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

 

Вступ. Робота присвячена удосконаленню проєктів трифазних асинхронних двигунів (ТАД) на основі застосування 
чисельних розрахунків їхніх магнітних полів. Така задача є актуальною, зважаючи не те, що класична система 
проєктування ТАД не завжди забезпечує достатню точність їхніх проєктних параметрів, тому розроблювані двигуні 
потребують експериментальної доводки і відповідно додаткових витрат часу та коштів. Проблема. При класичному 
проєктуванні ТАД магнітний розрахунок виконується на основі теорії магнітних кіл. Магнітопровід ТАД розділяють на 
умовно однорідні ділянки, на яких магнітні величини вважаються розподіленими рівномірно, проте реальний їхній розподіл 
є набагато складнішим. Такий підхід призводить до похибки визначення електромагнітних параметрів ТАД, і, як наслідок, 
неточності енергетичних, механічних, теплових тощо розрахунків. Метою роботи є подальший розвиток системи 
проєктування ТАД шляхом її уточнення за допомогою чисельно-польових розрахунків електромагнітних та енергетичних 
параметрів. Методика побудована на чисельно-польовій перевірці та уточненні класичного проєктування ТАД. Вона є 
суворо детермінованою, незважаючи на складність лінійних та нелінійних взаємозв’язків конструктивних, 
електромагнітних та енергетичних його параметрів,тому піддається адекватній алгоритмізації і програмуванню із 
застосуванням ітераційних розрахунків. Теоретичні основи методики підсилені гармонічним аналізом часових функцій 
електромагнітних величин та уточненим визначенням диференціального опору розсіювання обмотки статора. 
Інструментом реалізації методики є програма FEMM у сукупності зі створеними скриптами Lua. Результати. Виконано 
чисельно-польові розрахунки електромагнітних та енергетичних параметрів тестового ТАД, розробленого за класичним 
проєктом. Цей двигун перевірено у межах режимів синхронного неробочого ходу та номінального навантаження. Це 
показало достатньо високу ефективність наданих теоретичних і практичних основ чисельно-польових розрахунків і 
виявило, що проєкт ТАД не відповідає заявленим потужності та напрузі. Для виходу на їхні номінальні значення надано 
шлях уточнення намагнічувального струму обмотки статора і ковзання ротора. Науковою новизною в роботі є система 
чисельно-польових розрахунків електромагнітних та енергетичних параметрів ТАД, яка у сукупності з ітераційним 
процесом забезпечує його вивід на задані номінальні напругу обмотки статора і вихідну потужність при одночасному 
варіюванні намагнічюівального струму та ковзання. Практична цінність. Методику чисельно-польових розрахунків ТАД 
на базі програми FEMM і скрипту Lua рекомендовано вбудовувати в автоматизовану систему проєктування цих двигунів. 
Окрім перевірки і уточнення параметрів проєктованих ТАД, за розробленими методикою і програмою можна отримати в 
автоматизованому розрахунковому режимі сім’ю уточнених його робочих характеристик. Бібл. 29, табл. 5, рис. 9. 
Ключові слова: трифазний асинхронний двигун, автоматизовані чисельно-польові розрахунки, магнітне поле, FEMM, 
електромагнітні і енергетичні параметри, перевірка та уточнення проєктних даних. 
 

Introduction. Three-phase induction motors (TIMs) 
are diverse and widespread in the technosphere around the 
world. Their improvement is always relevant and occurs 
due to various factors, including increasing the accuracy 
and efficiency of the design system. 

One of the productive means of improving the 
design of TIMs is currently the use of numerical field 
calculations of their magnetic fields (MFs). For this 
purpose, the publicly available free code FEMM [1], 
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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 
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understand the behavior of various electrical and 
magnetic quantities in the time and frequency domains. A 
prototype machine with short circuits was tested in an 
experimental setup and the results were compared with 
simulation and analytical calculations. In [23], it is noted 
that FEM offers a deep understanding of the fundamental 
principles and physical operation of the machine. It can 
model complex topology of magnetic circuits, discrete 
winding schemes and properties of nonlinear magnetic 
materials of the machine. It determines various 
parameters of the machine and can model localized 
magnetic saturation caused by faults with a high degree of 
accuracy. This article also provides a literature review on 
methods for diagnosing faults in IMs using FEM. 

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

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

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

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

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

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

The object for demonstrating the research 
performed is the TIM with a short-circuited rotor winding 
designed in [4], which has a nominal power PN = 15 kW 
and a rotation axis height of 160 mm. The main design 
data of the motor also include the nominal phase voltage 
UsN = 220 V, the nominal phase current of the stator 
winding IsN = 28.8 A, the frequency fs = 50 Hz, the slip 
sN = 0.0261 and the power factor cossN = 0.889. The 
motor has the number of pole pairs p = 2 and the number 
of phases ms = 3. The main dimensions include the outer 
cores diameters of the rotor dr =184 mm and the stator 
dse = 272 mm and their length la =130 mm, air gap 
 = 0.5 mm. The stator has Qs = 48 slots, the rotor –  
Qr = 38 slots. The stator winding is single-layer, 
diametrical, distributed. The rotor slots are made closed 
and without bevel. The core material is steel grade 2013. 

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

The computational model of the TIM 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, α. 
The directions of the rotor rotation frequencies n and of 
the MF ns coincide with the direction of the coordinate α. 
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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 
В, T 1,54 1,65 1,75 1,85 2,05 

Main 1000 2500 5000 10000 30000 
Teeth 763 990 1330 1770 4400 Н, A/m 
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 Iμ 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 Iμ 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: 

)cos( tIi smssA  ;    )3
2cos(  tIi smssB ; 

)3
2cos(  tIi smssC ,   (1) 

where sms II  2 is the amplitude of currents; sI is 

their effective value; s=2πfs is the angular frequency; t is 
the time. 

In the model in Fig. 1, the values of phase currents 
are given by (1) for the initial time t = 0, and then their 
instantaneous values: isA = Ims, isB = isC = –0.5Ims. 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: 

  zz JkAk
B









)rot(

1
rot


,  (2) 

where Jz, Az are the axial components of the current 
density vector and the magnetic vector potential (MVP); 

k  is the unit vector of the axial axis z;  is the magnetic 
permeability: either the magnetic constant μ0 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 Az(x, y). 

The calculation of the MF was performed at the design 
magnetizing current of the stator winding Iμ = 7.75 A, 
the value of which is substituted in (1) instead of Is. 
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 

  a,z,z lAA 210Ф  ,    (3) 

where Аz1, Az2 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 Аz1, the 
second one is where the maximum negative value Аz2. 
In the SIM mode, the location of these points is shown 
in Fig. 1. 

In this way, we obtained Аz1 = 34.859 mWb/m; 
Az2 = –34.857 mWb/m and by (3) Φ0 = 9.063 mWb. 
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 Φ0 = 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 Ns 
consecutive turns, according to Fig. 1, the MFL 
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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 +isA та –isA of the phase 
winding A. 

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

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

72182 ,fE msss  V,  (5) 

where the winding distribution is automatically taken into 
account. 

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

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

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

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

 

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

 

Thus, the discrete angular numerical function of the 
MFL appears (Table 2): 

Kkk skkk  ...3,2,,1;)1( );(  , (6) 

where k is the counter of the positions of the conditionally 
movable «mask» of the phase zone; K= Qs/p is the number 
of such positions within two pole steps p, which is the 
period of function (6); s=360°/Qs is the tooth-slot step of the 
stator core. 

Table 2 
Angular discrete function of the MFL k of the phase  

winding A at 24 angular positions, Wb 

k 1 2 3 4 5 6 
k 0,9843 0,9430 0,8337 0,6685 0,4617 0,2349 
k 7 8 9 10 11 12 
k 0,0001 –0,2347 –0,4614 –0,6683 –0,8335 –0,9428
k 13 14 15 16 17 18 
k –0,9843 –0,9430 –0,8337 –0,6685 –0,4617 –0,2349
k 19 20 21 22 23 24 
k –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 = st, where s = s/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

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

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

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

 



gN

...,,v
vsvm tv

531
)cos( ,           (7) 

where the amplitudes of Ψmν and the arguments of γψν 
(initial phases) of the harmonics ν are determined by well-
known mathematical rules, which was shown in [6, 9] and 
other works. 

It is known that the number of the highest harmonic 
Ng cannot exceed K/2. In (7) the values of νst and ν are 
measured in electrical radians or degrees. 

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

  



gN

...,,v
vsmss /tvve

531
2cos ,     (8) 

where the amplitudes of the v-th EMF harmonic are 
separated 

Emv=vsΨmν                                    (9) 
as well as its corresponding initial phase 

2/vEv   .                            (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: 

mvssv vfE  2 .                       (11) 

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

Kkpkk,skk,s  ...3,2,,1 ; )()(  ,  (12) 

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

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


gN

=ν
sseq E=E

1,3,5...

2
ν .                        (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 Ψm1= 0.9630 Wb; 1=0, 
effective value and initial phase of the first harmonic of 
the phase EMF Es = 213.9 V, Es = –π/2; effective value 
of the total EMF according to (13) Eseq = 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 Esν according to 
(11) are also given. 

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

ν – 1 3 5 7 9 11 
Ψmν p.u. 1,000 0,0203 0,0003 0,0010 0,0009 0,0002
Emν p.u. 1,000 0,0610 0,0013 0,0067 0,0078 0,0027
Esν V 213,9 13,04 0,29 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: 

fhsdifsRsss UUUEU σσ  ,          (14) 

where the vectors are applied: EMF Es; voltage drop 
across the active resistance of the stator winding URs and 
across the inductive resistances of its differential Usdif 
and frontal Usfh dissipation (the inductive resistance of 
the slot dissipation is already taken into account in the 
EMF Es 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 –Es is shifted by an angle 
Es = 180 + Es with respect to the current, and it has the 
effective values of the active and reactive components: 
Esa= EscosφEs; Esr= EssinφEs. The effective values of the 
voltage drops on the specified resistances are calculated 
by the formulas URs= RsIs; Usdif = XsdifIs; Usfh = XsfhIs. 
These resistances are determined when designing the TIM 
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and have the values Rs= 0.402 , Xsdif = 0.253 ; 
Xs fh = 0.234 . 
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difsU 
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Fig. 4. Vector diagram of voltages in the stator phase winding 

 
Through the components of the vectors according to 

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

Rssasa UEU  ;  fhsdifssrsr UUEU   , 

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

22
srsas UUU  ;  )/arctg( sasrs UU . 

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

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 UsN. 

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 Iμ = 8.09 A was determined, and the values of 
the remaining quantities mentioned were Ψm1 = 0.9725 Wb; 
Es = 216 V, URs = 3.3 V; Usdif = 2 V; Usfh = 1.9 V; 
Us = 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 

028,1/  sssUE EUk ,                   (15) 

where 22 )( nssrsass UEEE  =214.1 V is the phase 

EMF without all dissipation components, Usn= XsnIs = 
= 1.9 V is the voltage drop across the slot leakage 
reactance; Esa = 0; Esr = 216 V is the active and reactive 
components of EMF Es (in the SIM mode, according to 
calculations, Es = 90 was turned out). 

The value of kUE 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 αr1, which is closest to the 
left to the y axis (in Fig. 5 αr1 = 0). The remaining slots 
are numbered by the counter k and they are shifted from 
each other by the angle of the rotor tooth pitch 
αrn = 360°/Qr. 

