—C171. (9)
Substituting this into (6) gives
Z1

—— .
Jo2 4 a2

Now, consider estimating the settling time of (10)
with the initial condition z,(0)=z,, and define ¢, as the
minimum time after which |z| does not exceed a
prescribed value 4.

To analyze convergence, consider the Lyapunov
function

(10)

le = —Vl

szlz, (11)

whose time derivative is
+ Cl 212 < 0 .

V:2212.1 =-2 V1 (12)

_a

Vzt +&?
From (13), it is evident that the solution of (10)

converges to the origin. Moreover, from (12) we obtain

Zl 2
V<=2 v——t¢ |72 (13)
Jo2+e?
dV Z]
A R —— T (14)
v NEmE

Integrating this inequality for ¥ evolving from V,
corresponding to the time interval from O to ¢,, yields

2 2

VZioté 21,0

» <———In|——|.
V1+Cl»\’212’0+€2 A

In classical linear control theory, the settling time ¢,
is defined as the time after which the deviation between
the instantaneous response and the steady-state value does
not exceed a specified threshold 4. The results above
demonstrate that system (6) is finite-time stable with
respect to the manifold s=0 and that the state variable z;

t

(15)
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converges to within the prescribed bound 4 in the finite
time f,, determined by the initial conditions and the
chosen value of 4.

Therefore, according to Definition 1, it can be
concluded that system (6) is globally finite-time stable.

2.2. Synthesis of a robust finite-time control
(RFTC) law based on the differential geometric
method. To design the finite-time control law u for
system (2), it is assumed that the system operates without
disturbances, i.e., d(f)=0. Based on the differential
geometric method, a diffeomorphic transformation is
established between the nonlinear system (2) and the
virtual system (6) with respect to x; Consider the
transformation z,=x,—x,,, where x,, is the desired angular
position of the motor shaft. Under this construction, the
diffeomorphic transformation is expressed as follows

Z1=X ~ Xeps

(16)

. Z

Zp=Xp—X +V]ﬁ.
V21 +&

sp
This means that z; depends only on x;. Therefore, by
substituting z, from the last equation of transformation
(16) into the last equation of system (2), and combining it
with system (6), the following control law is obtained:

Xp—X
EXZ +£sgn(x2)+)’ésp—€2v12—‘§p5
J J (212+32)L
R _
uzi{— —lsgn(clzl+22)|clzl+22|2/j1 - (17)
1 Zl
+CIV1—05—C122
2 2
(Zl +& )
The control law is acceptable only if a

diffeomorphic mapping exists between system (3), when
d(t)=0, and system (6), meaning that the Jacobian matrix
of the mapping between the two systems must be non-
singular, which implies that:

& o

1 0
ox; Ox

det| 21 2= 2" 4|%0. 18
2 o (212 o
8x1 6)62 1

According to Lemma 2, the control law (17)
guarantees that system (2), in the absence of disturbances,
achieves finite-time stability, where the settling time is
determined by the sum of the time required for the state to
reach the manifold s=0 (5) and the time ¢, (15).

To mitigate the effect of the disturbance term d(f) on
the stability and control performance of the DC motor under
control law (17), a disturbance compensation component is
further incorporated into the control law as follows:

u, :u—i—R5sgn(clzl+zz). (19)
1

Theorem 1. Under the conditions of parameters
vi>0, >0, >0, f<(0.5, 1), ¢;>0, 6>4 and Assumption 1,
the control law (19) ensures that system (2) is globally
asymptotically stable.

Proof. Consider the Lyapunov function defined in
(7). Taking its time derivative and substituting from (2),

(6), and (9), we obtain:

24-1
—ftsgn(qzl +22)|clzl +22| B _

Vi=(c1z1+23) = 20

—o0sgn(cizy +zp)+d(t)
=281 P ~|eyz) + 2,|(6 — sgn(eyz) + 25)d(0))

According to Assumption 1, if 6>D is chosen, it
always follows that ¥, <0. Consequently, system (3) is

globally asymptotically stable. The structural block
diagram of the DC motor control system employing
control law (19) is shown in Fig. 3. It is noteworthy that
the saturation blocks in the figure constrain the
controller’s voltage, considering the electromechanical
limits of both the power circuitry and the motor. This
ensures that the motor accurately and feasibly tracks the
reference trajectory.

B

=x, —Eign(x )+X, —&™, L =
S e 7’ X
o u | »
% —Asgn(cz + 2|z +o" + ' % = 5
; 2

oy,

4
1 2 2
Jz+e

X,

-Gz,

i

Xsp

Fig. 3. Block diagram of the DC motor control system

2.3. Design of the SMC law. From system (2), the
control signal must be determined so that the control
objective x;=xg, is achieved. The output tracking error of
the system is defined as:

€1 =X —xsp. (21)
The sliding surface of the controller is chosen as:
s =é+e. (22)

where y>0 is the parameter ensuring the asymptotic stability
of the sliding surface. Applying SMC theory, we obtain:

Xy —Xgp )+ y\X1 —Xgp )= —Ksgn(s), (23)
where K is the positive constant.
Hence, the SMC law is expressed as:
B C .
:ﬁ 7)62 +7sgn(x2)+xsp (24)

ki - 7(x2 _xsp )_ngn(s)

3. Simulation and experimental results.

3.1. Simulation results. To validate the effectiveness
of the proposed finite-time control law for the DC motor,
numerical simulations were carried out in the MATLAB
environment. The parameters of the motor and its load in
the mathematical model were determined from the
datasheet and through direct measurements on the physical
system, given as: J = 0.225 kg-mz; R=9.1 Q; L=6 mH;
C=0.001 N'm; B = 6.25 10° N-m-s/rad; £=6.8 N-m/A,
k, = 0.015 N-m/A. The parameters of the proposed
control law, ¢, vy, 4, £, and &, were selected to satisfy the
global stability conditions derived in the previous section.
In this study, these parameters were chosen as: c¢,=15,
vi=2, =20, =0.9, e=0.001 and 6=7. For comparison, the
parameters of the SMC were set as K=380, y=100. To
alleviate the chattering phenomenon in the control law
(24), the sign function sgn(s) was replaced by a linear
saturation function bounded within [-1, 1]. The
simulations were performed on the dynamic model of the
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DC motor (1) over a period of 10 s, under a disturbance
di(f) = 5+sin(0.05f), an additional pulse-like external
torque was applied to the load, resulting in a total
disturbance of d(¢) +9. The initial conditions of the motor
shaft were set to the origin, i.e., x;=0, x,=0.

In the first simulation scenario, the reference signal
varied over time as follows: from 0 s to 2 s, the desired
position was set to x,, = 1 rad; from 2 s to 8 s, x,, = —1 rad;
and from 8 s to 10 s, x;, = 0 rad. The simulation results
presented in Fig. 4-6 demonstrate that both control laws,
SMC and RFTC, enable the DC motor shaft to accurately
track the reference signal with negligible steady-state error.
As shown in Fig. 4, the position responses during the
transient phase reveal that the SMC controller exhibits
noticeable oscillations, a longer settling time, and a higher
overshoot compared to the RFTC controller (as
summarized in Table 1). Figure 5 shows the position
tracking errors over time, showing that both controllers
quickly eliminate the steady-state error; however, their
transient behaviors differ: SMC presents small local
oscillations around transition points, while RFTC achieves
a smoother response. The most remarkable comparison
appears in Fig. 6, where the SMC controller generates high-
amplitude control pulses at step transitions, whereas the
RFTC provides a smoother and more continuous control
signal. During the disturbance period between 3.5 s and 4 s,
the angular response, tracking error, and control voltage of
the RFTC controller clearly outperform those of SMC.
Specifically, the RFTC achieves a faster settling time —
approximately 1.25 s shorter — with less oscillation in the
control input u and lower overall energy consumption.
These findings indicate that when fast response, vibration
attenuation, and enhanced robustness and accuracy are
required, the RFTC controller proves to be more effective
and reliable than the SMC law.

1.5

-
S

P
I —x,(SMC)

—x,(RFTC)

0.5~

0 2 4 6 8 1510

Fig. 4. Position tracking response of the DC motor
using RFTC and SMC controllers (1st scenario)
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Fig. 5. Position tracking error of the DC motor
using RETC and SMC controllers (1st scenario)
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Fig. 6. Control voltage applied to the DC motor
using RFTC and SMC controllers (1st scenario)
Table 1
Position response performance indices in the first scenario
t=(0-2)s t=(2-8)s t=(8-10)s
RFTC |SMC| RFTC |SMC| RFTC | SMC
Settling time, s| 0.5 |0.863| 0.6 |0.94 | 0.52 0.88
Overshoot, % 10 29.1 0.2 3.6 11 31

Steady-state ) 5} 4l4.10412.5.10|4.104(2.8-104.9-10~
error, rad

Variable

In the second simulation scenario, the reference signal
was defined as xg,=cos(¥)+0.3sin(0.5¢). The simulation
results presented in Fig. 7-9 demonstrate that both SMC
and RFTC control laws achieve effective trajectory
tracking performance for the DC motor. As shown in
Fig. 7, the position responses obtained using both
controllers closely follow the reference trajectory x,,.
However, during the transient period, the RFTC controller
exhibits a noticeably faster response and avoids the
oscillations observed in the SMC controller. In particular,
under external disturbances, the RFTC controller provides
superior tracking capability and converges more rapidly to
the desired trajectory. Figure 8 illustrates the position
tracking error, where both controllers achieve very small
errors that quickly converge to zero after the initial
transient phase. Nevertheless, the proposed RFTC
controller yields smaller transient errors. Remarkably,
RFTC achieves faster error stabilization with nearly no
oscillations, whereas the SMC controller still exhibits local
high-frequency oscillations during the early response stage.
The control input signals shown in Fig. 9 clearly highlight
the distinction between the two methods. The SMC
controller generates large-amplitude, abrupt control pulses
at the beginning of the response and exhibits chattering
under sudden disturbances. In contrast, the RFTC controller
produces a smoother and more continuous control signal.
This observation suggests that RFTC can effectively reduce
vibration and mechanical wear compared to SMC.

0 2 4 6 8

ts 10
Fig. 7. Position tracking response of the DC motor
using RFTC and SMC controllers (2nd scenario)
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ts 10
Fig. 8. Position tracking error of the DC motor
using RFTC and SMC controllers (2nd scenario)

bl . J—usmo
| | | — u(RFIC)
st ---+----- - —
l l l l
o4 R
| | | |
| | | |
5 . a L [
| | I |
| | | |
| | | |
-101 7= e Bl [t
1 | | 1 1
0 2 4 6 8 £s10

Fig. 9. Control voltage applied to the DC motor
using RFTC and SMC controllers (2nd scenario)

3.2. Experimental results. In this section, the
objective is to validate the proposed controller on a real-
time hardware setup in the laboratory, using the same
reference signals as in the previous simulations. The
experimental drive system is illustrated in Fig. 10. The
motor shaft is coupled with a flywheel-type load to
introduce additional inertia. The complete control
algorithm was implemented on an embedded STM32 board
programmed using STM32CubelDE, while data acquisition
was performed through the STMStudio software.

12V DC A
Power Supply =
s l' A
L | STM32F4-Disc
e B Board
T

<
7

-
13CPR § N ¢
,",:’T_;i Encoder Hall )\‘ T
2 - >’
2280 CAVes :
YFROBOT W % -
S GA25 Metal [
Gearmotor

o

R
=7

Fig. 10. The experimental drive system

Figures 11, 12 present the angular position responses
of the real DC motor system under the SMC and RFTC
control laws for two types of reference signals: step and
sinusoidal. The results indicate that both controllers ensure
satisfactory tracking performance; however, there are
noticeable differences in the quality of the responses. For
the step reference, both controllers enable the motor shaft
to follow the desired trajectory with negligible steady-state
error. Nevertheless, the RFTC controller achieves
significantly faster response times compared to SMC, with
settling times of approximately 0.2 s, 0.5 s, and 0.19 s for
each transition, respectively. It should be noted, however,
that the proposed controller exhibits a slightly larger
overshoot than the SMC controller. When tracking the
sinusoidal reference, the RFTC demonstrates superior

continuous tracking capability and faster recovery under
external disturbances. In contrast, the SMC controller
responds more slowly, although it still maintains acceptable
tracking accuracy. Furthermore, variations in the SMC
controller parameters can lead to oscillations around the
reference trajectory. Overall, the experimental results
confirm that the RFTC controller provides accurate and
well-damped responses in the real system, particularly
excelling in fast and smooth tracking of continuous
trajectories, while the SMC controller retains its advantage
in robustness against disturbances.
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Fig. 11. Position response of the DC motor in the real system
under the 1st scenario
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Fig. 12. Position response of the DC motor in the real system
under the 2nd scenario

Conclusions. This paper presents a synthesis
method for a robust finite-time control law based on
differential geometry, applied to position control of a DC
motor under external disturbances. The proposed control
law guarantees finite-time stability of the system in the

presence of model uncertainties and external
perturbations. By constructing a virtual system with a
nonlinear  feedback  structure and applying a

diffeomorphic transformation, the control law is designed
such that the system state trajectories converge to a
neighborhood of the equilibrium point within a finite
time. The finite-time stability and disturbance rejection
capability are rigorously proven using Lyapunov theory.
Both simulation and experimental results, compared with
the conventional SMC under two reference signal
scenarios, demonstrate the superiority of the proposed
method. In future work, the authors plan to incorporate
observers, neural networks, and fuzzy logic to further
improve the performance and overcome the remaining
limitations of the proposed control strategy.
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An integrated series active power filter combined with a PV-battery system based on a fuzzy
logic controller to enhance power quality for various linear and non-linear loads

Introduction. Rapid capacity development and the incorporation of new loads are adding complexity to the distribution power system. As a
result, the distribution system faces additional power quality issues, particularly with increasingly sensitive equipment and distributed
generation. Problem. Modern power systems face escalating power quality degradation due to non-linear loads. Voltage disturbances (sags,
swells) and harmonic distortions directly affect the sensitive equipment, causing significant economic losses. The goal of this work is to design,
model, and evaluate series active power filters (SAPFs) integrated with energy management for an independent solar storage system, using a
multi-stage DC-DC converter. The objective focuses on mitigating voltage harmonics and grid disturbances resulting from diverse loads
(linear, non-linear, and combined) and integrating renewable energy (PV). Control is achieved through an intelligent fuzzy logic controller
(FLC) and a PI controller to ensure a stable DC voltage and reduce the total harmonic distortion (THD) of the voltage to less than 5 %.
Methodology. This study models and analyzes a unique SAPF configuration integrated with a PV-battery storage system utilizing
MATLAB/Simulink. Outcomes of the proposed control, wherever the FLC regulates the DC-link voltage reference signals utilize the
instantaneous reactive power theory. The suggested methodology entails simulation studies across four scenarios: an analysis of performance
to keep voltage components and a comparison of the proposed SAPF performance with existing research on linear, non-linear, and combined
loads. Results. Simulation results show the effectiveness of the control approach in mitigating the voltage THD level to less than 5 % under
various operating conditions that included the main supply voltage and loads, which satisfies the international PQ standards (IEEE Std. 519).
The scientific novelty lies in the combination of a new 3-phase SAPF with a PV-battery system by FLC and a cascaded DC/DC converter. This
allows effective voltage disturbance and harmonic compensation in various load situations without conventional transformers. Practical
value. This research offers a robust solution for power quality problems in modern grids, reducing losses by ensuring stable, no-distortion
power for sensitive industrial loads across varied operating conditions. References 46, tables 3, figures 19.

Key words: power quality, series active power filter, PV-battery system, fuzzy logic control, voltage disturbances, harmonic
mitigation, linear and nonlinear loads.

Bemyn. lsuoke posuiupentss nomyx#cHocmeli ma 6KoYeHHs HOBUX HASAHMANCEHb YCKAAOHIOIOMb CUCEMY PO3NOOLTY eNeKmpoeHepeil.
B pesymomami cucmema po3noodiny cmukacmucs 3 000amKoSUMU NPodIeMamu AKOCMI efleKmpoenepeii, 0cobnuso uepes dedani wymiauee
obnadnanna ma posnodineny eenepayiro. Ilpoonema. Cyuacui emepeocucmemu CMUKaOmMvcs 3i 3pOCMAIONUM NOSIPUEHHAM AKOCMI
enekmpoenepeii uepes Hemimitini Hasawmaoicenus. Konueamns Hanpyeu (npoeanu, 30iIbuieHHs) mMa  2QPMOHIMHI  CHOMEOPEHHS.
be3nocepeOnbo GNAUEAIOMb HA YYMAuee OONAOHAKHA, CHNPUYUHAIOYU 3HAYHI eKoHoMiuni empamu. Memorto pobomu € npoexmyeanms,
MOOETIIOBAHHL MA OYIHKA NOCTIO06HUX aKmusHux @itempie nomydchocmi (SAPF), inmeeposanux 3 ynpasniHuam euepeiero, O
He3aNeXHCHOT CUCmeMU COHAYHO20 HAKONUYEHHs! eHepeli, 3 6UKOPUCAHHAM Oa2amocmyneneso20 nepemeoplosaia noCMmitiHo20 cmpymy.
Mema 30cepedoicena na 3MeHwieHHI 2apMOHIK HAnpyeu ma KOAueaHb y Mepedici, Wo GUHUKAIOMb BHACTIOOK DI3HUX HABAHMADJICEHDb
(UiHIHUX, HeNHIUHUX ma KomOiHosaHnux) ma inmezpayii eioHoemoeanoi enepeii (PV). Kepysamns Oocseaemvcsi 3a 00OnOMO20H0
inmenexmyanbHo2o Konmponepa 3 newimkoio nocikoio (FLC) ma Pl-xonmponepa 0na 3abe3neuentss cmabinbhoi Hanpyeu nocmitino2o
CMpyMy ma 3MeHWeHHs 3a2aibHo20 Koeghiyienma eapmonitinux cnomeopenv (THD) nanpyeu 0o menwi nisic 5 %. Memoodonocin. Lle
docniodcenna modemoe ma auanizye yuikamwhy xonghieypayito SAPF, inmecposeany 3 cucmemoro 36epicannsi PV bamapeil,
suxopucmogyiouu MATLAB/Simulink. Pesynemamu 3anpononosanozo xepysanns, 0e FLC peeynioe cuenanu onopmoi nanpyeu aauku
NOCMIliHO20 CMPYMY, BUKOPUCTNOBYIONb MEeOopilo MUMMEBOT pPeakmusHoi NomydsicHOCHI. 3anpononosana memooonoeis GKIHAE
00CTIONHCEHHL MOOENIOBAHHA 30 YOMUPMA CYEHAPIAMU: AHATI3 NPOOYKIMUBHOCI Oid NIOMPUMKU CKIA008UX HANpy2u ma NOPIGHAHHS
sanponorosanoi npooykmuernocmi SAPF 3 icHytouumu OOCHIOXHCEHHAMU JIHIUHUX, HEIHIUHUX Ma KOMOIHOBAHUX HABAHMAIICEHD.
Pesynvmamu mooeniosanns nokasyioms egexmugHicms nioxody 0o kepyeanns y smewenti piena THD nanpyeu 0o memnw i 5 % 3a
PIBHUX pODOUUX YMO8, BKIIOUAIOUU OCHOBHY HANPY2Y JICUBNEHHS MA HABAHMAIICEHHS, WO 8iONosioac MidcHapooHum cmanoapmam PQ
(IEEE Std. 519). Haykoea noeusna nonseac 6 noeOHauHi Ho6o2o mpugasnozo SAPF 3 cucmemoro PV 6amapeii 3a donomozoro FLC ma
Kackaono2o nepemeopiosaia nocmiiinozo cmpymy. Lle doseonse egpexmusno komnencysamu KOMUEAHHA HANPpyeu ma 2apMOHIKU 8 PisHUX
cumyayisax naganmagicenis 6e3 sukopucmania 3eudainux mpancgopmamopis. Ilpakmuuna 3nauumicms. Le oocniodicenns nponomye
Haoitine piwienns Ona npobnem AKOCMI eNeKmpoeHepeii 6 CYYacHUX Mepedicax, 3MeHuLylouu empamu, 3abe3neuyiouu cmabiibHy
nomysicHicmo 6e3 cnomeopens OJisi YymIUGUX NPOMUCTIOBUX HABAHMAICEHD 34 PI3HUX yM08 excniyamayii. biomn. 46, tadn. 3, puc. 19.
Kniouosi cnosa: sikicThb enekTpoeHeprii, nocaiioBuuii akTuBHUH GinbTp MoTy:KHOCTI, cucTeMa (oToesieKTPHYHUX OaTapeii,
HeYiTKa JIOrika KepyBaHHs, 30ypeHHs1 HANIPYT'H, 3MEHILCHHs TapMOHIK, JIiHiiiHi Ta HeniHiliHI HABAaHTAKEeHHSI.

Introduction. Reliability is a crucial concept for
utility companies and their customers in general. It holds
particular significance for businesses operating in highly
competitive environments because it directly affects
profitability, a key driver in the industry. Although
electrical transmission and distribution systems have
attained a very high degree of dependability, disruptions
cannot be completely eliminated. Any distortion in the
voltage waveform can lead to operational issues with
electrical and electronic devices [1]. To ensure
uninterrupted production, users require a consistent sine
wave shape, constant frequency, symmetrical and
standard voltage value [2, 3].

The focus on improving efficiency and minimizing
variations in industrial operations has resulted in more use
of the complex equipment that is highly sensitive to
voltage disturbances, such as voltage sags, voltage swells,

interruptions, and harmonics [4]. Voltage sags are
considered the most critical, as sensitive loads are
particularly sensitive to temporary voltage changes [5]. In
some cases, these issues might result in the total stoppage
of an entire production line, especially in high-tech
industries like semiconductor manufacturing, causing
significant economic losses for affected changes [2, 6].
Traditionally, solutions to address power quality
issues relied on conventional passive filters [7]. However,
their limitations, such as fixed compensation, resonance
with source impedance, and challenges in tuning time-
dependent filter parameters, have created a demand for
active and hybrid filters [8]. Active filters offer better
compensation compared to passive filters, and when
combined with passive elements, they form hybrid filters
that provide cost-effective and optimal solutions [2, 9].
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As a result, the advancement of active filter
technology has progressed to mitigate voltage-related
power quality issues, especially in systems that include
diode bridge converters with substantial DC-link
capacitive filters [10]. Series active power filter (SAPF) is
preferred in such applications. Although series filters
efficiently remove voltage and current harmonics, they
are not optimal for ensuring zero voltage regulation at the
point of common coupling (PCC). Additionally, a series
filter to handle voltage-related concerns is more
efficacious than employing a shunt filter for better
utilization of system ratings [2, 11]. Most addressing
escalating challenges of power quality degradation in
modern electrical systems have been solved by using
FACTS devices, such as a 3-phase SAPF for power
distribution systems [7]. The impact on power supply and
quality of energy with the growing number of power
electronic devices, which are not linear in nature and can
comprise voltage deviation and harmonic distortions, is a
serious issue, and thus, the reliability and performance of
electrical distribution systems are affected [2, 12].