 
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 sN is initially given, as well as the 
magnetizing current of the stator winding Iμ, which is 
determined in the SIM mode. But then their values are 
refined.  

The SIM mode current Isos has a reactive component 
Isrs, which is practically equal to Iμ, as well as an active 
component Isas, which is determined under the condition 
Isas<<Iμ: 

ss

sssmag
sas Um

IRmP
I

2


 ,                 (16) 

where Pmags 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 Is, which, according to (1), has a zero 
initial phase. 
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Fig. 6. Converted L-shaped equivalent circuit of the reduced IM 



10 Electrical Engineering & Electromechanics, 2026, no. 1 

sI

"
rI

'
rI

90

sosI
sos r

sr

s
sU

 
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 Rs, Xsdif; Xs fh we add the total reactance of its 
dissipation Xs = 0.725 . 

For a short-circuited rotor winding, the active 
resistance on its phase part is Rr = 53.9∙10–6 . This 
active resistance Rr = 0.196  and the leakage reactance 
Xr = 1.02  reduced to the stator winding are also used. 

Reactance of the magnetizing branch of the 
equivalent circuit:  

ssNmag XIUX   ,                 (17) 

active resistance Rmag<<Xmag due to condition Isas<<Iμ. 
All of the indicated resistances for the equivalent 

circuit (Fig. 6) have an additional transformation: 

s
'

s XcX   1 ; s
'
s RcR 1 ; '

r
"

r XcX   2
1 ; '

r
"

r RcR 2
1 , 

where c1 = 1 + Xs / Xmag 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 kUE (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: 

)( 11
'

rsrs XcXcX   ; s/RcRcR '
rsrs

2
11  . (18) 

The rotor current of such a motor and its phase shift 
with respect to the stator winding voltage Us 

22
rsrs

s''
r

XR

U
I


 ;  )arctg( rsrsr R/X ,      (19) 

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

Isr
"
rr KIcI 1 ,                             (20) 

where the reduction factor of the rotor winding current to 
the stator winding current [3] 

sqrWrr

sWss
Irs KmKN

mKN
K

1
 ,                     (21) 

which includes Ns = 112 – the number of consecutive 
turns in the phase winding of the stator; KWs = 0.959 – its 
winding coefficient; for a short-circuited rotor winding, 
the number of phases mr = Qr, and for each number of 
turns Nr = 0.5, the rotor winding coefficient KWr = 1; the 
bevel coefficient of its slots Ksr = 1. 

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

r
"
rsr III   sin ;  r

"
rsassa III  cos ,     (22) 

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

22
srsas III  ;  )arccos( ssas I/I .      (23) 

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

rssr  180 ,                     (24) 

which in the motor design is converted into a geometric 
angle 

p/srsr  .                          (25) 

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

   11sin rrsnrrmkr kpIi  ,  (26) 

where k = 1, 2,…,Qr is the numbering of the rotor slots 

adopted in Fig. 5; rrm II  2  is the amplitude of the 

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

The calculations yielded the following values: 
Is = 28.8 A; φs = 27.25○; φr = 12.23○; φsr = –164.98○; 
KIrs = 16.9; Ir = 446 А; sr = –82.49°. 

The distribution of currents along the slots of the 
stator and rotor at pole pitches τp 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) Φl = 8.781 mWb, 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 ir and stator is of the TIM along its slots on the sweep of 

the circular line passing through the gap 
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Table 4 gives the harmonic composition of the time 
functions of the MFL Ψmν and the values of the EMF 
amplitudes Emν (in relative units), as well as the absolute 
effective values of the EMF Esν 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 

ν – 1 3 5 7 9 11 
Ψmν p.u. 1,000 0,0216 0,0069 0,0031 0,0001 0,0011
Emν p.u. 1,000 0,0648 0,0347 0,0217 0,0011 0,0117
Esν V 206,9 13,41 7,18 4,49 0,23 2,42 

 

Amplitude and initial phase of the first harmonic of 
the MFL Ψm1 = 0.9313 Wb; γψ1 = –56.55○, effective value 
and initial phase of the first harmonic of the phase EMF 
Es1 = 206.9 V; γE1 = 33.45○; full EMF by (13) Eseq = 207.5 V; 
by (17) phase voltage Us = 224.7 V and the phase shift of 
the current relative to it φs = 34.84○ (Fig. 7); voltage drops 
URs = 7 V; Usσdif = 7.4 V; Usσfh = 6.9 V. 

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


gN

=ν
ssdif E=E

3,5...

2
ν =16.05 V,                (22) 

as well as the refined differential resistance of the stator 
winding 

16.0
s

sdif
difs I

E
=X   .                 (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 Xsσdif. 

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

- input electrical power of the TIM: 

ssssin IUmP  cos ;                       (24) 

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







S

r
rs

a
em SrBB

rr

l
M d

)(0
,              (25) 

where B, Br are the angular and radial components of the 
magnetic flux density vector; S is the cross-sectional area 
of the non-magnetic gap; rr and rs are the radii of the 
circles bounding this plane on the sides of the rotor and 
stator; 

- electromagnetic power transmitted by the rotating 
magnetic field from the stator to the rotor: 

semem MP  ,                            (26) 

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

- electrical power losses in the stator and rotor 
windings 

2
sssels IRmP  ;  2

rrrelr IRmP  .                  (27) 

The values of the remaining power losses in these 
calculations do not change and are taken from the TIM 
design [4]: Pmags – magnetic losses in the stator core, 
Pmec – mechanical losses, additional losses Pad, Pmagr – 
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: 

admecrmagelremout PPPPPP  .      (28) 

And finally, the efficiency of the TIM: 

inout P/P .                           (29) 

The mentioned power losses have the following 
values: Pels = 1046 W; Pelr = 407.7 W; Pmags = 270 W; 
Pmagr = 87.3 W; Pmec = 117 W; Pad = 84.3 W. 

According to the provided formulas, the integral 
energy parameters of TIM were obtained: Mem = 97.72 N∙m; 
Pin = 16.667 kW; Pem = 15.350 kW; Pout = 14.741 kW; 
cosφs = 0.821; η = 0.884. 

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

To eliminate the excess Us, it is necessary to reduce 
the magnetizing current of the stator winding Iμ. 
Therefore, by iterative method, numerical-field 
calculations using the provided method found Iμ = 7.25 A, 
and accordingly, the stator winding current reached 
Is = 29.22 A. Of course, not only the voltage changed, but 
also the remaining quantities, which acquired the 
following values: Ψm1 = 0.9101 Wb; γψ1 = –57.17○; 
Es1 = 202.4 V; γE1 = 32.83○; αsr = 83.10○; Eseq = 207.5 V; 
URs = 7 V; Usσdif = 7.4 V; Usσfh = 6.8 V; Us= 220 V; 
φs = 34.28○; Mem = 95.45 N∙m; Pin = 16.288 kW; 
Pem=14.988 kW; Pout=14.379 kW; cosφs=0.826; η =0.883. 

From all of this, it can be noted that the voltage Us 
has become nominal, but the output power Pout 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, Iμ and the output values Us, Pout 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 Iμ. 

This coordinate system is represented in axonometry 
by the plane s, Iμ, in which the point 0 is placed with the 
coordinates of the slip s0 and the magnetizing current Iμ0, 
which are given in the current iteration for calculating the 
voltage Us and the power Pout.  
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Fig. 9. Diagram of the varying current Iμ and slip s 
and the deviation of the desired values Us and Pout 

 
In the first iteration, the values of the slip s0 and the 

current Pout 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 s0, Iμ0 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 s1 and s2, lines 1-3 and 2-4 have the current 
coordinates Iμ1 and Iμ2. 

Then the sides of the rectangle have dimensions 
Δs= s2 – s1;  ΔI =Iμ2 – Iμ1.                    (30) 

These dimensions are chosen such that it is possible 
to allow within their limits a linear dependence of the 
voltage Us and the power Pout on the slip s and the current 
Iμ. For example, for the first iteration, it is possible to set 
Δs = 0.05s0; ΔI = 0.05Iμ0 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=s0–Δs/2;  s2=s0+Δs/2;  Iμ1=Iμ0–ΔI/2;  Iμ2=Iμ0+ΔI/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 Us (14) and the output power Pout (28) 
are determined at these points using the method given 
above: 

k,sU ; koutP , , 43,2,,1k ,                 (32) 

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

sNk,sk UUU  ; Nk,outk PPP  , 43,2,,1k . (33) 

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

Table 5 
Mismatches of values on the first iteration 

Variation s1 = 0.0248 s2 = 0.0274 

I1 = 6.849 A 
U1 = –2.59 V 
P1 = 1311 W 

U3 = –3.17 V 
P3 = –218 W 

I2 = 7.571 A 
U2 = 5.19 V 
P2 = –787 W 

U4 = 4.83 V 
P4 = 377 W 

Control point k: sk = 0.0274; Ik = 7.135 A; 
discrepancy Uk = 0.19 V; Pk = 19 W 

 

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, Iμ. 

As noted, within the coordinate rectangle 1, 2, 3, 4, a 
linear dependence of Us and Pout, s and Iμ is allowed. Then 
it is possible to draw straight lines in pairs through the 
ends of the vectors U1 and U2, U3 and U4, and 
similarly through the ends of the vectors P1 and P2, 
P3 and P4 (see Fig. 9).  

At the intersections of the formed lines with the side 
lines of the quadrilateral in its plane, the voltage Uk and 
power Pk 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: 

12
115 UU

I
UII




  ;
34

316 UU

I
UII




  ; 

12
117 PP

I
PII




  ; 
34

318 PP

I
PII




  . 

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: 

 1
56

5 ss
s

II
II 




 

 ;                   (34) 

 1
78

7 ss
s

II
II 




 

 .                   (35) 

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

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

12

75
1 KK

II
ssk 


  ; )( 127 ssKII kk   ,   (36) 

where the coefficients 
s

II
K




  56

1 ; 
s

II
K




  78

2 . 

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

Such values should simultaneously provide the 
nominal voltage UsN and power PoutN of the TIM. 
To verify this, with the found values of sk and Iμk, the MF 
is calculated using a known method and at point k, 
the values of voltage (14) and output power (28) 
are determined, respectively: Us = 220.19 V and 
Pout = 15.019 kW. The corresponding deviations ΔU and 
ΔP 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 UsN and PoutN. The residual differences Us and Pout 
can be explained by the fact that the functions Us(s, Iμ) 
and Pout(s, Iμ) actually differ somewhat from the linear 
ones adopted in Fig. 9 and in the accompanying formulas. 
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To demonstrate the theoretical capability of the 
developed method in terms of reducing the deviations ΔU 
and ΔP and refining the slip s and magnetizing current Iμ, 
the iterative calculation is repeated. 

But in the second iteration, the initial values of slip 
s0 and current Iμ0 are taken as the values of sk and Iμk, 
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 Δs and ΔI are halved by (30, 31). 

After the third iteration, the deviations at the new 
control point k decreased to Uk = 0.01 V and Pk = 4 W. 
Therefore, the further iterative process did not make 
sense, and the calculation results are considered final. 

As a result, we obtained sN = 0.0274; Iμ = Isrs = 7.12 A; 
IsN = 29.9 A; Ir = 469.5 A; αsr = 83.41○; Mem = 100 N∙m; 
Us = 220 V; Pin = 17.1 kW; PoutN = 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. 