To mitigate the detrimental effects experienced by the
systems, the proposed architecture in this study possesses
unique characteristics and capabilities for energy
management of stand-alone photovoltaic (PV)-battery
energy storage systems integrated with the SAPF. The
objective of this cooperative control is to effectively
counteract both sag and swell voltage, as well as harmonic
distortions in load voltage, thereby ensuring superior power
quality and overall stability of the power system.

Review of the literature. The following section
reviews the most significant research works in the literature
on SAPFs and hybrid SAPF configurations for improving
PQ. As outlined in [13], the methodology analyzed fuzzy
logic-based phase-locked loops (PLLs) and linear
controllers (RST and PID) for SAPF suppression of non-
linear load voltage dips, with the most attention being given
to fuzzy hysteresis band control, where a performance
comparison with traditional techniques using higher
complexity was carried out. The work [14] proposes a
SAPF based on an adaptive fuzzy logic controller. It aims
at improving the power quality in stand-alone wind/solar
power systems by eliminating the voltage problems such as
modulation, surges, distortion, and imbalance, resulting
from non-common loads. The power sources are used to
prop up the AC side to minimize voltage distortion and to
satisfy the standard of IEEE 519-1992 as well as to
improve the use of renewable energy sources. A key
contribution of [15] is a new control strategy, fuzzy slide
mode pulse width modulation (FSMPWM), compared with
PI control, for a series hybrid active power filter to enhance
power factor. FSMPWM can reduce the total harmonic
distortion (THD) and perform better than a hysteresis
controller. Another advantage of the FSMPWM is that it
can suppress noise, standardize switching frequency, and
cope with voltage dips/spikes. This is confirmed via
MATLAB simulation based on IEEE-519 laws. The study
[16] highlighted how hybrid active power filters with
sliding mode control were capable of managing harmonic
pollution due to non-linear loads under smart grid
environment development, and support was given to active
versus passive alternatives. The work [17] confirms the
superiority of the ANFIS-based control of the SAPFs for
harmonics and voltage disturbances mitigation. By

extensive simulations and experimental tests, it is shown
that the ANFIS controller has proven superior to the
backstepping sliding mode control by minimizing the THD,
thereby increasing the power quality at the grid level. Its
robustness and flexibility make it a good candidate.
Building upon previous work, [18] developed a new
control algorithm for SAPFs in the low-voltage distribution
grid serving a voltage source non-linear load in order to use
the feeder impedance factor practically calculated via
simulation and experiment. The authors of [19] presented
an improved second-order generalized integrator controlled
series hybrid active power filter for harmonic current
suppression in 3-phase interfaces, involving PV systems
showing substantial THD drop. The results from [20]
investigated hybrid SAPFs, using an adaptive neuro-fuzzy
inference system for better power quality control in power
grid-connected systems with non-linear loads. Further
analysis by [21] studied the influence of power electronics-
generated harmonics and also confirmed in simulation as
well as measurement that shunt and SAPF can suppress
these distortions. Specifically, [22] focused on presenting
the improved quality of power by connecting SAPFs to the
proton exchange membrane fuel cell through advanced Al-
based control in both conventional and PV-integrated
distribution systems. The work [23] concentrated on SAPFs
to alleviate source-produced voltage, and the matrix pencil
method was reported as a superior method compared to
traditional methods in terms of THD reduction. In general,
these investigations constitute an important part of the work
on the advancements of SAPFs and their hybrid forms for
power quality conditioning in different electrical systems.
The proposed PV-battery system without an MV
transformer employs a multi-stage DC-DC converter and
an integrated energy management control concept [24]. A
PI controller optimizes PV DC voltage [25, 26] under
various loads.

By directly addressing the adverse impacts of non-
linear power electronics, this integrated SAPF and PV-
battery system offers a robust, efficient solution to the
growing challenges of maintaining power quality in
contemporary electrical systems.

The goal of this work is to design, model, and
evaluate series active power filters (SAPFs) integrated with
energy management for an independent solar storage
system, using a multi-stage DC-DC converter. The
objective focuses on mitigating voltage harmonics and grid
disturbances resulting from diverse loads (linear, non-
linear, and combined) and integrating renewable energy
(PV). Control is achieved through an intelligent fuzzy logic
controller (FLC) and a PI controller to ensure a stable DC
voltage and reduce the THD of the voltage to less than 5 %.

Active power filter (APF). The core operating
principle of active filtering is based on the extraction and
subsequent injection of reference signals that include
prominent harmonics at the PCC. This complex process is
executed using specialized modulation methods, including
pulse width modulation (PWM). In shunt APF
applications, source current harmonics are predominant,
whereas voltage harmonics are rather small and are not
substantially influenced by non-linear loads [27].
Consequently, numerous researchers inadvertently
employ classic SAPFs with sinusoidal voltage sources
and non-linear loads (Fig. 1), configurations typically
intended for shunt APF applications [28, 29].
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Fig. 1. Classic SAPF
Conversely, in the context of SAPFs, when

appropriately configured under linear load conditions with a
voltage source exhibiting significant harmonic distortion, the
resultant current waveform inherently mirrors the source
voltage’s harmonic profile. This phenomenon may
compromise the efficacy of reference-signal extraction
techniques, particularly in linear load scenarios [29]. To
address this challenge, a comprehensive investigation into
the applicability and robustness of extraction methodologies
within SAPF frameworks is imperative, with emphasis on
linear load configurations (Fig. 2).
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Fig. 2. Modern SAPF

The present study undertakes a rigorous analysis of
linear, non-linear, and hybrid (combined linear and non-
linear) loads conditions, while also accounting for source
voltage anomalies such as sags, swells, and significant
harmonic distortion (Fig. 3). The characteristics of SAPF
types can be clarified through the flowchart (Fig. 4).
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Fig. 3. Developed SAPF

When checking the flowchart, notice that the
advanced SAPF excels at enhancing power quality,
making it well-suited for environments with distorted

source voltage and distorted current loads. Its flexible and
precise operation effectively mitigates voltage distortion
originating from both the source voltage and the flow of
distorted current through the system’s impedance, capably
handling linear, non-linear, and combined load types. The
modern SAPF employs contemporary technology to
improve power quality and is also effective in situations
with distorted source voltage.
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Fig. 4. Flowchart characteristics of SAPFs with proposal path

It offers flexible and accurate correction of voltage
distortion caused by the distorted source voltage and
functions efficiently with linear loads. In contrast, the Classic
SAPF improves power quality but is not ideal for distorted
source voltage conditions. It specifically targets voltage
distortion resulting from distorted current flow within.

Medium-voltage grid integration of PV systems
through advanced DC-DC conversion topologies. The
escalating concerns surrounding environmental degradation
and the limitations of conventional energy sources have
propelled PV technology to the forefront of renewable
energy research and deployment. Over the past decade,
significant advancements in solar cell efficiency and
manufacturing processes have established PV power
generation as a compelling alternative and complementary
energy resource, particularly within hybrid energy systems
[25, 30]. This rapid expansion of PV adoption is further
fueled by the increasing demand for distributed generation,
highlighting the crucial role of solar energy in meeting
renewable electricity targets [31].

However, the growing integration of distributed solar
PV generation into low- and medium-voltage distribution
networks introduces a range of technical challenges. These
include alterations in voltage profiles (such as voltage rise
and imbalances), potential overloading of feeder
components, increased activity of voltage regulation
devices, voltage fluctuations, power quality degradation,
elevated energy losses, and a reduction in overall network
reliability [23, 26]. Concurrently, ongoing innovations in
PV technology have led to significant cost reductions, with
PV module prices experiencing a substantial decline (80—
85 % between 2009 and 2016) [32], further accelerating
their adoption in these years until now.

A critical component in optimizing the performance
of PV systems, particularly under varying solar irradiance
and temperature conditions, is the maximum power point
tracking (MPPT) system. Given the inherent low efficiency
of PV modules in suboptimal conditions and their non-
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linear voltage-current characteristics, an MPPT system is
indispensable for extracting maximum power output.
Usually adopting algorithms of perturb and observe for its
simple operation, the MPPT system also requires a joint
utilization DC-DC converter to behave as a control
interface [33, 34]. This converter adapts its duty cycle
according to the variations of the environmental conditions
in order to operate continuously at the MPPT [35]. There
are many different types of DC-DC converter topologies,
such as buck, boost, buck-boost, Cuk, Sepic, etc., which
individually have their own special characteristics and
limitations for the dedicated application [36, 37].

In order to efficiently control the output voltage of PV
modules and to achieve the maximum power point
tracking, it is necessary to have a DC-DC converter. This
research focuses specifically on the boost converter
topology, known for its ability to step up the input voltage
level. Boost converters find widespread application in
battery-powered systems where higher operating voltages
are required for electronic devices. The fundamental
principle of power transfer in this converter relies on the
interaction of a power switch, an inductor, a capacitor, and
a diode, with power flow managed through the switching
action of the power switch. Output voltage regulation is
achieved by controlling the duty cycle of the switch using
PWM at a fixed switching frequency [36, 38].

The increasing penetration of PV generation has
profoundly impacted power system operation. While
distributed generation offers numerous benefits, the
intermittent nature of solar resources presents challenges
for distribution system operators concerning power quality,
efficiency, and grid stability. This evolving scenario
necessitates a shift from solely focusing on active power
generation from PV systems to exploring their reactive
power capabilities for enhanced grid support and voltage
regulation. Recent research has explored generalized
optimization frameworks applicable to various distribution
networks, integrating dynamic PV control strategies [39].
The growing awareness of energy security and climate
change has further spurred the proliferation of distributed
energy resources, with PV systems gaining prominence in
low-voltage distribution networks due to their decreasing
costs and lack of moving parts [40, 41].

In the context of medium-voltage distribution
networks, DC-DC converters play a crucial role in
harnessing energy from PV panels. The standard DC
voltage for residential system between 400600 V, while
the commercial PV modules typically have voltage
limitations below 1 kV, in addition, the utility-scale PV may
go up to 1.5 kV and DC bus voltages are often significantly
higher; high step-up ratio DC-DC converters are required.

One effective approach to achieve the required high
voltage gains is through the utilization of multiple
cascaded submodules from low voltage DC (LVDC) to
medium voltage DC (MVDC). Three primary cascaded
DC-DC converter configurations exist: the input-
independent output-series (IIOS) type, the low-voltage
bus-based (LVBB) type, and the two-stage conversion
(TSC) type, as shown in Fig. 5-7 [24, 42].

The more efficient proposed multiport cascaded
converter, which includes capacitors and battery storage
groups (Fig. 8). The capacitors handle the high-frequency
ripple and the transient response. This method gives a
more efficient and reliable MVDC supply.

MVDC Bus

cooL_*] |-

—

DC-DC |

Converter

R

—_—

DC-DC
Converter

DC-DC
Converter

Fig. 5. Multiport cascaded converter type I[1OS for MVDC

LVDC Bus IPOS System MVDC Bus
MPPT Stage -
1. < [Goo_t
DC-DC
J_ Converter
DC-DC
Converter
B
} DC-DC
Converter
DC-DC
Converter -—:
_—I—_m_ H H
T i :
i H '
: H
i S, W— -
s DC-DC
J_ Converter
DC-DC f'\
Convertern
= | L‘\—

Fig. 6. Multiport cascaded converter type LVBB for MVDC

Second

MPPT Stage Conversion Stage MVDC Bus
BOOL_*y |-
ococ | Lt e
Converter |
S
— — ‘]
DC-DC J_ DC-DC
———. —l— Converter
—
T = ]
1 1
H ] ]
H ] ]
i L ]
 —
DC-DC J_ DC-DC
Converter Convertar
R ==

Fig. 7. Multiport cascaded converter type TSC for MVDC

Second

MPPT Stage Conversion Stage MVDC Bus
+ -
1. L=
DC-DC —
Converter
1
| S
)
DE-DC —_—
Converter
| I 1

(]
:
e

[+

DC-DC J_
Converter T
I ! Fg

Fig. 8. Proposed multiport cascaded converter for MVDC

Il

The proposed type of power system architecture
utilizes a PV array to charge a battery bank through a
boost DC-DC converter. This specific converter topology
is employed to step up the voltage from the PV array to
the required charging voltage of the battery. The
suggestion used batteries have a capacity of 16.5 MW
over 10 min. It can be increased if more support time is
needed. A PI controller meticulously regulates the duty
cycle of the boost converter’s switching elements. This
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closed-loop control ensures a stable and consistent DC
voltage is maintained across the battery terminals,
compensating for variations in solar irradiance and battery
state-of-charge. To construct a cascaded system, multiple
identical units, each encompassing the PV array, a boost
DC-DC converter with PI control, and a battery bank, are
connected in series. This serial connection allows for a
scalable increase in the overall system voltage output,
offering enhanced flexibility for higher voltage
applications and facilitating modular design and
maintenance. The following section will detail how the
cascaded system’s output voltage is accurately controlled
and explain the principles for determining the necessary
number of stages to achieve target voltage levels.

Control system. The control system has been split
into two stages: first, control of the DC link and reference
signal extraction using a conventional PI controller, and
second, control of the DC link stages using an intelligent
FLC. In DC link systems, voltage regulation is a critical
aspect, achievable through either external or internal DC
sources. When an internal source 1is utilized, a
supplementary control circuit becomes essential to
maintain the DC link voltage at a predefined reference,
necessitating the feedback of the V-DC value to the
controller. However, for the scope of this investigation, an
external DC source is considered. Conventional control
methodologies often face limitations in non-linear systems
due to their reliance on precise mathematical models. In
contrast, FLC offers a significant advantage by its inherent
capacity to process data characterized by uncertainty,
imprecision, and even apparent contradictions [14, 15].
FLCs emulate human-like control reasoning, diverging
from traditional controllers by obviating the need for a
rigorous mathematical model to address the inherent
vagueness and uncertainty frequently encountered in
linguistic problem formulations. Fuzzy logic demonstrates
proficiency in representing uncertain and imprecise system
knowledge, while fuzzy control enables decision-making
even with uncertain inputs or outputs, based on a set of
imprecise rules [43, 44].

The ANFIS, a hybrid intelligent control architecture,
synergistically integrates the interpretability of fuzzy
logic with the adaptive learning capabilities of neural
networks. This integration facilitates the realization of
robust, self-optimizing control frameworks. Grounded in
a Takagi-Sugeno-type fuzzy inference model, ANFIS
eliminates reliance on manual rule formulation and
expert-driven parameter tuning, thereby significantly
enhancing adaptability and operational efficiency in
complex, non-linear environments [45].

In the current work, an ANFIS creates an FLC that has
been specifically designed for seven-stage DC-link voltage
regulation. The input-output data set for training ANFIS
contains two inputs and one output. Four Gaussen
membership functions characterize both input variables. The
training error is about 3.9-10° with 50 epochs. The designed
structure of the fuzzy logic controller is depicted in Fig. 9.
This system employs two critical input variables load current
(ranging from 1.4-11.5 kA) and THD (0-22.8 %) to
generate a single control output. This output undergoes
saturation and iterative error minimization, converging to
approximately zero.
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Fig. 9 The designed structure of the fuzzy logic controller

The computed control signal dynamically
determines the minimum DC voltage amplitude, ensuring
compliance with active power demands under varying
operating conditions. This is achieved via a demultiplexer
(Demux) driven activation mechanism that selectively
engages a predefined number of cascaded power-stage
modules. The power circuit (Fig. 10) comprises seven
series-connected stages. By dynamically adjusting the
number of active stages, the system achieves precise
output voltage regulation while compensating for losses
and maintaining stability during voltage sags, swells, or
harmonic distortions.
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Fig. 10 The designed fuzzy logic controller with Demux

Control of voltage extraction. The SAPF is
connected in series with the power circuit via a transformer
with a 1:1 turn ratio. The primary elements of the SAPF are
the voltage source inverter (VSI), the DC-link, and the
control algorithm. IGBT transistors are the predominant
switching devices used in the VSI module. For this
investigation, PWM was used as the modulation method.
Under conditions where standard power equations become
invalid, Akagi theorized that instantaneous reactive power
theory (IRPT) transforms into a theoretical framework used
in a series filter, operating as a dual d—gq theory for
regulation. This theoretical framework entails the
incorporation of a current source, either at the source or
load, to ensure sinusoidal current waveforms inside the
circuit, thereby isolating harmonic content exclusively
within the voltage signal [23].
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The MATLAB/Simulink for the proposed model that
included the sample power system with the proposed SAPF,
controlled by a fuzzy logic controller is shown in Fig. 11.

Demux

Fig. 11. Control system of compensator voltage extraction

The control circuit depicted in Fig. 11 derives the
reference signal from the source voltage, which is fed into a
PLL to extract the instantaneous phase angle (wt). This
phase angle serves as the synchronization basis for
generating independent voltage sources within the system.
Subsequently, the voltages of both the independent sources
and the load are transformed from the 3-phase (ABC)
reference frame to the synchronous dq0 (direct-quadrature-
zero) reference frame using the extracted w, [46]. A
subtraction operation is then performed between the dq0
components of the load voltage and those of the
independent sources. The resulting difference, representing
the required compensation signal, is transformed back from
the dq0 frame to the 3-phase (ABC) domain.

This compensation signal addresses
distortions, mitigates voltage sag by

harmonic
injecting

supplementary voltage, or suppresses voltage swell by
subtracting excess components. These disturbances
originate from the primary power source. The
compensation process is implemented via a SAPF, which
utilizes a voltage source converter (VSC) operating under
a hysteresis PWM control strategy. The VSC is powered
by an external PV-DC link, and its switching is triggered
by the reference signal generated through the
aforementioned control steps. Compensation is injected
into the power line via a series-connected converter,
ensuring that the voltage delivered to the load remains
sinusoidal, free of distortions, and compliant with high
power quality standards.

Proposed simulation. This section presents a
computational analysis of the proposed SAPF topology
using MATLAB/Simulink. The simulation framework,
depicted in Fig. 12, incorporates the parameters detailed
in Table 1. The voltage source is configured to emulate a
distorted grid supply; the series filter block incorporates a
3-phase 1:1 isolating transformer. The controller unit
incorporates the extraction algorithm based on IRPT,
PWM generation, and a seven-stage cascaded DC-DC
converter topology. This converter, regulated by a PV
system, achieves medium-voltage levels through
operational control enabled by a demultiplexing unit for
signal routing and an FLC system, which enhances
dynamic stability and transient response.

Table 1
Simulation parameters for the proposed design

Parameters Range
Source voltage and frequency 6600 V, 50 Hz
Source impedance 0.01 mH, 0.05 Q
Coupling reactance 1 mH
Coupling capacitance with resistance | 2000 uF, 1 Q
DC link voltage (5000-13000) V
One-stage linear load SmH,1Q
One-stage non-linear load 3mH, 6 Q
Transformers 6600Y / 6600Y

A A2

L& ]

Fig. 12. Proposed SAPF in MATLAB/Simulink

To validate the efficacy of the proposed SAPF-
based extraction technique comprehensive simulations

scenarios

four
involving diverse load conditions.

were conducted across operational
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2) Second scenario. harmo 1cs compensating for nt distur b and
This assessment evaluates the SAPF effectiveness  suppressing volta tage d ops from source impedan

under high linear loads and grid harmonic distortion. FFT nalysis details the lt h own F ig. 16.
The system, using consistent voltage source FLC optimizes DC- lnk sta g sele t t maintain

properties (Table 2), undergoes a 3-step linear load (L1, voltage quality for linear loads.

L2, L3) (Fig. 15). The focus is on mitigating source
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3) Thi d nario A fuzzy-controlled DC-link adaptation ensures

This tigatlon assesses the SAPF’s robustness  consistent perform under e treme e load demands. The
under mb dl near (Ll L2, L3) and non-linear (NLI, p ima ry f mains on mit g g ource harmo 1cs
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4) Fourth scenario. This section synthesizes the efficient and precise compensation. Collectively, the

preceding analyses to demonstrate the precision of the simulations validate the SAPF’s capability to enhance
SAPF and the accuracy of its DC-link voltage regulation  voltage quality across diverse load and grid conditions.
(Fig. 19). The fuzzy logic control system dynamically FLC plays a pivotal role in optimizing DC-link
selects the optimal DC-link stage by assessing load dynamics, thereby ensuring both system stability and
characteristics (magnitude and type) (Table 3), and the effective harmonic suppression.

load voltage THD. This adaptive selection ensures

Vabc_Source (V) 15.11 % THD

T [_harmonic source

<10
NLI | NL2 Il NL3 > ;\_lLl NL2 NL3I .NLl NL2 NL3;I NLITNI2ENL3L | L1+U2+L3 >
15 —

labc Ioad (A)

mmmmmmmmmmmummmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmnnwm

|

Vabc AF{V)

o §

|||||||||

i'i .i'i.l ' \l 'i'i 'i'i.li"l

m|||||||||uu|mmmm.m. ..... :
« 0 “fﬁ" il m.w.wn i

lllllllll

o u|||nn|n||\||nu|ummmmmmmmm|||n||||mur|1|m||\|||||||||m|l|ummumummm

15000

10000 —

5000

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.

scenario demonstrate a significant improvement in the
voltage waveform under non-linear load conditions
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Fig. 19. Voltage waveforms and load current for the fourth scenario

Table 3 indicating successful compensation for voltage drops,
Load variations within the fourth scenario evidences this improvement (e.g., up to 3.1 % AV) at the
Time, s Loads type source without the use of SAPF (Fig. 13). Furthermore,
0-0.1 NL1 without SAPF FFT analysis, as Fig. 14,a,b,c confirms the system’s
0.1-0.2 NL1 with SAPF efficiency in managing the load voltage, with observed
0.2-0.4 NL2 THD values of 1.6 % during voltage sag, 0.41 % during
0.4-0.6 NL3 voltage swell, and 0.46 % in the presence of a harmonic

0.60.8 NL I+ NL2+ NL3+ L1 source exhibiting a 14.05 % THD
0.8-1 NLI+ NL2+ NL3+ L1+ 12 In the second scenario, the results of this scenario
1-1.2 | NLI+NL2+ NL3+ LI+ L2+ L3 demonstrate a significant improvement in the voltage
12-14 LIT12+ L3 waveform with a high linear load after the introduction of

1.4-1.6 LI+ L2+ L3

- - - - the successive effective candidate. This improvement is
Results discussion. This study aims to evaluate the 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

In the first scenario, the experimental results of this

following the introduction of the successive effective 0.07 %Withaload-sour'ce that injects 18.03 % THD. These
filter. The voltage stabilizing to the source value, 1HD values are shown in Fig. 16,a,b,c.
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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.