Conflict of interest. The author declares no conflict 
of interest. 

 

REFERENCES 
1. Finite Element Method Magnetics: Download – Stable 
Distribution (21Apr2019) – 64-bit Executable. Available at: 
https://www.femm.info/wiki/Download (Accessed: 05 May 
2025). 
2. Ierusalimschy R. Reference Manual of the Programming 
Language Lua 4.0. Available at: http://www.lua.org/manual/4.0/ 
(Accessed: 05 May 2025). 
3. Goldberg O.D., Gurin Ya.S., Sviridenko I.S. Design of 
electrical machines. 2nd ed., revised and additional. Moscow, 
Higher School Publ., 2001. 430 p. (Rus). 
4. Kopylov I.P. Electrical machines designing. Moscow, 
Yurait Publ., 2019. 828 p. (Rus).  
5. Milykh V.I. Numerically-field analysis of the adequacy of 
the design data of three-phase induction motors and the method 
of their refinement on this basis. Technical Electrodynamics, 
2018, no. 1, pp. 47-55. (Rus). doi: 
https://doi.org/10.15407/techned2018.01.047. 
6. Milykh V.I. Numerical-field analysis of temporal functions 
and harmonic composition of EMF in windings of a three-phase 
asynchronous motor. Technical Electrodynamics. 2018, no. 3, 
pp. 56-65. (Rus). doi: 
https://doi.org/10.15407/techned2018.03.056. 
7. Milykh V.I. The system of automated formation of electrical 
machines computational models for the FEMM software 
environment. Technical Electrodynamics. 2018, no. 4, pp. 74-
78. (Ukr). doi: https://doi.org/10.15407/techned2018.04.074. 
8. Milykh V.I. Numerical-field analysis of active and reactive 
winding parameters and mechanical characteristics of a squirrel-
cage induction motor. Electrical Engineering & 
Electromechanics, 2023, no. 4, pp. 3-13. doi: 
https://doi.org/10.20998/2074-272X.2023.4.01. 
9. Milykh V.I. Numerical-field analysis of differential leakage 
reactance of stator winding in three-phase induction motors. 
Electrical Engineering & Electromechanics, 2025, no. 2, pp. 7-
18. doi: https://doi.org/10.20998/2074-272X.2025.2.02. 
10. Göztaş M., Çunkaş M., Şahman M.A. In-Situ Efficiency 
Estimation of Induction Motors Using Whale Optimization 
Algorithm. Turkish Journal of Electrical Power and Energy 
Systems, 2025, vol. 5, no. 2, pp. 114-124. doi: 
https://doi.org/10.5152/tepes.2025.25001. 
11. Michael I.N., Eneh P.I.I. Optimization of a Single-Phase 
Induction Motor Using Finite Element Method. International 
Journal of Research Publication and Reviews, 2025, vol. 6, no. 
2, pp. 4441-4449. doi: 
https://doi.org/10.55248/gengpi.6.0225.1020. 



14 Electrical Engineering & Electromechanics, 2026, no. 1 

12. Ding Q., Yang Z., Sun X., Zhao Q., Zhu H. Analysis of 
rotor slot width influence on a bearingless induction motor. 
Computers & Electrical Engineering, 2020, vol. 81, art. no. 
106534. doi: 
https://doi.org/10.1016/j.compeleceng.2019.106534. 
13. Arish N., Ardestani M., Hekmati A. Optimum Structure of 
Rotor Slot for a 20 kW HTS Induction Motor. Physica C: 
Superconductivity and its Applications, 2021, vol. 582, art. no. 
1353829. doi: https://doi.org/10.1016/j.physc.2021.1353829. 
14. Ocak C. A FEM-Based Comparative Study of the Effect of 
Rotor Bar Designs on the Performance of Squirrel Cage 
Induction Motors. Energies, 2023, vol. 16, no. 16, art. no. 6047. 
doi: https://doi.org/10.3390/en16166047. 
15. Nascimento D., Smolenski R., Loschi H., Grassi F., Wan L., 
Hamid A. Electromagnetic Fields on 3-Phase Induction Motor 
Using Finite Element Analysis. 2021 IEEE International Joint 
EMC/SI/PI and EMC Europe Symposium, 2021, pp. 434-439. 
doi: 
https://doi.org/10.1109/EMC/SI/PI/EMCEurope52599.2021.955
9357. 
16. Ding Z., Bu W., Cai X., Wu X., Liu S. Finite Element 
Analysis and Modeling of Three-Phase Induction Motor. IOP 
Conference Series: Materials Science and Engineering, 2019, 
vol. 677, no. 5, art. no. 052055. doi: 
https://doi.org/10.1088/1757-899X/677/5/052055. 
17. Lee J.-H., Kwon Y.-C., Sul S.-K. High-Fidelity Induction 
Motor Simulation Model Based on Finite Element Analysis. 
IEEE Transactions on Industrial Electronics, 2022, vol. 69, no. 
10, pp. 9872-9883. doi: 
https://doi.org/10.1109/TIE.2022.3163556. 
18. Ekpo E.G. Dynamic Analysis of Two Phase Induction 
Motor Using Finite Element Method. Journal of Emerging 
Trends in Engineering and Applied Sciences (JETEAS), 2020, 
vol. 11, no. 6, pp. 211-218. Available at: 
https://www.scholarlinkinstitute.org/jeteas/abstractview.php?id=
6.83 (Accessed: 05 May 2025). 
19. Shaier A.A., Flah A., Kraiem H., Enany M.A., Elymany 
M.M. Novel technique for precise derating torque of induction 
motors using ANFIS. Scientific Reports, 2025, vol. 15, no. 1, 
art. no. 8550. doi: https://doi.org/10.1038/s41598-025-92821-z. 
20. Asaad M., Mejbel A. Losses estimation of a single - phase 
induction motor based on finite element analysis. AIP 
Conference Proceedings, 2023, vol. 2787, no. 1, art. no. 050019. 
doi: https://doi.org/10.1063/5.0148207. 
21. Breivik A. Fault Detection and Diagnosis of Induction 
Motor for Ship Propulsion by utilizing Electrical Signature and 
Finite Element Method. Master’s thesis in Marine Technology. 
NTNU, Norwegian University of Science and Technology, 
2021, 107 p. Available at: https://ntnuopen.ntnu.no/ntnu-
xmlui/handle/11250/2781526 (Accessed: 05 May 2025). 
22. Babu H. Finite-element analysis of an induction motor with 
inter-turn short-circuit faults. Thesis of Master in Electrical 

Engineering. KTH Royal Institute of Technology, School of 
Electrical Engineering and Computer Science (EECS), 
Stockholm, Sweden, 2020, 98 p. Available at: 
https://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-290082 
(Accessed: 05 May 2025). 
23. Liang X., Ali M.Z., Zhang H. Induction Motors Fault 
Diagnosis Using Finite Element Method: A Review. IEEE 
Transactions on Industry Applications, 2020, vol. 56, no. 2, pp. 
1205-1217. doi: https://doi.org/10.1109/TIA.2019.2958908. 
24. Sakhara S., Brahimi M., Nacib L., Layadi T.M. Application 
of a wavelet neural network approach to detect stator winding 
short circuits in asynchronous machines. Electrical Engineering 
& Electromechanics, 2023, no. 3, pp. 21-27. doi: 
https://doi.org/10.20998/2074-272X.2023.3.03. 
25. Diarra M.N., Li Y., Zhao X. Induction Motors Parameters 
Identification by Starting Process Using Quantum Particle 
Swarm Optimization-Trust Region Algorithm (QPSO-TRA). 
2023 International Conference on Applied Intelligence and 
Sustainable Computing (ICAISC), 2023, pp. 1-6. doi: 
https://doi.org/10.1109/ICAISC58445.2023.10200090. 
26. Popovych O., Golovan I. Currents System for Efficient 
Mathematical Modeling of an Induction Motor Using the Field 
Analysis. 2019 IEEE International Conference on Modern 
Electrical and Energy Systems (MEES), 2019, pp. 142-145. doi: 
https://doi.org/10.1109/MEES.2019.8896624. 
27. Golovan I.V., Popovych O.M. Consideration of the induced 
current displacement in the rotor circuit in a weakly coupled 
circuit-field model of an induction motor. Technical 
Electrodynamics, 2025, no. 3, pp. 22-30. (Ukr). doi: 
https://doi.org/10.15407/techned2025.03.022. 
28. Quadrado J.C. Enhancing Engineering Education: 
Integrating Finite Element Method Analysis for Induction 
Motors Efficiency Improvement Study. Proceedings of the 22nd 
LACCEI International Multi-Conference for Engineering, 
Education and Technology: Sustainable Engineering for a 
Diverse, Equitable, and Inclusive Future at the Service of 
Education, Research, and Industry for a Society 5.0, 2024, art. 
no. 2032. doi: https://doi.org/10.18687/LACCEI2024.1.1.2032. 
29. Milykh V.I., Polyakova N.V. Harmonious analysis of 
electromagnetic sizes three-phase winding of stators of 
turbogenerator on basis classic and numeral field methods. 
Technical Electrodynamics, 2013, no. 3, pp. 40-49. (Rus). 
 

Received 20.08.2025 
Accepted 08.11.2025 

Published 02.01.2026 
 
V.I. Milykh1, Doctor of Technical Science, Professor, 
1 National Technical University «Kharkiv Polytechnic Institute», 
2, Kyrpychova Str., Kharkiv, 61002, Ukraine, 
e-mail: mvikemkpi@gmail.com 
 

 
How to cite this article: 
Milykh V.I. Theory and practice of numerical-field analysis and refinement of electromagnetic and energy parameters in the designs 
of three-phase induction motors. Electrical Engineering & Electromechanics, 2026, no. 1, pp. 3-14. doi: 
https://doi.org/10.20998/2074-272X.2026.1.01 



Electrotechnical Complexes and Systems 

Electrical Engineering & Electromechanics, 2026, no. 1 15 

© M. Al Soudi, O. Alsayyed, B. Batiha, T. Hamadneh, O.P. Malik, M. Dehghani, Z. Montazeri 

UDC 621.311 https://doi.org/10.20998/2074-272X.2026.1.02 
 

M. Al Soudi, O. Alsayyed, B. Batiha, T. Hamadneh, O.P. Malik, M. Dehghani, Z. Montazeri 
 

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. 
 

Вступ. Оптимальне планування установок розподіленої генерації (DG) є критично важливою темою дослідження через 
зростаючу інтеграцію відновлюваної енергетики та необхідність підвищення продуктивності розподільчої мережі. Класичні 
методи оптимізації часто мають проблеми з лінійністю, опуклістю та сильно пов’язаною проблемою розміщення DG. 
Проблема. Розподільна мережа з шинами IEEE 33 зазнає значних падінь напруги та високих втрат активної та реактивної 
потужності за нормальних умов експлуатації. Визначення оптимального розміщення та розмірів DG є складною проблемою, що 
включає численні взаємодіючі змінні та експлуатаційні обмеження. Мета. Це дослідження спрямоване на покращення технічних 
характеристик шляхом мінімізації загальних втрат активної потужності та відхилення напруги, забезпечуючи при цьому 
стабільність напруги та надійність мережі. Методика. Алгоритм оптимізації рою частинок (PSO) удосконалено за допомогою 
методу Dehghani (DM) – популяційної модифікації, що дозволяє всім особам, включаючи найгіршого члена, зробити свій внесок в 
отримання найкращого рішення. Удосконалений алгоритм PSO-DM застосовується до системи шин IEEE 33 у чотирьох 
випадках: базовий випадок без DG та сценарії з 2, 3 та 4 DG. Цільова функція включає мінімізацію втрат активної потужності 
та загальне відхилення напруги. Результати. Конфігурація з 4 DG значно покращує продуктивність системи: втрати активної 
потужності зменшуються з 210,67 кВт до 53,9 кВт (зниження на 74,4 %), реактивної – з 142,84 кВАр до 38,42 кВАр (зниження 
на 73,1 %), мінімальна напруга на шині зростає з 0,9037 у.о. до 0,9741 у.о., а загальне відхилення напруги зменшується з 1,8037 у.о. 
до 0,5129 у.о. (покращення на 71,6 %). Ці результати демонструють, що PSO-DM ефективно балансує розвідку та експлуатацію, 
забезпечуючи кращі рішення для розміщення установок DG. Наукова новизна. Інтеграція DM в PSO впроваджує механізм 
кооперативного уточнення рішень, який підвищує швидкість конвергенції та точність пошуку. Практична значимість. 
Структура PSO-DM забезпечує надійний та обчислювально ефективний інструмент для планування DG у сучасних 
інтелектуальних розподільчих мережах. Бібл. 22, табл. 1, рис. 3. 
Ключові слова: розподілена генерація, оптимізація рою часток, метод Dehghani, відхилення напруги, мінімізація втрат 
потужності, розподільні мережі. 
 

Introduction. The increasing penetration of 
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]. 

DG refers to small-scale, decentralized power 
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 {PDG,k, QDG,k} for 
k = 1, ..., nDG, such that network performance is enhanced 
while satisfying all power flow and operational limits. 

Power flow model and loss formulation. For each 
branch lL connecting bus i to j, the active power loss is 
calculated as: 
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where Rl is the line resistance; Pl, Ql are the active and reactive 
power flows; Vi is the sending-end voltage magnitude. 

Nodal active and reactive power balances are: 
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where PD,i, QD,i denote loads; PDG,i, QDG,i denote DG 
injections at bus i. 

Branch power flows in backward-forward sweep 
include: 
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Bus voltages are updated using: 
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DG modeling. A DG unit can operate at unity 
power factor or supply reactive power depending on the 
technology. In general: 

SDG,k = PDG,k + jQDG,k.                           (6) 
DG size constraints are: 

max
,,

min
, kDGkDGkDG PPP  .                      (7) 

Objective function. To simultaneously minimize 
active power loss and enhance voltage stability, a 
weighted multi-objective formulation is adopted: 
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subject to: 0.95 p.u.  Vi  1.05 p.u., where: 1, 2 are the 
weight coefficients; the second term minimizes total 

voltage deviation (  


N

i iVVD
1

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

PSO and Dehghani method. PSO  is a population-
based stochastic optimizer [20]. Let a swarm consist of Np 
particles, each with position XiRD and velocity ViRD at 
iteration t. Each particle retains a personal best Pbest,i and 
the swarm maintains a global best gbest (also denoted 
Xbest). The standard PSO update rules are: 

   tibest
t
iibest

t
i

t
i XgrCXPrCVV 

22,11
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where  is the inertia weight; C1, C2 > 0 are the 
cognitive/social coefficients; r1, r2 ~ 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 XDM initialized as the 
current best: 

XDM  Xbest.                           (11) 
For every particle i = 1, ..., Np and for each 

dimension d = 1, ... , D, DM attempts a component-wise 
replacement: 

XDM(d)  Xi(d).                           (12) 
Compute the objective f(XDM). If 

f(XDM) < f(Xbest),                           (13) 
then accept the improvement: 

Xbest  XDM,                           (14) 
otherwise restore XDM(d)  Xbest(d) and continue. In 
words: each component of the global best is temporarily 
replaced by the corresponding component of every 
population member. If any such replacement yields a 
better objective, the global best is updated. This process 
leverages information in all members – including poor 
solutions – to explore promising coordinate-wise moves. 

Algorithmically (pseudo-code): 
1. XDM  Xbest. 
2. For i = 1 to Np: 
3. ;; For d = 1 to D: 
4. ;;;; XDM(d)  Xi(d) and evaluate f(XDM). 
5. ;;;;;\If f(XDM) < f(Xbest) then Xbest  XDM. Else  
XDM(d)  Xbest(d). 

6. ;; End for d. 
7. End for i. 

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

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

1. Update Vi
t+1, Xi

t+1. 
2. Update Pbest,i and gbest. 
3. Apply DM to attempt component-wise improvement 

of Xbest. 
4. Proceed to next iteration. 

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

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

1) the base case without DG; 
2) the optimal integration of 2 DG units; 
3) the optimal integration of 3 DG units; 
4) the optimal integration of 4 DG units. 

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

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

Table 1 
Global results after optimum DG’s placement 

in IEEE 33-bus test system 
Parameters Base With 2 DG With 3 DG With 4 DG

Ploss, kW 210.67 183.37 136.5 53.9 
Qloss, kVAr 142.84 123.3 90.87 38.42 
Vmin, p.u. 0.903 0.9195 0.9344 0.9741 
VD 1.8037 1.6278 1.3713 0.5129 
DG locations (bus) – 18,22 17,22,33 17,18,30,32

PDG, kW – 
129.31 
306.87 

240.91 
297.20 

200 

257.88 
466.97 
131.15 

700 

QDG, kVAr – 
62.63 

148.62 

116.68 
143.95 
96.86 

124.90 
226.16 
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. 

 

 
Fig. 1. Voltage profile without and with DGs integration 

 

 
Fig. 2. Active power loss after DG placement 

 
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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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 μm) 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 m3/h), with errors 
limited to the 10–3 g and 10–3 µC 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. 
 

Вступ. Експоненціальне зростання кількості відходів електричного та електронного обладнання (WEEE) вимагає ефективних 
стратегій управління пластиковими відходами. Пластики, основна частина WEEE, становлять як екологічну проблему через 
низьку біорозкладність, так і цінне джерело вторинної сировини. Проблема. Трибоаероелектростатичні сепаратори з 
обертовими дисковими електродами пропонують перспективне рішення для тонкого розділення пластику. Однак їхня 
продуктивність залежить від численних, нелінійних та змінних у часі факторів, таких як швидкість диска, напруга та 
властивості частинок. Ці складні взаємодії ускладнюють аналітичне моделювання та стабільне керування процесом, обмежуючи 
промислове впровадження. Метою роботи є розробка надійної динамічної моделі на основі нейронних мереж NARX, здатних 
прогнозувати еволюцію ключових змінних процесу, таких як відновлена маса та заряд частинок, у реальному часі. Методологія. 
Запропонована нейронна мережа NARX вивчає часові нелінійні залежності безпосередньо з експериментальних даних, уникаючи 
необхідності явних фізичних рівнянь. Експерименти проводилися на синтетичній суміші частинок акрилонітрилбутадієнстиролу 
(ABS) та полістиролу (PS) у співвідношенні 50:50 для оцінки продуктивності моделі за різних швидкостей дисків, напруг та 
швидкостей потоку повітря. Результати. Розроблена модель точно прогнозує відновлену масу та набутий заряд як ABS, так і PS 
у широкому діапазоні робочих умов. Прогнози демонструють високу відповідність з експериментальними вимірюваннями, 
підтримуючи низький рівень похибки навіть при екстремальних значеннях параметрів. Наукова новизна. Ця робота являє собою 
перше застосування нейронних мереж NARX для моделювання динамічної поведінки трибоаероелектростатичного сепаратора з 
двома обертовими дисками. Цей підхід враховує важливі залежні від часу взаємодії, які звичайні статичні або аналітичні моделі не 
можуть описати. Практична значимість. Модель NARX демонструє високу прогностичну точність та стійкість у розширеній 
робочій області (4–20 кВ, 15–60 об/хв, 7–9 м3/год), з похибками, обмеженими діапазонами 10–3 г та 10–3 мкКл. Ці характеристики 
демонструють його потенціал для інтелектуального керування в режимі реального часу та адаптивної оптимізації процесів 
електростатичного розділення при переробці пластикових відходів. Бібл. 39, табл. 3, рис. 9. 
Ключові слова: електростатична сепарація, висока напруга, динамічне моделювання, нейронна мережа NARX, переробка. 
 

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 µm. The dataset is acquired through a LabVIEW 

based data acquisition system, allowing accurate and real-
time monitoring of operational parameters such as disk 
rotational speed, applied voltage, and air flow rate. 

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

 

 
Fig. 1. Tribo-aero-electrostatic separator with two rotating disks: 

1 – control panel; 2 – variable speed DC motors; 3 –vibrating 
feeder; 4 – cylindrical feeder; 5 – separation chamber with two 

rotating disk electrodes; 6 – Faraday cages; 7 – balances; 
8 – blower; 9 – electrometers (Keithley 6514); 10 – portable 

colorimeter NH310; 11 – computer [7] 
 

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

 

 
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]. 

 

 
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 m3/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 m3/h. 
Finally, a separation experiment was carried out with the 
fluidization air flow rate varied by adjusting the blower 
speed to 7 m3/h, 7.5 m3/h, 8 m3/h, 8.5 m3/h, and 9 m3/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 
ANNs 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: 
      )]1(,,);1(,[1  uy dtutudtytyfty  , (1) 

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

Equation (1) can be expressed in vector form as: 
      ttft uyy ;1  .                    (2) 

 

 
Fig. 4. NARX neural network with delayed input 

 
The input vector u=[U, Nd, Q]T consists of 3 

elements: the high voltage applied to the electrodes (U), 
the rotational speed of the electrodes (Nd) and the air flow 
rate of the blower (Q); T is the transpose of the vector. In 
contrast, the output vector y = [mABS, mPS, qABS, qPS]

T 
consists of 4 elements: the collected mass of ABS and BS 
(mABS, mPS) and the electrical charge of the collected mass 
of ABS and PS (qABS, qPS). This network also employs 
tapped delay lines to store previous values of the input 
sequence u(t) and output sequence y(t). Moreover, the 
NARX network output, y(t), is fed back to the network 
input (through delays), since u(t) depends on y(t–1), 
y(t–2),…,y(t–dy). However, for efficient training, this 
feedback loop can be opened.  

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

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

Table 1 
Structure of the studied neural network 

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

 

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

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

Table 2 
NARX network parameters 

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

 

The selection of the optimal model is based on the 
mean squared error (MSE) given by (3) and the maximum 
coefficient of determination (R-squared), which defines 
the goodness of fit of the experimental data (4), mean 
error (ME) (5) and mean absolute error (MAE) (6): 
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ii  2YM ;                    (3) 
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where N is the number of samples used for training; Ne is 
the number of experiments performed for each variation 
parameter; Mi is the measured value; Ῡi is the average 
output; Yi is the output provided by the network. 

The total number of configurations tested is 540 
(30×3×6). Each configuration is tested 10 times, and the 
best one is tested again 50 times, resulting in a total of 
5,450 training runs (540×10+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10–6 

R2 >0.9999 
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Fig. 5. Performance of the NARX network as a function 

of the number of neurons in the hidden layer 
 

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

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

Quantitative analysis confirms this observational 
assessment. The average prediction errors remain below 
0,035 for mass recovery (Fig. 6,c,d) and 0,05 for charge 
acquisition (Fig. 6,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10–3 µC. 
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A temporal analysis, however, reveals transient 
fluctuations up to 810–3 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. 