Bcemyn. Ceemenmayis nomysicnocmi cmae 6ce Oibud 8adiCIuGUM 3a60aHHAM Y NOMYICHUX NPOMUCIOBUX NPUBOOHUX CUCMEMAX, WO
BUKOPUCOGYIOMb MawiuHy 3minnozo cmpymy. Ilpobnema. [{na nokpawenns OuHamivHux Xapakxmepucmux, Haoitinocmi ma cecmenmayii
NOMYIHCHOCI NPUBOOHUX CUCEM ) NOMYIHCHUX YCMAHOBKAX (8Uuje Me2asamuozo Oianazony) OOYINbHO 3AMIHUMU OOUH NOMYIHCHUL
nepemeopioeay Kilbkoma Manonomysichumu nepemeoprogadamu. Lleil npunyun 3acmocogyemuvcs Ons KOMOIHAYii Mawiun 3MIiHHO20
cmpymy ma ineepmopHux cmpykmyp. Mema. Aeémopu npononyioms HO8y CUHXPOHHY MAWUHY 3 0BOMA GIOKpUMUMU OOMOMKAMU MA
nocmitinumu  maewimamu. Lla mawuna smenwye HeoOXiOHi pO3MIpu [HEEPMOpPIE JHCUGNEHHS, OOHOYACHO NOKPAWYIOUU OUHAMIUHI
Xapaxmepucmuky ma mepmin cuyxcou. Ii scusnenns i3 6UKOPUCTAHHAM 0BOPISHEBUX KACKAOHUX iHEEpMOpI6 000amKoso nioguiyye yi
xapaxmepucmuxu. Memoouka. /[na ybo2o 00cniodxcents po3pobiena MamemMamuuna Mooenb cucmemu y cucmemi koopounam Ilapka,
ska nepesipena y MATLAB/Simulink. Cnouamky npedcmaeneni pezyiomamu MoOen08aHHs OJisi NPONOHOBAHOT MAWUHY, WO HCUBUMbCSL
YomupmMa  36UHAIHUMU  OBODIGHEGUMU  [HEBEPMOPAMU HA OCHOBL Memooy WUPOMHO-IMIYIbCcHOI moodyasayii. [lomiv Hoéa Mmawiuna
3AXCUBTIOBATIACH BI0 YOMUPLOX 0ASAMOPIGHESUX NEPEMEOPI8ais, KONCEH I3 SKUX CKIA0AEMbCsl 3 080X 080pIieHesux ineepmopis. [is
nooabuol deMoHcmpayii nepesaz OAHOi CIMPYKmMypu Nepemsoprosaya asmopu SUKOPUCHOSYIoNb KOHQIZYpayiio 3 mpboma KACKAOHO
3’€OHanumu 0sopisnesumu ingepmopamu. Pesynomamu noxasyioms, wo 6UKOPUCMAHHA HOB0I MAWUNY 13 36UYAUHUMU OBODIGHESUMU
ineepmopamu 3abesneyye cecMenmayilo NOMYMHCHOCMI Ma NOKPAULYE AKICHb HANpY2u, CIMpyMy cmamopa ma Kpymnoz2o momenmy. Kpin
M020, NOEOHAHHS Y€l MAWIUHU 3 KACKAOHO 3 €OHAHUMU 6A2amopieHesUMU IHEEPMOPHUMY CIPYKMYPAMU 3HAYHO RIOBUWYE OUHAMIYHI
xapaxmepucmuku i naoiiinicmo. Haykoea nosusna nonseae 6 cumepeii, ka 00CsA2a€mbcsl 34 paxXyHOK inmeepayii HOOI CUHXPOHHOT
MAWUHYU 3 KACKAOHO 3 €OHAHUMU OB0PIGHEBUMU THEEPMOPAMU, WO 00360AE CUCMEM] OOHOYACHO Q0NAmMU MPAOUYIIHI OOMENCEHHS SIK 34
npodykmusnicmio, max i 3a naoivnicmio. Ilpakmuuna 3nauumicme. Peanizoeana imimayivina mooens HOB0I CUHXPOHHOT MAWIUHU 3
06oma GIOKpUmuMY OOMOMKAMU MA NOCMIUHUMU MASHIMAMU Ol NIOMEEPOICEHH, BUCOKUX XAPAKMEPUCMUK, WO 00CA2ArOmbCs 3d
00NOMO20I0 KACKAOHO 3 €OHAHUX 0a2amopieHesux IH8EPMOPHUX CMPYKMYP O JCUGTEHHS HANPYeU NOPIGHAHO 13 36UYAUHUMU
oeopigrnesumu ingepmopamu. biomn. 19, tadm. 2, puc. 17.

Knrouoei crnoea: TiIagkomoOJIOCHA CHHXPOHHA MAIIMHA 3 NOCTIfHMMHM Mar"iraMu Ta JBOCTOPOHHIM BiIKDUTHM BHMBOJOM,
KaCKa/lHi ABOpiBHEBi iHBepTOpPHU, CerMeHTALlisl MOTYKHOCTI, HAXIHHICTD.

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, ¢) Park
reference (w(, 4 = w,) are represented in Fig. 1.

A
A 4, Ad
.,.
/
TVSdzrvgdzz
‘F!l V. vV i
S Squ1—VSq12 . 2
~
/\ ' 7 Asdll_vsdlz

Vsqi—Vsq S,

S

Fig. 1. Windings representation in the (d, ¢) reference frame

The relation that links the flux and the currents is:

Wsdl Ly Mg 0 0 |isdr| [y
M L 0 0 ||z
Vsd2 _ d d .sd2 N Ve )
Vsql 0 0 Lq Mq Isql 0
Vsq2 0 0 My Ly igp| [0

The voltage is related by the following matrix:

Va1 =Vsaiz | R, 0 0 0 Vsdl
Vsart =Vsaz | | 0 Ry 0 0 |hsa2 | d|Vsa2
Va1t =Vsqiz | | 0 0 Ry 0 |isqr| df|Wsql i
Vi =Va | L0 0 0 R]ig vz] (2)
0 0 —a)dq Vsl |
N 0 0 wdq} Vsd2
ogq 0 Wsql |
0 g Ysq2 |

where R; is the stator resistance; Ly = Lq = L is the stator
inductance in d, g axis for the smooth-pole synchronous
machine; M, is the mutual inductance of the stator in d|,
d, axis; M, is the mutual inductance of stator in g, ¢,
axis; y; 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:

=L 8L ®

where: [1] = [ T is the state vector;

Isdl ist isql isqz]
T
Vsat1 —Vsd12

Vsaz1 =Vsda2
WV1=|Vigi1 = Veqi2
Vsq21 - Vsq22
Ve

is the control vector.

The state matrix [A4] is:

RL ~RL oy 0
>-M3; *-M} a
~RL R,L 0 Y
2 2 2 2 dq
- >-M3 I*-M] @)
o o, 0 Rl &My
dq 2 2 2 2
L —Mq L —Mq
0 Ay, _Rqu RSL
R A V- A Vi
The matrix [B] is:
L —My 0 0 0
2 22 12 1,2
-M§ IF-M;
My L 0 0 0
2 22 2 a2
18] -M; IF-Mg (5)
N 0 0 L My oy
LZ_MZ LZ_MZ L-M
d q q
0 0 —M, L ~Ddq
L2 _M2 L2 _M2 L-M
q d q

Tile electromagnetic torque of the DOEWPMSM is:

3 . .o . .
Tem = Ep((Md _Mq )(lsd2lsql + lsdllqu) +yr (lsql +lsq2)) . (6)

The drive mechanical equation is:
Cifw. (7

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, Vsarz, Vsaiz are the simple voltage of inverter A;;
Vsaz1, Vsana, Vsaxs are the simple voltage of inverter Ay;
Vsgi1, VsBi12, Vsgi3 are the simple voltage of inverter By;
Vsga1, Vspaz, Vspas are the simple voltage of inverter B,;
(Vsa11—Vsa12) is the pole voltage of inverter A;
(Vsar1—Vsap) is the pole voltage of inverter A,;
(Vsg11—Vsgi2) 1s the pole voltage of inverter By;
(Vspa1—Vsga2) is the pole voltage of inverter By;

UA = (VSAI 1—VSA12)—(VSA21—VSA22) is the phase—to—phase
voltage of machine stator winding A;

UB = (VSBl1—VS312)—(V5321—VS322) is the phase—to—phase
voltage of machine stator winding B.

The Voltages (VSAl 1—VSA12), (VSAZI_VSA22), 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 ¢ = 1 s the impact of torque
T, =180 N-m is applied.

In order to analyse the torque quality, the definition of
the torque undulations 47, by the expression is:

AT,y = Tmax —Tem 1000, (8)

em
The enlarging effect of the torque for a load torque
T, =T, is indicated in Fig. 6.
Then, the torque undulation is:

AT, :%.100%:17.5%.

T —T: = J
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Fig. 4. Harmonic content of machine voltage

The simulation results of the stator currents /;;; of the
winding A and [, of the winding B are shown in Fig. 7.
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Fig. 5. The simulation results of the speed and the torque
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Fig. 6. Enlarging effect of the waveform torque
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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

Ty |
Ty

Mag (% of Fundamental)

Inverter A12

Ty |
T’zd

Tu |
T’zd

- E/4

I <RICRN

3 b

Is12 (A)
1 Is13 (A) >
— E/4 —- Fig. 9.
T T ™ Two 2-levels
J % IZJ 13J inverters
Inverter All in cascading

In order to control 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

Three reference voltages with a frequency of £; 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 (Vsaj—Vsarn),
(Vsax1—Vsax) 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.

Vsau—Vsan, V
T

i
Vsa2=Vsan, V
0 T

B0 f
a00f
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200
-400
600

181 w‘az w‘aa w‘aa 1‘35 1‘35 1:37 1:33 189 13 A
Fig. 11. The pole voltages and the phase-to-phase voltage
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:
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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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Fundamental (50Hz) = 25.19 , THD= 3.86%
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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, Bl and B2). This structure is formed by three 2-level
inverters connected in a cascade (Fig. 15).
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The enlarging effect of the waveform torque is
shown in Fig. 17.
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Fig. 17..Enlarging effect of the waveform torque

Then, the torque undulation is:
187.4-180
AT, _

m =80

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
of these cascaded structures improves stator current
quality, voltage THD and reduces torque ripple.

-100% =4.11%.

Table 1
Different results for three structures
Inverter Al | inverter 2.cascaded 3_cascaded
inverters mverters
THD voltage, % 44.27 26.82 16.42
THD current, % 5.35 3.86 1.63
AT, Yo 17.5 7.22 4.11

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
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
entire system [19].

I Table 2
ﬂéA) 12 Is12 (A) E/6—— Sizing of the two cascaded inverters
—»1 Is13(A) Inverter Al Power Stator Switches
inverter current, A voltage, V
LT’I3 |_T’12 LT’H Inverter Al11 Pl4 1/2 VTll =FE/2
Inverter A12 P/8 12 Vi =E/4
Inverter A21

Fig. 15. Three 2-levels inverters in cascading

Figure 16 shows the pole voltages (Vsai—Vsarn),
(Vsa21—Vsaz) and phase-to-phase voltage U, of the stator
winding A. The results indicate that an increase in the
voltage level enhances the lifespan of this machine.

Vsu=Vsan. V

300

-400 b o4

1 IS 1 135 1 ‘9 It‘ 5
Fig. 16. The pole voltages and the phase-to-phase voltage
of the stator winding A (case 3)

Table 2 demonstrates that using two cascaded
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 = Ly= 0.655 mH, mutual inductance of
stator d; , axis My = 0.545 mH, mutual inductance of stator
q12 axis My = 0.545 mH, magnet flux y; = 0.8 Wb, 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:

e 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.

e 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.

e 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.

e 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 %.

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

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

e 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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Numerical study of particles trajectories in a multifunctional electrostatic separator
powered by photovoltaic system

Introduction. Electrostatic separation is a growing technology in the recycling industry. It is an effective technology for processing
plastics and metallic materials in the form of granular mixtures or fine powders from waste electrical and electronic equipment. Problem.
Understanding the various physical phenomena occurring in the separation zone is crucial for improving the efficiency of electrostatic
separation devices. This has led to the adoption of efficient and reliable numerical models for simulating particle trajectories. The goal of
the work is to represent graphically the trajectories of two insulating charged polypropylene particles of different sizes (2 mm and 4 mm)
in the multifunctional electrostatic separator powered by photovoltaic (PV) system use a multipoint electrodes as charging device
employing numerical simulation and demonstrate its effectiveness and reliability for the study of particles trajectories by integrating PV
panels as a power source for electrostatic separators according to the recommendations of the new energy system. Methodology. Using
the Euler-Cromer method as numerical model to solve the equation of motion of the particles. This method was based on the calculation of
the electric field intensity, which is done by the COMSOL Multiphysics sofiware, which uses the finite element method (FEM). The
numerical simulation was carried out using MATLAB software by varying the voltage applied to the active electrodes of the
multifunctional electrostatic separator suggested, and the distance between them, taking into account the influence of electrostatic and
mechanical forces on the charged insulating particles as they pass through the separation zone. The results were showed that the
numerical model used is an effective and reliable tool for the study of particles trajectories. Scientific novelty of this work is to integrate
PV panels as the main low-voltage energy source at the input of the high-voltage generator supplying the electrostatic separator with an
optimal voltage of 30 kV. In addition, this numerical study has used electrostatic forces, gravitational forces, and dynamic forces
simultaneously. Practical value. The numerical simulation was contributed to a thorough understanding of various physical phenomena
occurring in the separation zone and was considered a tool to validate experimental results. References 31, tables 2, figures 14.

Key words: electrostatic separation, electric field, photovoltaic system, numerical modeling, particle trajectories, waste
electrical and electronic equipment.

Bemyn. Enexmpocmamuyna cenapayisi € mexHonoeiclo, wjo poseusacmucs 6 inoycmpii nepepobku. Lle egexmuena mexmonoeis Ons
nepepoOKuU NIACMUKY Ma Memaneeux Mamepianie y euenioi epanyib08aHux cymiwell abo moHKux NOPOWIKIG i3 6i0X00i8 eleKmpuiHo20 ma
enekmponno2o obnaouanus. Ilpoonema. Po3yminna pisnux izuunux aeuwy, wo npomikaroms y 30Hi NOOLTY, MA€ SUPILLATbHE 3HAYEHHS O
nideuwerHst epeKmMueHOCmI npUCMpois elekmpocmamuynoi cenapayii. Lle npuzeeno 0o nputiHamms eeKmueHux ma HAOIHUX YUCETbHUX
MmoOenell Onisi MOOento8ans mpaekmopiti vacmunox. Mema cmammi nonszac y epaghiunomy npedcmasierti mpaekmopii 080X i3010104UX
3apsI0ANCEHUX YACIUHOK NONINPONLIEHY Pi3HUX po3Mipig (2 mm i 4 mm) 6 6a2amo@yHKYIOHATbHOMY eeKmPOCMAmMUYHOMY CEenapamopi, wo
npayroe 6i0 ghomoenexmpuunoi (PV) cucmemu, suxopucmogyiouu 6a2amomourkogi enekmpoou K 3apsiOHUuil NpUCmpit, 3acnocogyrou
ylcenbHe MOOeOBaHH ma demMoHcmpylouu eekmusnicmo PV naneneii sk 0dcepena sicusnens Onsl eNeKmpoCmamuiHux cenapamopie
8IONOBIOHO 00 peKomMeHOayili Ho8oi enepeemuynol cucmemu. Memoouka. Buxopucmanns memoody Eivinepa-Kpomepa sik uucenvroi mooeni
07151 BUPIUEHHS PIGHAHHA PYXY YACMUHOK. [lanuti Memoo 3aCHOBAHUL HA PO3PAXYHKY HANPYICEHOCMI eeKMPUYHO20 NOA, SIKe BUKOHYEMbCS
3a donomoeoro npocpamnozo 3abesneuenns COMSOL Multiphysics, wo euxopucmogye memoo ckinuennux eremenmie (FEM). Yucenvne
MOOETOBAHHS NPOBOOWIOCS 3 BUKOPUCIIAHHAM NpoepamHo2o 3abesneuenns MATLAB wiisixom 3minu nanpyeu, wo nooaemocsi Ha aKMueHI
eneKmpoou NPONOHOBAHO20 DA2aMOPYHKYIOHATLHO20 eNeKMPOCIAMU4HO20 cenapamopa, ma GiOCmani Midic HUMU 3 YPaxyBaHHam 6HIUGY
ENeKMPOCMAMUYHUX WA MEXAHIYHUX CUL HA 3apsIOJiCeHi YACMUHKU 13011004l npu X npoxoodiceHHi uepes 30Hy nodiny. Pesynvmamu
NOKA3an, Wo BUKOPUCIAHA YUCETbHA MOOeTb € eheKMUSHUM | HAOIUHUM THCMPYMEHMoM Ol OOCTIONCEeHH MPACKMOPIL YACMUHOK.
Hayxoea nosuzna pobomu nonsizac 6 inmezpayii PV naneneii ax ocHosHoeo Ooicepena enepeii HU3bKoi Hanpyau Ha 6X00i UCOKOBONLINHO20
2eHepamopa, Wo JHCUBUMb eleKMPOCMAMUHUIL cenapamop onmumanvholo Hanpyeoio 30 kB. Kpim moeo, 6 oanomy uucenvHomy
00CTI0IHCEHH] OOHOUACHO BUKOPUCIOBYBANUCS eleKmpoCmamuyHi, epagimayitini ma ounamiuni cunu. Ipakmuyuna 3snavumicms. Hucenvhe
MOOENOBAHHS CRPUSIO 2TIUOOKOMY PO3YMIHHIO PISHUX (DI3UUHUX AU, WO 8I00Y8ar0OmMbCa 6 30Hi NOOLTY, MA PO32NAOANOCA AK THCMPYMEHM
07151 NiOmeepOdicenis ekchepumenmanshux pesynomamis. biom. 31, Tabm. 2, puc. 14.

Kniouogi cnosa: ejleKTpoCcTaTHYHA cenapalis, eJIeKTPHYHe 1oJ1e, (oToeJeKTPHYHA CHCTeMa, YHceIbHe MOAeTIOBAHHS, TPAEKTOPil
YaCTHHOK, BiIX0JH eJIEKTPHYHOI0 Ta eJIEKTPOHHOT0 00.1aIHAHHSI.

Introduction. During recent years, the world has been
experiencing a rapid pace of consumption of electrical and
electronic devices for domestic and industrial use. This pace
is due to two main factors: the remarkable technical
advances that have affected most modern devices. The
digital and electronic transformation has brought about a
radical change in the lives, businesses, relationships, and
affairs of individuals and society [1, 2]. At the end of 2022,
waste electrical and electronic equipment (WEEE) was
estimated at around 62 million tones, or an average of 7.8 kg
per capita, of which 22.3 % (13.8 million tones) was
destined for proper collection and recycling [3]. This
category of waste has caused numerous economic, social,
and environmental crises. It also occupies vast areas, which
is a source of concern for human health and a major
challenge for sustainable development [4].

Over the past 20 years, the recycling industry has
emerged as a new resource for genuine environmental

restructuring and has been embraced as a main solution in
the WEEE recycling [4, 5]. Electrostatic separation is an
efficient technique that is built into the new energy
paradigm. In addition to the electrostatic separation, there
are several other electrical separation methods used across
industries  like  electrophoresis,  electro  pulse,
dielectrophoresis, conductivity-based separation, and
magneto-electrostatic hybrid separation. It stands out for
its minimal energy consumption, low operating and
maintenance costs, and environmental friendliness, but
has drawbacks in the sensitivity of humidity and particle
surface conditions [6—8]. It is also highly efficient
compared to the other methods mentioned, and a feasible
transformation technology for plastics, and metallic
materials from WEEE, such as electric cables, and
electronic cards [9], as well as in agricultural food [10],
and mining products [11]. The WEEE recycling process
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goes through 4 original stages, which are as follows. First,
plastics and metals from WEEE are sorted according to
their type. Second, they are cut into millimeter granular
mixtures of sizes ranging from 1 to 6 mm or ground into
fine powders of sizes less than 1 mm, having the same
density and electrical conductivity [12—14]. Third, the
granular mixtures or fine powders are charged by at least
one or more electrical charging mechanisms such as
corona discharge, electrostatic induction, and triboelectric
effect. Finally, the granular or powdery mixtures are
separated in an intense electric field generated by two
electrodes coupled to a high-voltage DC power source of
opposing polarity [4].

Currently, there are many efficient and reliable
electrostatic separators that have been applied to sort the
components of granular mixtures or fine powders. These
include drum electrostatic separators [15], vertical electrode
electrostatic  separators  [16], tribo-aero-electrostatic
separators with conveyor belts [17], tribo-aero-electrostatic
separators with two rotating disks [18], free-fall electrostatic
separators [19], and multifunctional electrostatic separators
of the metal belt conveyor type [20].

The multifunctional electrostatic separator and the
free-fall electrostatic separator are two of the most
favored and useful models for sorting the parts of
electrical and electronic equipment, especially the
insulating granular particles. This is because they work
well and are reliable [19].

Utilizing numerical methods to model the separation
process plays a vital role in minimizing the need for
extensive experimental trials, as it offers deep insights
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into the associated physical phenomena. Consequently,
researchers have employed particle trajectory simulations
to investigate how different parameters impact the
efficiency and result of the separation process [2].

The goal of the work is to represent graphically the
trajectories of two insulating charged polypropylene
particles of different sizes (2 mm and 4 mm) in the
multifunctional electrostatic separator powered by
photovoltaic (PV) system use a multipoint electrodes as
charging device employing numerical simulation and
demonstrate its effectiveness and reliability for the study
of particles trajectories by integrating PV panels as a
power source for electrostatic separators according to the
recommendations of the new energy system.