 

a) b) 

d) c) 

 
 

 e) f ) 

h) g) 

 
Fig. 6. Comparison of real data and simulation results as a 

function of high voltage variation: recovered ABS (a) and PS 
(b) mass; average error at each measured point for ABS (c) and 
PS (d) mass; recovered ABS (e) and PS (f) charge; average error 

at each measured point for ABS (g) and PS (h) charge 
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d) c) 

a) 
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Fig. 7. Comparison of real data and simulation results as a 

function of variation of disk rotational speed: recovered ABS (a) 
and PS (b) mass; average error at each measured point for ABS 

(c) and PS (d) mass; recovered ABS (e) and PS (f) charge; average 
error at each measured point for ABS (g) and PS (h) charge 

 

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 m3/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10–3 µC. A temporal analysis 
highlights transient fluctuations of about 7.810–3 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. 

 

a) 
b)

d) c) 

 
 

e) f ) 

h)g) 

 
Fig. 8. Comparison of real data and simulation results as a 

function of air flow rate: recovered ABS (a) and PS (b) mass; 
average error at each measured point for ABS (c) and PS (d) 

mass; recovered ABS (e) and PS (f) charge; average error at each 
measured point for ABS (g) and PS (h) charge 

 

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 m3/h and 8.9 m3/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). 

 

a) MAEmABS, mg

 
 

b) MAEmPS, mg 

 
 

 c) MAEqABS, mC

 
 

 d) MAEqPS, mC 

 
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 m3/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10–3 µC. 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 µC for charge, 
confirming its robustness to parameter variations. 

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

From a practical perspective, the robustness of the 
model across a wide range of operating conditions (4–20 kV, 
15–60 rpm, 7–9 m3/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 DSPMSMs, offering a novel control strategy that effectively mitigates the drawbacks of conventional methods. 
The integration of T2-FLC into the DTC framework provides enhanced adaptability and superior performance, distinguishing this 
study from existing works. Practical value. The proposed control strategy enhances the reliability, efficiency, and stability of 
DSPMSM-based drive systems, making it well-suited for high-performance applications such as railway traction, electric vehicles, 
and industrial automation. By improving control precision and robustness, this approach contributes to the advancement of 
intelligent drive technologies in modern electric propulsion systems. References 39, tables 4, figures 16. 
Key words: permanent magnet synchronous machine, type-2 fuzzy logic controller, direct torque control, six-phase inverter, 
multi-machines system. 
 

Вступ. Зростаюча потреба в ефективних та високопродуктивних системах електроприводу призвела до посилення досліджень 
удосконалених стратегій керування для багатомашинних конфігурацій. Серед них, синхронні машини з постійними магнітами та 
обмоткою статора за схемою з’єднання «зірка» із спільним регулюванням струмів обмоток статора (DSPMSM), що підключені 
паралельно до одного інвертора, пропонують перспективне рішення для застосувань, які вимагають високої надійності та 
точного керування. Проблема. Традиційні стратегії прямого керування крутним моментом (DTC), які базуються на PI-
контролерах, мають значні пульсації крутного моменту та потоку, що негативно впливає на ефективність системи та динамічну 
характеристику. Крім того, ці традиційні контролери стикаються з проблемами обробки коливань параметрів та зовнішніх 
збурень, що обмежує їхню застосовність у складних умовах. Мета. Це дослідження спрямоване на підвищення продуктивності 
систем приводу DSPMSM шляхом покращення регулювання швидкості, мінімізації коливань крутного моменту та потоку, а 
також підвищення стійкості до збурень, тим самим забезпечуючи більшу ефективність та стабільність. Методологія. Для 
вирішення цих проблем запропоновано нову стратегію DTC, яка замінює традиційний PI-контролер контролером з нечіткою 
логікою 2-го типу (T2-FLC). Цей інтелектуальний підхід до керування використовує адаптивність нечіткої логіки для покращення 
точності відгуку та динамічних характеристик. Запропонована методологія перевірена за допомогою масштабної симуляції з 
використанням MATLAB/Simulink, аналізуючи різні робочі умови та порівнюючи продуктивність з традиційними DTC методам. 
Результати моделювання підтверджують, що DTC на основі T2-FLC значно зменшує пульсації крутного моменту та потоку, 
забезпечуючи при цьому точне регулювання швидкості. Запропонований підхід демонструє покращену стійкість до збурень та 
коливань параметрів, перевершуючи традиційний DTC на основі PI з точки зору ефективності та точності керування. Наукова 
новизна. Це дослідження представляє інноваційне застосування T2-FLC у DTC для паралельно з’єднаних DSPMSM, пропонуючи 
нову стратегію керування, яка ефективно усуває недоліки звичайних методів. Інтеграція T2-FLC у структуру DTC забезпечує 
покращену адаптивність та високу продуктивність, що відрізняє це дослідження від існуючих робіт. Практична значимість. 
Запропонована стратегія керування підвищує надійність, ефективність та стабільність систем приводу на основі DSPMSM, що 
робить її добре придатною для високопродуктивних застосувань, таких як залізниця, електромобілі та промислова 
автоматизація. Завдяки покращенню точності та надійності керування, цей підхід сприяє розвитку інтелектуальних технологій 
приводу в сучасних електричних рушійних системах. Бібл. 39, табл. 4, рис. 16. 
Ключові слова: синхронна машина з постійними магнітами, контролер з нечіткою логікою 2 типу, пряме управління 
крутним моментом, шестифазний інвертор, багатомашинна система. 
 

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

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

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

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

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

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

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

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

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

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

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

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

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

The integration of T2-FLC plays a crucial role in 
addressing elevated levels of uncertainty, which are often 
encountered in real-world applications. Combined with 
DTC, well known for its high dynamic performance in 
AC motor drives, the proposed approach 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 T1-FLC counterpart, particularly in 
scenarios where uncertainty is a dominant factor, thus 
demonstrating the practical relevance of T2-FLC 
implementation in industrial contexts. In summary, the 
proposed method constitutes a significant advancement in 
motor drive control, with the potential to enhance the 
reliability, efficiency, and overall performance of electric 
drive systems across a wide range of applications. 

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

 

 
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 (Vds, Vqs). The model is 
formulated in the (d–q) reference frame, which rotates 
synchronously with the rotor magnetic field. The dynamic 
behavior is expressed through a set of differential 
equations (1–4) [31, 32]: 
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where the expressions of stators fluxes are:  
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In these equations, the subscripts (s1, s2) 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: [(Vds1,i, Vqs1,i,), (Vds2,i, Vqs2,i)]; [(Ids1,i, 
Iqs1,i,), (Ids2,i, Iqs2,i)]; [(ds1,i, qs1,i,), (ds2,i, qs2,i)]; [(Lds1,i, 
Lqs1,i,), (Lds2,i, Lqs2,i)]; [(Mds1,i, Mqs1,i,), (Mds2,i, Mqs2,i)] and 
PM,i, representing voltage, currents, stator flux linkage, 
stator inductance, mutual inductance in the (d–q) axis, and 
the permanent magnet flux, respectively. 

The mechanical equation of the machine is: 

ii reii
i

i T=Tfr
t

J  
d

d
,                   (3) 

where J is the moment of inertia; fr is the friction 
coefficient; Te is the electromagnetic torque; Tr is the load 
torque;  is the rotor’s mechanical speed [13]. 

The structural representation of the DSPMSM in the 
electrical domain is depicted in Fig. 2. 

 

 
Fig. 2. Schematic of the DSPMSM stator windings 

 
The electromagnetic torque equation is articulated in 

terms of stator currents and stator flux as: 
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where p is the number of pole pairs. 
Six-phase inverter model. The stator windings of the 

DSPMSMs are supplied by a six-phase voltage source 
inverter, as shown in Fig. 3 [33]. In this configuration, the 
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notation Ka1, Kb1, Kc1 represent the switches of the upper 
half-bridge, while Ka2, Kb2, Kc2 correspond to the switches of 
the lower half-bridge. Additionally, n1 and n2 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: 

.0

;0

222

111

= VVV

= VVV

scsbsa

scsbsa




                      (5) 

Furthermore, equation (6) accurately represents the 
voltage vector generated by the six-phase inverter: 
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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 
Is1,i and Is2,i are flowing in each machine, can be 
represented by Is,i which flows equally in both stators 
windings and Is,i which circulates between each stator 
winding (Fig. 4) and described as [16]: 

,is,issi I=II 21  ;                         (7) 
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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 Is1,i and Is2,i and rotor speeds (1, 2). The 
corresponding average quantities are computed as: 
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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: 
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Consequently, the stator flux module is: 
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The electromagnetic torque can be estimated from 
the estimated magnitudes of the flux, and the measured 
magnitudes of the line currents: 
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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]. 
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The universe of discourse for the stator flux angle is 
divided into 6 fuzzy sets (t1–t6) (Fig. 5,a). Triangular MFs 
are used for all angular sectors (ti). The universe of 
discourse for the electromagnetic torque error is divided 
into 3 fuzzy sets (Fig. 5,b): Negative torque error (N), Zero 
torque error (Z) and Positive torque error (P). Triangular 
MFs are assigned to the central fuzzy set (Z), while 
trapezoidal MFs are used for the boundary sets (P) and (N). 

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

 

a)

b)

c)

d)

 
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 Sa, Sb, Sc used to control the inverter 
switches in a two-level configuration. The universe of 
discourse for each sub-output is divided into 2 fuzzy sets: 
Zero and One. Trapezoidal MFs are selected for both sets 
to ensure robust switching decisions under uncertainty. 

T2-FLC, which relies on type-2 fuzzy sets (T2-FS), 
is a powerful approach for managing complex and 
nonlinear systems [34]. To address higher levels of 
uncertainty in modelling and control, T2-FS are 
introduced as an extension of the conventional type-1 
fuzzy sets (T1-FS) to better handle uncertainty and 
imprecision in complex systems [16, 34–36]. Numerous 
studies have demonstrated that T2-FLC offers superior 
performance compared to T1-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  Torque error Te t1 t2 t3 t4 t5 t6 

P V3 V4 V5 V6 V1 V2
Z V0 V7 V0 V7 V0 V7P 
N V1 V2 V3 V4 V5 V6
P V4 V5 V6 V1 V2 V3
Z V7 V0 V7 V0 V7 V0N 
N V6 V1 V2 V3 V4 V5

where: 
V0= [0 0 0]; V1= [1 0 0]; V2= [1 1 0]; V3= [0 1 0]; 
V4= [0 1 1]; V5= [0 0 1]; V6= [1 0 1]; V7= [1 1 1]. 

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

T2-FLC contains 4 elements [16, 18]: 
 Fuzzification. This initial step involves the 

transformation of classical data into MFs such as negative 
grand (NG), equal zero (EZ) and so on. 
 Fuzzy inference engine. This component leverages 

a lookup table that consolidates control derivatives 
obtained from the interplay of control rules and MFs . 
 Type reducer. This essential component of the T2-

FLC is responsible for transforming the output of T1-FS and 
subsequently transferring it to the defuzzification process. 
 Defuzzification. The output from the type reducer is 

further processed through the defuzzification process, 
which converts MFs into crisp data. 

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

. 