The use of PV panels ensures the required voltage to
power the suggested electrostatic separator. During the
separation process, a 2 mm and 4 mm insulating particles
are charged as they pass through the charge zone by
coronal discharge generated by the multipoint
configuration with the same charge as the electrode. They
then reach the separation zone, where they are separated in
the presence of an intense electric field. This work aims to
represent graphically the charged particles trajectories
using numerical simulation, demonstrate their effectiveness
and reliability for the study of particles trajectories and
improve the efficiency of electrostatic separators.

Methods. Multifunctional electrostatic separator
description. Figure 1,a shows a design of a multifunctional
electrostatic  separator with two flexible verticals

electrodes, powered by PV system. This system powered
the separator.

1. Swing chute
2. Two DC/DC motors
3. Metallic conveyor

4. Multi-point electrode
5. Vertical electrodes

7. High voltage DC/DC converter
8. Collector

9. Variable continuous power supply
10. Scale

11. Digital voltmeter & ammeter

12. Peak voltmeter

13. Electrometer

6. PV panels 14. Computer
e , __________________________________ e T -
I L H Cr Ro
; — _ o
I' > Q —/ T .il S
N D Co Rbis
Do -C i, 3

S: S —LPE
JE<E< ;

“Boost Converter Inverter " Voltage Multiptier

" High Volrage DC-DC Converter

Fig. 1. a — multifunctional electrostatic separator with two flexible vertical electrodes powered by PV panels; b — basic electrical circuit
that explains the conversion of the low-voltage primary source of direct voltage to high direct voltage for powered the separator
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The design consists of a grounded metal belt
conveyor, measuring 1000 mm in length and 100 mm in
width. The conveyor belt is responsible for transporting the
particles in the form of homogeneous spheres deposited on
its surface to the electrical charging zone and the separation
zone. This conveyor belt is driven by two DC or three-phase
motors. These two motors are powered by an adjustable
voltage source and rotated at an appropriate speed, where
the charged particles fall into the electrostatic separation
zone. A multi-point corona electrode in the form of needles
perpendicular to the metal belt of the conveyor belt to
generate corona discharges used to charge insulating
particles. It consists of four points set 20 mm higher than the
surface of the belt. Each point is 130 mm long and 2 mm in
diameter, spaced 20 mm apart.

An electrostatic separation zone consists of two
flexible vertical electrodes in the form of plates measuring
200 mm wide and 300 mm long, separated by a distance
of 80 mm. The two electrodes can move back and forth
between them.

The corona electrode and one of the vertical
electrodes are connected to a 30 kV via a 500 V/30 kV
high voltage DC/DC converter supplied by fourteen PV
panels (Fig. 1,b). The voltages applied to the electrodes
can vary from 20 kV to 30 kV for specific applications.

The multi-point electrode generates corona
discharges that expose the insulating particles. They
acquire electrical charges of the similar sign as the
voltage applied to the corona electrode and fall into the
electrostatic separation zone. When they freely fall into
the separation zone, they are attracted to the electrode of
opposite polarity and fall into the right part of the
collector. However, the uncharged insulating particles,
located in an intense electric field at the separation zone,
fall into the middle part of the collector. The left part of
the collector remains unchanged. Three collector boxes
collect the separated insulating particles. The boxes are
divided into two compartments and constituted in the
form of a Faraday cage connected to an electrometer for
measuring electrical charges, set on an electronic scale by
measuring the mass of the separated particles.

You can record real-time information about how this
electrostatic separator is working on a computer. The
computer can record the power produced by the PV
panels (P,), the voltages applied to the two active
electrodes (V), the speed of the metal belt on the conveyor
(n,c), the number of charges on the particles (O,) and the
masses of the particles (m,).

Numerical modeling. This section involves the
numerical modeling of the PV panels that power the
electrostatic separator suggested, the electric field, the
motion of the charged particles and their trajectories in
the separation zone.

PV panel modeling. A PV panel, otherwise called a
PV module, is generally made up of a set of elementary
PV cells manufactured in the form of a thin layer of P-N
junction semiconductor. These PV cells are connected in
series and/or in parallel in order to obtain the required
current, the required voltage, and the necessary power
required to supply the load, due to the fact that each PV
cell has a low nominal power. Figure 2 presents the model
of the equivalent electrical circuit of a PV cell [21-23].

®
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Fig. 2. The single-diode model represents the equivalent
electrical circuit of a monocrystalline PV cell

The expression of the current generated by the
single-diode PV cell is given as follows:
Lpy=1g+1,+1p,; )
Lyy=1y~14-1,=

_ Il ex /q’(va+Rs'Ipv))_l:|_va+Rs'lpv7(2)
ph—10 pC
n-k B T R D

where [, is the photocurrent of the PV cell; /; is the
current at the diode junction; I, is the current in the
resistor R,; 1, is the output current of the PV cell; I, is the
saturation current of the diode or the dark current; V,, is
the output voltage of the PV cell; R;, R, are the series and
parallel resistances of the PV cell; n is the ideality
coefficient of the cell; k3 is the Boltzmann constant; ¢ is
the electron charge; T is the temperature of the PV cell.

The following equation provides the mathematical
model for the PV panel, assuming that all the cells are
identical:

I,y =Npy-Iy—

Q'(Ns'va""(Ns/Np)'Rs'Ipv) 3)
)-1|-
n-k B T
NV (NN, )Ry 1
(N S/ N p)'Rp
where N, is the number of cells in series; N, is the number
of cells in parallel.

Electrical field modeling. This study uses a
numerical model of the electric field to study the motion
and trajectory of charged particles in electrostatic
separators. The electric field is an important and essential
factor for the electrostatic separation process. The electric
field is responsible for the charge and the motion of the
particles through the electrostatic force it generates. It is
generated by applying a high voltage to the active
electrode and the grounded electrode. To obtain the
electric field strength E, it must solve the Laplace
equation or the Poisson equation, both of which are partial
differential equations or use the COMSOL Multiphysics
software, that uses the FEM [2, 24, 25] it can be
expressed as follows:

E=-VV, 4)
where E is the electric field intensity vector; V is
the electric scalar potential. The boundary conditions
are [24]:

e The potential on the active electrode is equal to the
high applied voltage.

o The potential on the grounded electrode is zero.

o The electric field on the active electrode is equal to
the onset field strength.

Modeling the motion of charged particles and their
trajectories. While moving, particles that have been

=N, -Iy- exp(

>
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charged by the corona discharge used in this study are
affected by electrostatic force, gravitational force, and
aerodynamic force. When they fall freely at the middle of
the electrostatic separation zone, where there is a strong
electric field, they are subject to all of these forces [26-28].

Gravitational force F,. Any charged particle with a
mass m,, experiences a gravitational force during free fall.
The following relationship determines its value:

£ || 5
o VN )

where m,, is the mass of the charged particle, and g is the
gravitational constant (g= 9.81 m/s).

Electrostatic force F,. Any charged particle O,
located in a region of intense electric field is subject to an
electric force of attraction or repulsion. Coulomb’s law
expresses it this way:

F E. (x,
F, :|:Fel,x:|:Qp'|:Ex( y):|, ©6)
el, y y (X >y )
where O, is the charge of the charged particle, E,, E, are
the horizontal and vertical components of the electric field
vector, respectively.
Aerodynamic force F,,, Any charged particle in
the form of a homogeneous sphere of radius »r,

experiences an aerodynamic force when it rubs against the
air. The following formula gives the aerodynamic force:

Frerox 1 2 | Vx
F = T N==-Cs-p-7- . 7
aero |:F 5 pTT, VV (D

aero,y

where C; = 0.5 is the coefficient of friction; p is the
density of air; r,, is the radius of the charged particle; v,, v,
are the components of the vector of the relative velocity
of the particle.

Gravitational, electrostatic and aerodynamic forces
act on the motion of charged particles, according to
Newton’s second law. It is defined by the following
relationship [29-31]:

mp'an:ZF:Fg+Fel+Faer0’ (®)

where a, is the particle acceleration.

For represent graphically the trajectory of charged
particles, we based on the Euler-Cromer method to solve
the equation of motion numerically. This method is given
by the following relation [28]:

Vel =V, +a, - At )

Pntl = DPn +Vyg1 - AL, (10)

where v is the velocity; p is the position; At is time step.
Results and discussion. In this paper we present the
current-voltage  (I-V) and power-voltage (P-V)
characteristics of 14 PV panels by varying the solar
irradiation using the PV module characteristics (Table 1),
the evolution of the electric field in the electrical charging
zone and the separation zone (Fig. 3) through the
COMSOL Multiphysics program for two configurations
(Table 2) and the graphical representation of the trajectories
of two polypropylene insulating particles of 2 mm and 4
mm sizes in the separation zone through the Euler-Cromer
method was programmed in MATLAB by varying the
value of the voltage applied to the active electrodes and the
inter-electrode distance and by injecting the intensity of the
electric field previously obtained. The particle sizes for

which the Euler-Cromer method is most effective range
from I mm to 5 mm [2, 28].
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Fig. 3. The distribution of electric field:
a — the electric charging zone; b — the electrostatic separation zone

Table 1
PV characteristics of an ETSolar PV module
Reference ET-M572185
Maximum power P, W 185
Open circuit voltage V., V 44.6
Short circuit current /., A 5.8
Rated voltage Vypp, V 36.3
Rated current /,,,, A 5.09
Cell per module 72
Table 2
Two configurations of the inter-electrode distance
Configurations Dy, mm | D,, mm | D;, mm
Multipoint-conveyor 60 40 20
Verticals electrodes 80 95 110

PV characteristics of the ETSolar PV panels. Figure
4 shows -V and P-V characteristics of 14 ET-M572185
panels. These panels are linked in series to power the
multifunctional electrostatic separator with two flexible
verticals electrodes with a voltage of 30 kV via a high-
voltage converter DC/DC of 500 V / 30 kV. The
measurements were carried out at a temperature of 25 °C and
3 different solar radiation values (800 W/m? 900 W/m?
1000 W/m?). Each of these solar radiation values corresponds
to a maximum electrical power that the 14 panels could
provide.

72

Electrical Engineering & Electromechanics, 2026, no. 1



LAG 1 kWim?|
4 0.9 kWim?
2 i
0 _ L L V’ v J
P W 100 200 300 400 500 600
3000 T T T T 71
1 kWim
2000 — N
1000+
o v,V |
100 200 300 400 500 600

Fig. 4. -V and P-V characteristics of 14 modules
of type ET-M572185 at 25 °C

Electric field variation. Electrical charging zone.
Figure 5 depicts the electric field variation at the
conveyor generated by 4 points as a function of their
positions p, which represents the electrical charging zone
of insulating particles for an applied voltage of 30 kV and
an inter-electrode distance of 20 mm. The multipoint-
conveyor configuration allows the insulating particles to
cross the region of the intense electric field produced by
each point and acquire electric charges of the same sign as
those of the corona electrode.

Figures 6, 7 show the electric field variation at the
conveyor for 3 different applied voltages (20 kV, 25 kV,
30 kV) and 3 different inter-electrode distances for a
multipoint-conveyor configuration shown in Table 2.
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Fig. 5. Electric field variation at the conveyor
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Fig. 6. Electric field variation at the conveyor for different
applied voltages
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Fig. 7. Electric field variation at the conveyor for different distances

Electrostatic separation zone. Figures 8, 9 show the
electric field variation generated in the separation zone.
These results are for 3 values of the applied voltage of
20 kV, 25 kV and 30 kV and 3 values of the inter-electrode
distance — 80 mm, 95 mm and 110 mm. The curves show
that the electric field is uniform in this region. It is strong
and intense, with a value of 3.75-10° V/m for a 30 kV
voltage and an 80 mm distance between the electrodes.

This investigation demonstrates the importance of the
electric field process in electrostatic separators. That is
electrostatic separation requires an intense electric field of

the order of 10° V/m.
6~ 105 ‘ ‘ ‘ ) ] )
'E, V/m —30kV
—25 kv
. 20 kV|
2
0™ "001 002 003 004 005 006 007 D.m

Fig. 8. Electric field variation at the ground for different applied

voltages
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Fig. 9. Electric field variation at the ground for different distances

Trajectories of the charged particles in the

electrostatic separation zone. We illustrate in Fig. 1013
the trajectories of 2 mm and 4 mm polypropylene particle

in

the separation zone for three different values of the

voltage applied to the active electrode (20 kV, 25 kV and
30 kV) and three different distances between the
electrodes of 80 mm, 95 mm and 110 mm. These
trajectories were obtained numerically.

For the case of a variation of the applied voltage and

the distance, we can observe that the charged particle of
size 2 mm is attracted with a strong acceleration by the
opposite electrode without colliding with it. Moreover,
the other electrode repels it when its sign matches.
Indeed, the electrostatic force is dominant compared to
the gravitational force due to the lightness and small
diameter of the particle. Finally, the charged particle
gathers in the left compartment of the collector box.
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Fig. 10. 2 mm polypropylene particle trajectories for different
voltages applied at an inter-electrode distance of 80 mm

In the case of a charged particle of size 4 mm, we

can note that there is a ratio between the gravitational
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force and the electrostatic force. As expected, the
gravitational force is dominant compared to the
electrostatic force. The large-diameter charged particle
makes a slow acceleration due to the effect of
gravitational force. The deflection of the charged particle
increases proportionally to the increase in the applied
voltage while keeping the same tangent, and it collects in
the right compartment of the collector box.
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Fig. 11. 2 mm polypropylene particle trajectories for different
distances at an applied voltage of 30 kV

Y, m T T T wus 30 kV
=uum 25KV
=u= 20kV

oF - E
-
-y

-0.05f - .
-y
-
-y

01 - .
gy
o

0.15F s -
aup
ann
amy

02 F amy -
ann
.y
L

-0.25F 2. B
L™
LN ] -

L ]
03 .=t .
'} 1 1 1 1 Xm
008 004 0 004 008

Fig. 12. 4 mm polypropylene particle trajectories for different
voltages applied at a distance of 80 mm
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Fig. 13. 4 mm polypropylene particle trajectories for different
distances at an applied voltage of 30 kV

Figure 14 shows the trajectories of two

polypropylene particles of 2 mm and 4 mm sizes when a
voltage of 30 kV is applied and there is an inter-electrode

distance of 80 mm.
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Fig. 14. 2 mm and 4 mm polypropylene particle trajectories at
30 kV and 80 mm

Conclusions. A design of the multifunctional
electrostatic separator and the simulation results obtained in
this article allow us to formulate the following conclusions.

The integration of PV system as a power source for
electrostatic separators, and give it high priority according
the recommendation of the new energy system due to its
numerous advantages and effective contribution to
sustainable development.

The multi-point configuration used in this work has
a high efficiency for charging the insulating particles.

The numerical model based on the Euler-Cromer
method that based on the calculation of the electric field
intensity, which is done by the COMSOL Multiphysics
software, and programmed in MATLAB software, is an
effective and validated tool for the study of the particles
trajectories. The numerical simulation has provided a
profound comprehension of various phenomena that occur
in the electrostatic separation zone. It is also considered a
tool to validate experimental results.

Directions for further research may be the following:
To conduct this work experimentally in the future and
study the trajectories of conductive and nonconductive

particles in the proposed electrostatic separator.
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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 MGYy. 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.

Bcmyn. Enexmpuuni ma onmuuni kabeni 60opmosux cucmem 015 nepeoaui CucHanié MOHIMOPUHZY, Kepy8awHs md 38 sI3Ky 6ce
uacmiuie BUKOPUCHOBYIOMbCA HA AMOMHUX eNeKMPUYHUX CMAHYIAX, € CcUcmemax JiMmaibHux anapamie ma 6iicbKOGoMYy
sacmocyeanni. Taxi ymoeu excniyamayii Xapakmepusylomvcs nioGuWeHuM HOPIGHAHO 3 (QOHOBUM piHeM IOHIZVIOH020
sunpomintosanus: 6io 10 kl'p y kocmiunux 3acmocysannax oo 1 I'Tp 6 akmueniii 30Hi s0eprnozo peakmopa. IlIpobnema. Cmitikicmo
noaimeproi i301ayii 00 Oii IOHIZYI01U020 BUNPOMIHIOBAHHS BUSHAYAEMbCS HA NIOCMAB] MEXAHIYHUX, MeNnI0QIZUYHUX, DIZUKO-XIMIYHUX
NOKA3HUKI6, AKi 8I006pasxcaiomsv JOKANbHI XApaKmepucmuky noximepuoi isonayii enexkmpuunux xabenie. CyuacHi cneyianvHi
padiayiiino-cmitiki onmuyHi 60J10KHA 30amui npayrosamu npu Oii eamma-eunpominenns oozu 1 MIp. 3aodna 3abe3neuenns
MexaHiuHoi Miynocmi ma 3axucmy 6i0 60102U ONMUYHO20 B0NOKHA 6 ONMUYHOMY Kabeli 3acmoco8yiomvbCsa BUCOKOMIYHI
KOHCIMpYKmMueHi enemenmu ma 2iopo@obi 3anosuiosaqi. Mema pobomu nonsicae y 6CmanHo6ienti 6NaUGY 2amMMa-UNPOMIHEHHS HA
Heekpanoeani kabeni 3 HeeKpaHoGAHUMU SUMUMU NAPAMU MA ONMUYHI Kabeni 3 6U3HAYEHHAM OUHAMIKU 3MIHEHHs eNeKmpUyHUX
eracmugocmeti NONeMUNEHO80I 1307yl NPOBIOHUKIE MA MEXAHIYHUX GIACMUBOCMell apamMiOHUxX HUMOK 3 60003AXUCHUM
nokpummsam 6ionogiono. Memoouka rpynmyemocsa Ha GU3HAYEHHi NOPIGHAHO 3 HEONPOMIHEHUM CMAHOM 3MIHEHHS eNeKmpudHOi
EMHOCTI KOJICHO20 3 80CbMU [30/1b0GAHUX NOJIeMULEHOM NPOGIOHUKIE GUMUX NAD MA MEXAHIYHOI MIYHOCMI HA PO3MA2 KeGIAPOBUX
HUMOK 3 80003AXUCHUM KOMNAYHOOM 8 3ANedCHOCI 6i0 noanunenoi 003u camma-sunpominenns 100 kl[p, 200 kI'p ma 300 klp npu
06pobYi 3pasKis eneKxmpuuo20 ma onmuuHo20 Kabenis 6 yemarnosyi kobanem-60 (Co™). Haykoea nosusna noiszae y 6cmarognenti
Kpumepito O00CACHEeHHsS. KPUMUYHO20 CMAHY HOJNIMEPHOI NOAiemunieHo8oi 130aayii i301b06aHUX NPOGIOHUKIE MA epeKmy 6naugy
60003AXUCHO20 NOKPUMMIA 3 HAOBUCOKOIO NO2TUHANILHOIO 30aMHICMIO HA MEXAHIYHY MiYHICMb apamioHux HUMOK npu Oii eamma-
BUNPOMIHEHHS. HA 3PA3KU eIeKMPUYHO20 KAOEN0 V 3aXUCHIL NOTIMePHIU 000I0HYL 3 NONIXAOPEIHINI068020 NAACMUKY MA ONMUYHO20
Kabenio y 3axucHitl 06010HYI HA OCHOBI NOAIMEPHOT 802HeCmIliKOi Komnosuyii 8ionogiono. Ilpakmuyuna yinnicme xeanigikyemuvcs
dlanazonom paodiayiinol cmilkocmi KOHCMPYKMUGHUX eleMeHmie 05 3a0e3nedeHHs: eKCnIyamayiunol @yHKyionamsHocmi ma
eghexmugrnocmi kabenie 6opmogux cucmem 8 ymosax oii camma-sunpominenns. bion. 50, radmn. 3, puc. 6.

Knouosi crosa: 0OpTOBiI cHCTeMHM, HeeKpaHOBaHUIl Kalelb 3 HeeKPAHOBAHMMU BHUTHMHU NapaMH, ONTHYHUA KabeJb,
NOTJIMHEHA /1032 TaMMAa-BHIIPOMiHEHHs, NMOJieTHJIEHOBA i30JIsIliA, eJeKTPHMYHA €MHIiCTb, apaMilHi HHTKH, BOJ03aXHCHHUIA
KOMIIAyH/I, MeXaHi4Ha MILHICTL HA PO3TAr, pajianiiiHa cTilikicTb.

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.
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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. Ionizing 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:

e 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 um 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 Se. 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 um — 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 6, 10°, | E, 10°, g, % coefficient
Pa Pa (in the
longitudinal
direction),
105, K!
ff;vm 1439.35| 3.0 | 1124 2.4 22
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 1.4 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 um.

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
quanta 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.

four
unshielded twisted pairs (a) and the pattern of lines of the
normal component of the intensity of the probing electric
field (), 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 o (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; o;
ey | En ———|=¢ | E, +— |, 1
2 ( n 28()} 1 ( n 280] ()

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;
0/(2¢y) 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;
o = 8.85-107'2 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 To;
[o;inf = |-l =0, 5 (®)
27e, 0 1
. 1 coslry;, n;
O _B7E ajo(#’)-dlj=0, 3)
2e, &, te 2me, S s tij

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; r; 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 (1o, = 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; d/; is the length of an infinitely small section

centered at point j; cos(r~-

i1 is the cosine of the angle

between the vectors r; and n_, — 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:

El,:ﬁ— for the surfaces of conductors (electrodes),
€

E _i(1+lj — for the interface of dielectric media
Y20«

(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 o'; 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:

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

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

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

e 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 probing
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

M i a E:’ - . - b o
Fig. 3. Visualization of the normal component of the probin
electric field strength under the condition of three insulated
conductors 1, 5, and 6 () and 1 and 2, 5, and 6 (b) at a potential

of IV

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

a i

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 C,,,, 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_j,
Cso, Css, Csy, Csg, Csq, Csg of the insulating 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 Csg of conductor 5:

Css=Csi+Csp+t Csy+ Csg+ Csg+ Csgt+ Csg.

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=Cs61 1T Csgat Csp3+ Cspat Csgrt Csps

The inspection scheme, provided that a potential
of 1 V 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
code

Electrical capacitance of an insulated conductor
C, pF/m

1 2 3 4 5 6 7 8
1.041]0.263(1.972|3.712|43.13|29.06|3.706{1.974
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

00001000
00000100
00001100
10000100
10001100
01001100
00111100
10010110

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. 1,4 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].
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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 Sth-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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