 
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 

 

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

Rule 1: if es is NG, and Δes is NG then Uf  is NG. 
Rule 2: if es is NG, and Δes is NM then Uf  is NG. 
Rule 3: if  es is NG, and Δes is NP then Uf  is NG. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   
Rule 36: if es is PG, and Δes is PG then Uf  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 Rs1 = Rs2, Ω 0.12
Stator inductance Ls, mH 0.8 
Mutual inductance Lm, mH 0.3 
Flux linkagePM, Wb 0.394
Pole pairs p 4 
Moment of inertia J, kgꞏm2 510–5

Viscous friction coefficient fr, Nms/rad 0 
PI controller gain (integral) Ki 3 
PI controller gain (proportional) Kp 900 

0.021
0.012T2-FLC gains G1, G2, G3 
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 Rs. 

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

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

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

Test 1. In the 1st scenario, both motors were 
subjected to a trapezoidal reference speed profile 
comprising positive and negative transitions. A load 
torque of 20 Nm was applied at different time intervals: 
motor 1 at t  [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. 
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Fig. 8. Speed response of the two DSPMSMs in Test 1 
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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 t=0.4 s. Moreover, the 
controller demonstrates significantly reduced oscillation 
amplitudes and enhanced disturbance rejection, 
confirming its superior dynamic response and robustness 
compared to the classical PI controller 

Test 2. In this scenario, the system’s ability to 
handle external load disturbances was thoroughly 
evaluated. The load torque applied to the motors was 
varied in three steps: from 0 Nm to 20 Nm at t=0.12 s, 
then increased to 40 Nm at t=0.2 s, and finally reduced 
back to 20 Nm at t=0.28 s. The corresponding simulation 
results motor speed, electromagnetic torque, and stator 
currents are illustrated in Fig. 10–12. 
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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]. 
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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. 
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Fig. 13. Speed response of the two DSPMSMs under internal 

parameter variation (Test 3) 
 

t, s

Te, Nm 

 
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, IAE and ITSE for PI and T2-FLC 

under different test conditions 
 Controller ISE IAE ITSE 

PI 3.425 0.2889 0.204 
Test 1 

T2-FLC 2.355 0.0982 0.1197 
PI 0.1892 0.0912 0.01832 

Test 2 
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 0.26 0.12 

 

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

In the first test, both motors were subjected to a 
trapezoidal speed profile with a 20 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 (LQR) weighting matrices Q and R for the TRMS using the seagull optimization algorithm (SOA) to 
improve transient performance, minimize overshoot, and accelerate stabilization in both pitch and yaw compared to classical LQR tuning. 
Methodology. The new approach integrates the SOA with LQR control theory. The SOA determines the best values of Q and R matrices by 
minimizing a cost function defined by system performance metrics. SOA-optimized LQR is evaluated through simulations and contrasted 
with the classical LQR under identical conditions. Population size is 50 agents with a maximum of 100 iterations to achieve convergence. 
Results. Simulation results show that the SOA-optimized LQR has a remarkable improvement in the system’s time response. In comparison 
to the classical LQR, these results provide a shorter settling time from 7.35 s to 5.34 s (≈28 %), decreases overshoot (≈3 % vs. 30 % open 
loop), increases damping, and reduces oscillations. The pitch and yaw angle responses across several control schemes clearly demonstrate 
the superior performance of the proposed optimization technique. Scientific novelty. This work demonstrates, for the first time, the use of 
SOA for optimal tuning of LQR in a TRMS benchmark. It opens new avenues to enhance the performance of high-order nonlinear systems, 
pointing toward more accurate and stable control techniques in industrial and aerospace engineering fields. Practical value. The technique 
provides an efficient method to enhance the functionality of complex nonlinear systems without requiring manual tuning, and it has potential 
applications in the industrial and aerospace areas. References 38, tables 3, figures 4. 
Key words: seagull optimization algorithm, linear quadratic regulator, twin rotor multi-input multi-output system, parameter 
tuning, control performance. 
 

Вступ. Протягом останнього десятиліття розширене управління складними багатовходовими та багатовихідними (MIMO) 
системами знаходилося в центрі уваги у зв’язку з їх зростаючим використанням в аерокосмічній техніці та робототехніці. 
Двороторна MIMO система (TRMS) служить еталонною системою, подібною до вертольоту, для тестування передових 
методів управління. Її нелінійна поведінка та значний перехресний зв’язок ускладнюють управління традиційними методами. 
Проблема. TRMS характеризується сильною нелінійною динамікою та ефектами перехресного зв’язку, що кидають виклик 
традиційним методам управління. Ручне налаштування параметрів керування часто призводить до неоптимальних 
характеристик та зниження надійності. Метою роботи є оптимізація вагових матриць Q і R лінійно-квадратичного 
регулятора (LQR) для TRMS з використанням алгоритму оптимізації «чайка» (SOA) для покращення перехідних характеристик, 
мінімізації перерегулювання та прискорення стабілізації як за висотою, так і за напрямком в порівнянні з класичним LQR 
налаштуванням. Методика. Новий підхід інтегрує SOA з теорією управління LQR. SOA визначає найкращі значення матриць Q і 
R шляхом мінімізації функції вартості, яка визначається метриками продуктивності системи. Оптимізований за допомогою 
SOA LQR оцінюється за допомогою моделювання та порівнюється з класичним LQR за ідентичних умов. Кількість становить 50 
агентів з максимумом 100 ітерацій для досягнення збіжності. Результати. Результати моделювання показують, що 
оптимізований SOA LQR забезпечує значне покращення часу відгуку системи. У порівнянні з класичним LQR, ці результати 
забезпечують більш короткий час встановлення з 7,35 с до 5,34 с (≈28 %), зменшують перерегулювання (≈3 % порівняно з 30 % у 
розімкнутому контурі), збільшують демпфування і зменшують коливання. Реакції кутів за висотою та напрямком для кількох 
схем управління наочно демонструють високу продуктивність запропонованого методу оптимізації. Наукова новизна. У цій 
роботі вперше демонструється використання SOA для оптимального налаштування LQR у TRMS. Це відкриває нові можливості 
для підвищення продуктивності нелінійних систем високого порядку, вказуючи шлях до більш точних та стабільних методів 
управління в промисловій та аерокосмічній техніці. Практична значимість. Метод забезпечує ефективне підвищення 
функціональності складних нелінійних систем без необхідності ручного налаштування та має потенційні галузі застосування у 
промисловій та аерокосмічній техніці. Бібл. 38, табл. 3, рис. 4. 
Ключові слова: алгоритм оптимізації «чайка», лінійний квадратичний регулятор, двороторна багатовхідна багатовихідна 
система, налаштування параметрів, характеристики керування. 
 

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 AI-
driven controllers has been suggested to effectively manage 
intricate dynamic interactions [21]. These approaches have 
succeeded in advancing tracking and damping 
performance; however, they often fall short in the direct 
optimization of transient characteristics. To the best of our 
knowledge, this is among the first studies applying seagull 
optimization algorithm (SOA) to dynamically tune LQR 
weighting matrices for TRMS, specifically targeting multi-
objective transient improvements. 

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

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

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

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

are controlled via the supply voltage to the DC motors. The 
system operates in three control modes [3]: 
 single degree of freedom (rotors controlled 

independently); 
 two degrees of freedom (both rotors 

simultaneously); 
 decoupled control (cross-couplings modeled and 

compensated). 
In every control mode, the aim is to direct the beam 

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

Figure 2 presents a 
simplified diagram of 
the TRMS. To 
control TRMS two 
inputs are used: u1 
(applied to the main 
rotor) and u2 (applied 
to the tail rotor). 
Dynamic couplings 
between two motors 
are the most 
important feature of 
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. 

u2 φ 
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Pitch rotor 
 
 
 
 

Main path pitch 

 

Yaw rotor  
 
 
 

Main path yaw 

u1  

 
Fig. 2. Diagram of TRMS functions 

 

Modeling and analysis. The modeling requires four 
linear models: two describing the main dynamic paths 
from u1 to  (pitch) and from u2 to  (yaw) and two 
additional models for the cross-coupling dynamics, from 
u1 to  and from u2 to . 

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

gMBMFFMMI   11
 ,              (1) 

where I1 is the moment of inertia of vertical plane; M1 is 
the gross momentum of the main rotor; MFF is the 
gravitational momentum; MBφ is the momentum due to 
frictional force; Mg is the gyroscopic momentum. 

The momentum is defined as follows: 

11
2
111  baM  ;        (2) singFF MM  ;   (3)

2
21 )2sin(    BBM B  ;(4)  cos1

MKM gyg  , (5)

where a1, b1 are the static characteristic of parameter; 
Bφ1, Bφ2 are the friction momentum function. 

The torque τ1 generated by the main rotor is linked 
to the input voltage u1 and is can be represented by the 
following transfer function: 

1
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
 ,                            (6) 

Fig. 1.
The general view of the TRMS [23]
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where K1 is the gain of the main rotor; T11, T10 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: 

RMBMMI   22
 ,                      (7) 

where I2 is the horizontal rotor moment of inertia; M2 is 
the tail rotor’s gross momentum; MBθ is the friction 
momentum; MR is the cross-reaction momentum: 

22
2
222  baM  ;                          (8) 


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where a2, b2 are the static characteristic of parameters; Kc is 
the cross-reaction momentum gain; Tp is the cross-reaction 
parameter; T0 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 τ2 

produced by the tail rotor being related to the input voltage 
u2 and represented by the following transfer function: 

2
2021

2
2 u

TsT
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
 ,                         (11) 

where T20, T21 are the tail rotor time constants; K2 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 
I1 – moment of inertia of vertical plane 
(pitch axis) 0.068 kgm2 

I2 – moment of inertia of horizontal plane 
(yaw axis) 0.02 kgm2 

a1 – static characteristic of parameter 0.00135 
b1 – static characteristic of parameter 0.0924 
a2 – static characteristic of parameter 0.02 
b2 – static characteristic of parameter 0.09 
Mg – gravity momentum 0.32 Nm 
Bθ1 – parameter of friction momentum 0.006 Nms/rad 
Bθ2 – parameter of friction momentum 0.001 Nms2/rad
Bφ1 – parameter of friction momentum 0.1 Nms/rad 
Bφ2 – parameter of friction momentum 0.01 Nms2/rad 
Kgv – parameter of gyroscopic moment 0.05 s/rad 
K1 – motor 1 (pitch) gain 1.1 
K2 – motor 2 (tail) gain 0.8 
T11 – motor 1 denominator parameter 1.1 
T10 – motor 1 denominator parameter 1 
T21 – motor 2 denominator parameter 1 
T20 – motor 2 denominator parameter 1 
Tp – cross-reaction momentum parameter 2 
T0 – cross reaction momentum parameter 3.5 
Kc – cross-reaction momentum gain −0.2 

 

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

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

The system is linearized around the equilibrium 
points where φ=0 and θ=0, so the nonlinear components 
become simpler and thus the system simpler to analyze. 
The state vector x(t) and control input u(t) for the TRMS 
are delivered by: 
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From (5), we can describe our system as 
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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: 

tRuTuQxTxJ d
0

)(


 ,                    (15) 

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: 
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)()( txtu  K .                        (16) 
The matrix K results from solving the algebraic Riccati 

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

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

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

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

1. Collision avoidance. 
2. Moving towards the best agent. 
3. Convergence towards best agent. 
Collision avoidance. To prevent the collision with 

the neighboring seagulls, a variable A is used to update 
the position of every seagull: 

Cs =APs(t),                             (17) 
where CS is the position where the seagull will not collide 
with another one; Ps(t) is the current position of seagull; 
t is the iterations number; A is utilized to find the new 
position of seagulls. 

It is updated as [32, 34]. 
 maxTftfA cc  ,                  (18) 

where Tmax is the maximum number of iterations; fc (set to 2) 
is the frequency to control the variable A which is linearly 
decreases from fc 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) – Ps(t))                (19) 
B = 2A2rd,                             (20) 

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

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

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

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

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

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

x = rcos ;        (23) y = rsin ;        (24)
z = r ;          (25) r = ev,          (26)

where r is the spiral radius during the seagull’s motion, 
while µ and v are the correlation constants that define the 
spiral shape; θ is the angle, which is a random value 
within the range of [0, 2π] [35]. 

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

Ps(t+1) = Ds xyz + Pbest(t),                (27) 
where Ps(t+1) is the new position of the search agent. 

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

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

Table 2 
Temporal characteristics for pitch response 

Characteristic of 
pitch 

Open 
loop 

Classical 
LQR 

SOA-optimized 
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 
yaw 

Open 
loop 

Classical 
LQR 

SOA-optimized 
LQR 

Rise time, s 316.18 0.75 0.48 
Settling time, s 455.89 6.28 2.67 
Overshoot, % 0 10.72 9.71 

 

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

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

a 

b

 
Fig. 3. Temporal characteristics of pitch responses 

under open loop (a); with LQR and SOA controller (b) 
 

a

b

 
Fig. 4. Temporal characteristics of yaw responses 

under open loop (a); with LQR and SOA controller (b) 
 

The SOA-optimized LQR shows significant 
improvement in settling time and stability compared to open-

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

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

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

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

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

 

 

NL1 

t, s

normal voltage 
25 % sag 

normal voltage 25 % swell 
15.11 % THD 

harmonic source

NL2 NL3 NL1+NL2+NL3+
+L1 

NL1+NL2+NL3+
+L1+L2 

NL1+NL2+NL3+
+L1+L2+L3 

L1+L2+L3 

 
Fig. 19. Voltage waveforms and load current for the fourth scenario 

 

Table 3 
Load variations within the fourth scenario 

Time, s Loads type 
0–0.1 NL1 without SAPF 

0.1–0.2 NL1 with SAPF 
0.2–0.4 NL2 
0.4–0.6 NL3 
0.6–0.8 NL1+ NL2+ NL3+ L1 
0.8–1 NL1+ NL2+ NL3+ L1+ L2 
1–1.2 NL1+ NL2+ NL3+ L1+ L2+ L3 

1.2–1.4 L1+ L2+ L3 
1.4–1.6 L1+ L2+ L3 

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

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

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

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

Вступ. Сегментація потужності стає все більш важливим завданням у потужних промислових приводних системах, що 
використовують машини змінного струму. Проблема. Для покращення динамічних характеристик, надійності та сегментації 
потужності приводних систем у потужних установках (вище мегаватного діапазону) доцільно замінити один потужний 
перетворювач кількома малопотужними перетворювачами. Цей принцип застосовується для комбінації машин змінного 
струму та інверторних структур. Мета. Автори пропонують нову синхронну машину з двома відкритими обмотками та 
постійними магнітами. Ця машина зменшує необхідні розміри інверторів живлення, одночасно покращуючи динамічні 
характеристики та термін служби. Її живлення із використанням дворівневих каскадних інверторів додатково підвищує ці 
характеристики. Методика. Для цього дослідження розроблена математична модель системи у системі координат Парка, 
яка перевірена у MATLAB/Simulink. Спочатку представлені результати моделювання для пропонованої машини, що живиться 
чотирма звичайними дворівневими інверторами на основі методу широтно-імпульсної модуляції. Потім нова машина 
заживлювалась від чотирьох багаторівневих перетворювачів, кожен із яких складається з двох дворівневих інверторів. Для 
подальшої демонстрації переваг даної структури перетворювача автори використовують конфігурацію з трьома каскадно 
з’єднаними дворівневими інверторами. Результати показують, що використання нової машини із звичайними дворівневими 
інверторами забезпечує сегментацію потужності та покращує якість напруги, струму статора та крутного моменту. Крім 
того, поєднання цієї машини з каскадно з’єднаними багаторівневими інверторними структурами значно підвищує динамічні 
характеристики і надійність. Наукова новизна полягає в синергії, яка досягається за рахунок інтеграції нової синхронної 
машини з каскадно з’єднаними дворівневими інверторами, що дозволяє системі одночасно долати традиційні обмеження як за 
продуктивністю, так і за надійністю. Практична значимість. Реалізована імітаційна модель нової синхронної машини з 
двома відкритими обмотками та постійними магнітами для підтвердження високих характеристик, що досягаються за 
допомогою каскадно з’єднаних багаторівневих інверторних структур для живлення напруги порівняно із звичайними 
дворівневими інверторами. Бібл. 19, табл. 2, рис. 17. 
Ключові слова: гладкополюсна синхронна машина з постійними магнітами та двостороннім відкритим виводом, 
каскадні дворівневі інвертори, сегментація потужності, надійність. 
 

Introduction. The machine-converter associations 
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 

the new machine structure; it is the dual three-phase open-
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 



64 Electrical Engineering & Electromechanics, 2026, no. 1 

proposed machine is fed by four voltage source inverters 
using a pulse width modulation (PWM) technique. The 
results obtained for the total harmonic distortion (THD) of 
the phase-to-phase voltage, the THD of the stator current, 
and the torque ripple are shown. To improve the 
performance of the new machine, a combination of 
cascaded inverter structures is used. In the first 
configuration, two cascaded 2-level inverters are used, 
while the second configuration consists of three cascaded 
2-level inverters [19]. The simulation results obtained from 
the cascaded configurations show significant advantages in 
terms of voltage, current and torque quality. 

Modeling of the smooth-pole DOEWPMSM. The 
windings of this machine shifted by 0° in the (d, q) Park 
reference (ω(d, q) = ωr) are represented in Fig. 1. 
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Fig. 1. Windings representation in the (d, q) reference frame 
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The voltage is related by the following matrix: 
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where Rs is the stator resistance; Ld = Lq = L is the stator 
inductance in d, q axis for the smooth-pole synchronous 
machine; Md is the mutual inductance of the stator in d1, 
d2 axis; Mq is the mutual inductance of stator in q1, q2 
axis; f 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: 

         VBIAI
t


d

d ,                        (3) 
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V  is the control vector. 

The state matrix [A] is: 
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The matrix [B] is: 
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The electromagnetic torque of the DOEWPMSM is: 

))())(((
2

3
sq2sq1fsq2sd1sq1sd2qdem iiiiiiMMpT   . (6) 

The drive mechanical equation is: 

ωf
t

JTT   
d

d
 =  rem


.                      (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: 
VsA11, VsA12, VsA13 are the simple voltage of inverter A1; 
VsA21, VsA22, VsA23 are the simple voltage of inverter A2; 
VsB11, VsB12, VsB13 are the simple voltage of inverter B1; 
VsB21, VsB22, VsB23 are the simple voltage of inverter B2; 
(VsA11–VsA12) is the pole voltage of inverter A1; 
(VsA21–VsA22) is the pole voltage of inverter A2; 
(VsB11–VsB12) is the pole voltage of inverter B1; 
(VsB21–VsB22) is the pole voltage of inverter B2; 
UA = (VsA11–VsA12)–(VsA21–VsA22) is the phase-to-phase 
voltage of machine stator winding A; 
UB = (VsB11–VsB12)–(VsB21–VsB22) is the phase-to-phase 
voltage of machine stator winding B. 

The voltages (VsA11–VsA12), (VsA21–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 t = 1 s the impact of torque 
Tr = 180 Nm is applied. 

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

%100
em

emmax
em 




T

TT
T .                   (8) 

The enlarging effect of the torque for a load torque 
Tr = Tn is indicated in Fig. 6. 

Then, the torque undulation is: 

%5.17%100
180

1805.211
em 


T . 
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Fig. 3. Pole voltages of inverters and phase-to-phase voltages of 

machine stator windings A and B 
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Fig. 4. Harmonic content of machine voltage 

 
The simulation results of the stator currents Is11 of the 

winding A and Is21 of the winding B are shown in Fig. 7. 
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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 Is11 of the 
winding A is shown in Fig. 8. 
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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].  
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inverters
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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 fs and a 
120° phase shift between them are compared with two 
amplitude carriers. This method controls the two cascaded 
inverters at input A1 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 (VsA11–VsA12), 
(VsA21–VsA22) and the phase-to-phase voltage UA of the stator 
winding A, which have five voltage levels between phases of 
the machine. The same applies to the stator winding B.  
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Fig. 11. The pole voltages and the phase-to-phase voltage 

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. 
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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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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 (A1, 
A2, B1 and B2). This structure is formed by three 2-level 
inverters connected in a cascade (Fig. 15). 
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Fig. 15. Three 2-levels inverters in cascading 

 

Figure 16 shows the pole voltages (VsA11–VsA12), 
(VsA21–VsA22) and phase-to-phase voltage UA of the stator 
winding A. The results indicate that an increase in the 
voltage level enhances the lifespan of this machine. 
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Fig. 16. The pole voltages and the phase-to-phase voltage 

of the stator winding A (case 3) 

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: 
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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. 

Table 1 
Different results for three structures 

Inverter A1 1 inverter 
2 cascaded 
inverters 

3 cascaded 
inverters 

THD voltage, % 44.27 26.82 16.42 
THD current, % 5.35 3.86 1.63 
ΔTem, % 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]. 

Table 2 
Sizing of the two cascaded inverters  

Inverter A1 
Power 

inverter 
Stator 

current, A 
Switches 

voltage, V 
Inverter A11 P/4 I/2 VT11 = E/2 
Inverter A12 P/8 I/2 VT21 = E/4 

 

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 A12 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 Rs = 65 mΩ, 
stator inductance Ld = Lq= 0.655 mH, mutual inductance of 
stator d1,2 axis Md = 0.545 mH, mutual inductance of stator 
q1,2 axis Mq = 0.545 mH, magnet flux ψf = 0.8 Wb, inertia 
moment J = 0.02 kgm2, viscous force F = 2 10–3 Nms/rad. 
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Conclusions. The novel smooth-pole dual open-end 
windings permanent magnet synchronous machine 
(DOEWPMSM) when associated with cascaded inverters 
structures offers a significant advantage over the 
conventional 2-levels inverters. The mathematical model of 
the DOEWPMSM is presented and simulated in 
MATLAB/Simulink. The machine is first fed by 
conventional 2-level inverter and then by cascaded 2-level 
inverter structures. The new machine offers such benefits: 
 a good solution for power segmentation, reducing 

clutter, improving the availability of the drive system, and 
increasing redundancy in degraded mode compared to a 
classic synchronous machine. 
 When the new machine is powered by cascaded 2-level 

inverter structures, it provides a better voltage level between 
the machine phases. With a conventional 2-level inverter, 
three levels are obtained. With two 2-level inverters in 
cascading, five levels are obtained, and with three 2-level 
inverters in cascading, seven levels are obtained. 
 A better voltage THD. If the THD is 44.27 % with a 

conventional inverter, it drops to 16.42 % when powered 
by three 2-level inverters in cascading. 
 A better quality of stator current. With a 

conventional inverter, the THD is 5.35 %. Using three 
cascaded 2-level inverters, the THD becomes 1.63 %. 
 A better torque quality. The value decreases from 

17.5 % to 4.11 % with three cascaded 2-level inverters. 
 A reduced the DC bus voltage value of E going from 

E/2 to E/6 with three cascaded 2-level inverters. 
 An extended bandwidth. 

In future work it is planned to experimentally confirm 
the advantages of the proposed new DOEWPMSM and 
powered using cascaded 2-level inverters. 
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Influence of gamma radiation on the electrical and mechanical properties of on-board systems 
cables 
 
Introduction. Electrical and fiber-optic cables of on-board systems for transmitting monitoring, control and communication signals 
are increasingly used in nuclear power plants, aircraft systems and military applications. Such operating conditions are 
characterized by an increased level of ionizing radiation compared to the background: from 10 kGy in space applications to 1 GGy 
in the corium of a nuclear reactor. Problem. The resistance of polymer insulation to the action of ionizing radiation is determined on 
the basis of mechanical, thermophysical, physicochemical indicators that reflect the local characteristics of the polymer insulation of 
electrical cables. Modern special radiation-resistant optical fibers are capable of operating under the action of gamma radiation 
with a dose of 1 MGy. To ensure mechanical strength and protection of the optical fiber from moisture, high-strength structural 
elements and hydrophobic fillers are used in the optical cable. The goal of the work consists in establishing the effect of gamma 
radiation on unshielded cables with unshielded twisted pairs and optical cables with the determination of the dynamics of changes in 
the electrical properties of polyethylene insulation of conductors and mechanical properties of aramid yarns with a water-blocking 
coating, respectively. Methodology is based on the determination of the change in the electrical capacitance of each of the 8 
polyethylene-insulated twisted pair conductors and the mechanical tensile strength of Kevlar yarns with a water-blocking compound, 
compared to the un-irradiated state, depending on the absorbed dose of gamma radiation of 100 kGy, 200 kGy and 300 kGy when 
processing samples of electrical and optical cables in the cobalt-60 (Cо60) 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. 
 
Вступ. Електричні та оптичні кабелі бортових систем для передачі сигналів моніторингу, керування та зв’язку все 
частіше використовуються на атомних електричних станціях, в системах літальних апаратів та військовому 
застосуванні. Такі умови експлуатації характеризуються підвищеним порівняно з фоновим рівнем іонізуючого 
випромінювання: від 10 кГр у космічних застосуваннях до 1 ГГр в активній зоні ядерного реактора. Проблема. Стійкість 
полімерної ізоляції до дії іонізуючого випромінювання визначається на підставі механічних, теплофізичних, фізико-хімічних 
показників, які відображають локальні характеристики полімерної ізоляції електричних кабелів. Сучасні спеціальні 
радіаційно-стійкі оптичні волокна здатні працювати при дії гамма-випромінення дози 1 МГр. Задля забезпечення 
механічної міцності та захисту від вологи оптичного волокна в оптичному кабелі застосовуються високоміцні 
конструктивні елементи та гідрофобні заповнювачі. Мета роботи полягає у встановленні впливу гамма-випромінення на 
неекрановані кабелі з неекранованими витими парами та оптичні кабелі з визначенням динаміки змінення електричних 
властивостей поліетиленової ізоляції провідників та механічних властивостей арамідних ниток з водозахисним 
покриттям відповідно. Методика ґрунтується на визначенні порівняно з неопроміненим станом змінення електричної 
ємності кожного з восьми ізольованих поліетиленом провідників витих пар та механічної міцності на розтяг кевларових 
ниток з водозахисним компаундом в залежності від поглиненої дози гамма-випромінення 100 кГр, 200 кГр та 300 кГр при 
обробці зразків електричного та оптичного кабелів в установці кобальт-60 (Со60). Наукова новизна полягає у встановленні 
критерію досягнення критичного стану полімерної поліетиленової ізоляції ізольованих провідників та ефекту впливу 
водозахисного покриття з надвисокою поглинальною здатністю на механічну міцність арамідних ниток при дії гамма-
випромінення на зразки електричного кабелю у захисній полімерній оболонці з поліхлорвінілового пластику та оптичного 
кабелю у захисній оболонці на основі полімерної вогнестійкої композиції відповідно. Практична цінність кваліфікується 
діапазоном радіаційної стійкості конструктивних елементів для забезпечення експлуатаційної функціональності та 
ефективності кабелів бортових систем в умовах дії гамма-випромінення. Бібл. 50, табл. 3, рис. 6. 
Ключові слова: бортові системи, неекранований кабель з неекранованими витими парами, оптичний кабель, 
поглинена доза гамма-випромінення, поліетиленова ізоляція, електрична ємність, арамідні нитки, водозахисний 
компаунд, механічна міцність на розтяг, радіаційна стійкість. 
 

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: 

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

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

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

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

2. Optical cable with single-mode optical fiber in a 
dense two-layer coating. The core and reflective sheath of 
the fiber with a diameter of 125 μm – based on quartz. 
Buffer primary polymer coating with a thickness of 
62.5 μm – 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 μm 
is based on a thermoplastic organosilicon compound with 
a top layer of 15 μm 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 
element 
material

Density, 
kg/m3 

Tensile 
strength 
σ, 109, 

Pa 

Young 
modulus 
E, 109, 

Pa 

Relative 
elongation 

ε, % 

Thermal 
expansion 
coefficient

(in the 
longitudinal 
direction), 
10–6, K–1 

Kevlar 
49 

1439.35 3.0 112.4 2.4 –2.2 

S-glass 2491.19 3.45 85.5 5.4 +1.7 
Steel rod 7750.37 1.96 199.9 2.0 +3.7 
High-
strength 
carbon 

1799.19 3.1 220.6 1.4 –0.1 

 
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 μm. 

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 
(Co60) 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 Co60 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. 

 

 

a b  
Fig. 1. Physical model of an unshielded cable with four 

unshielded twisted pairs (a) and the pattern of lines of the 
normal component of the intensity of the probing electric 

field (b), provided that one of the conductors is under potential 
and all others are at zero potential 

 
The model neglects the helical surface of twisted 

pairs, which provides a plane-parallel electric field in the 
cable cross-section. The surfaces of conductors and 
conductor insulation are assumed to be circular 
cylindrical, which is consistent with the boundaries of the 
separation of media in the original problem. The 
difference in dielectric properties of the cable structural 
elements is taken into account: the dielectric permittivity 
of polyethylene insulation of conductors is ε1=2.3; 
interphase air medium ε2=1; protective polymer sheath 
ε2=4.5. The cable is located in an air medium with 
dielectric permittivity ε=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 σ (C/m2) of these 
secondary charges must satisfy two conditions: 

1) on surfaces reflecting conductors (electrodes), the 
specified potentials Ui 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: 
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where En 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 ΔS; 
σi/(2ε0) 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 ΔS; 
ε0 = 8.85∙10–12 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: 
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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; rij is the distance between points i 
and j; r0j is the distance from point j to point O, the 
potential of which can be taken as zero (r0j = 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); σj is the secondary charge density at 
point j; dlj is the length of an infinitely small section 

centered at point j;  iij n,rcos  is the cosine of the angle 

between the vectors ijr  and in  – 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: 

0ε

σ
=E i

i
– for the surfaces of conductors (electrodes), 









α
+

ε

σ
=E i

i

1
1

2 0

 – for the interface of dielectric media 

(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 ε1 
(polyethylene insulation) to a medium with ε2 (interphase 
air medium). 

The actual density σ′i of surface charges on the 
surfaces of conductors insulated with a dielectric with a 
dielectric permittivity ε1 is ε1 times greater 
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σε=σ  1 , 

which is taken into account when determining the total 
charge of each insulated core and electric capacitance 
under the condition of given potentials of the conductors. 

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

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

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

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

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

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

 

 

a b  
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 

 

 

a b  
Fig. 3. Visualization of the normal component of the probing 
electric field strength under the condition of three insulated 

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

 

 

a b  
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 1 V 

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 
СS and partial Сpart electric capacitances of the insulating 
gaps based on determining the actual density σ′ 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 С5-1, 
С5-2, С5-3, С5-4, С5-6, С5-7, С5-8 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 С5S of conductor 5: 

С5S = С5-1 + С5-2 + С5-3 + С5-4 + С5-6 + С5-7 + С5-8. 
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: 
С5S + С6S = С5,6-1 + С5,6-2 + С5,6-3 + С5,6-4 + С5,6-7 + С5,6-8. 

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 

Electrical capacitance of an insulated conductor
С, pF/m 

Inspection 
code 

1 2 3 4 5 6 7 8 
00001000 1.041 0.263 1.972 3.712 43.13 29.06 3.706 1.974
00000100 0.223 2.494 2.061 20.58 28.10 76.31 2.059 20.58

00001100 1.363 2.717 6.285 22.64 15.26 48.20 6.281 22.63

10000100 42.21 28.32 8.445 4.120 28.30 42.17 8.439 4.119

10001100 41.95 30.79 10.51 24.70 47.98 14.11 10.49 24.69

01001100 29.44 73.55 8.345 43.21 15.03 45.71 8.339 43.20

00111100 7.644 25.35 8.966 25.56 8.966 25.56 7.644 25.35

10010110 39.89 51.13 38.60 51.16 12.05 27.19 10.72 27.39
 

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

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

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

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

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

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

experimental frequency dependencies of electrical capacitance 
of polyethylene-insulated conductors before and after gamma 

radiation of twisted pair cable samples 
 

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

Table 3 
Pearson pairwise correlation coefficients between the electrical 

capacitance of insulated conductors 

Frequency, kHz 
0.1 1 100 1000 

Pairwise correlation coefficient between the values of the 
electrical capacitance of insulated conductors in the irradiated 

state relative to the unirradiated state 
1-2 3-4 5-6 7-8 

When exposed to gamma radiation at a dose of 100 kGy 
0.9725 0.9780 0.9705 0.9829 
0.9777 0.9822 0.9755 0.9857 
0.9762 0.9809 0.9740 0.9846 
0.9721 0.9722 0.9653 0.9653 
When exposed to gamma radiation at a dose of 200 kGy 
0.9866 0.9858 0.9870 0.9207 
0.9875 0.9866 0.9864 0.9178 
0.9866 0.9861 0.9864 0.9390 
0.9887 0.9877 0.9846 0.9164 
When exposed to gamma radiation at a dose of 300 kGy 
0.9725 0.9777 0.9762 0.9721 
0.9780 0.9822 0.9809 0.9722 
0.9705 0.9755 0.9740 0.9653 
0.9829 0.9857 0.9846 0.9788 

 
Figure 5 also shows the effect of radiation dose on 

the relative value of ΔС 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: (Сγ – C0) / C0100, %, where C0 is the electrical 
capacitance of the conductors in the initial state before the 
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action of gamma radiation; Сγ 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]. 

 

D, kGy 

 
Fig. 6. Dynamics of change in mechanical tensile strength of 
Kevlar® 49 aramid yarns under irradiation with accelerated 
electrons (curve 1) [44] and of Kevlar-based aramid yarns 

impregnated with a water-repellent emulsion under the action of 
gamma radiation on optical cable samples 

 
Irradiation of optical cable samples with Kevlar 

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

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

Conclusions. 
1. Based on numerical modeling of the electrostatic 

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

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

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

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

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

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