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Improving the main indicators of transformers with twisted one-piece magnetic cores by 
changing the technology of circular winding turns formation 
 
Introduction. With the adoption of standards to reduce losses in transformers it is necessary to change the design of 
transformers that remain unchanged. Further energy saving is possible with the use of non-traditional technical solutions for 
the improvement of transformers. Problem. In order to reduce idle losses, the curved magnetic circuits of power transformers 
are carried out in the form of low-volume circuits. Windings are injected into assembled magnetic conductors by shuttle 
machines. The shuttle of windings provides technological gaps in winding windows, which results in an increase in size, metal 
capacity and losses. Goal. Rationale for transformer performance improvement by excluding process gaps in winding windows. 
Methodology. The definition of the change in transformer indicators is performed using optimization functions of the 
dimensionless indicators of the technological level. The adequacy of the functions is confirmed by the calculation of the mass of 
the electromagnetic system and the losses of the transformer. The figures of the compact analogue are calculated from the 
named serial analogue. Results. The result is a reduction in mass and a loss in the compactness of the transformer. Originality. 
The improvement of the indicators and the simplification of the winding technology are provided by a change in the design of 
insulating frames of winding coils. Winding on the rods is ensured by rotating the outer part of the composite insulating frame. 
Practical significance. Replacement the design of the windings of transformer with power of 40 kVA of 1000 V voltage class 
with a spatially twisted, small-dimensional magnetic conductor on a compact analogue leads to a reduction in mass and overall 
dimensions by 15 % and (17-18) %. Efficiency increases by 0.3 %. References 14, tables 2, figures 4. 
Key words: twisted transformer, one-piece magnetic core, insulating frame, coil, winding. 
 
Виконано аналіз конструктивно-технологічних особливостей електромагнітних систем трансформаторів з витими 
нероз’ємними магнітопроводами і круговими утворюючими контурами стрижнів та обмоткових витків. Запропоновано 
конструкцію обмоткової котушки з зовнішньою рухомою та внутрішньою нерухомою частинами опорно-ізоляційного 
каркасу та заміну вмотки витків на технологію намотки. Показано, що використання замість човникової вмотаної 
конструкції виконання обмотки з зовнішньою частиною ізоляційного каркаса, що обертається, призводить до поліпшення 
масогабаритних і енергетичного показників трансформатора. Бібл. 14, табл. 2, рис. 4. 
Ключові слова: витий трансформатор, нероз’ємний магнітопровід, ізоляційний каркас, обмотка, намотка. 
 

Problem definition. The total power of transmission 
system transformers exceeds the generation power 
by 6-7 times, with the main resource costs and the main 
losses of five to six times the transformation of electricity 
accounted for transformers I-III dimensions of mass 
production [1]. Since the beginning of the 21st century, 
new standards have been adopted in developed countries, 
regulating a significant reduction in losses of non-
operating movement of low and medium power 
transformers and reducing the load loss of large 
transformers [1-5]. Block diagrams and designs of 
electromagnetic systems (EMS) of transformers in 
production are indispensable for a century, and the 
reduction of losses is through the use of innovations in 
materials science and reducing electromagnetic loads [6]. 
Further growth of energy saving requirements requires the 
use of new innovative technical solutions to improve 
transformers [1-6]. 

Analysis of recent research and publications. In 
the last century, the production of magnetic cores of 
transformers based on plate lamination was supplemented 
by technologies of winding tape (roll) of electrical steel 
(ES). The twisted magnetic cores of low-power 
transformers are made dissected. The presence of joints 
leads to an increase in losses of up to 30 %. Therefore, 
twisted magnetic conductors used in the production 
of single-phase and three-phase transformers up to 

2000 kVA are made continuous (integral) with circular 
forming contours of rods and winding coils (Fig. 1,a,b). 
Winding with circular turns is wound on shuttle 
machines, which provides a technological increase in the 
design gap between adjacent winding coils and between 
the windings and yokes of transformers with rod and 
armor magnetic cores. Metal capacity, dimensions and 
losses are increasing, which reduces the efficiency of ES 
winding technology in the production of single-phase and 
three-phase transformers. 

 

    
                   a                                                  b 

Fig. 1. Twisted three-section magnetic core (a) and top view of 
the transformer TSZM-40-74.OM5 with removed cover (b) 

 

The main modern means of energy efficiency of 
transformers is the use of tape amorphous ES with 
minimal losses, but with less operating magnetic flux 
density and higher cost [1, 7, 8]. 
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Symmetrical spatial twisted axial magnetic 
conductors (Fig. 1,a) made of amorphous ES provide 
significant opportunities for improving three-phase 
transformers according to [5]. Thus three-phase 
transformers, in particular TSZM and TSZMV of sea 
execution (Fig. 1,b) with anisotropic magnetic conductors 
of a kind (fig. 1,a) are mastered in manufacture in 60th 
years of the 20th century and are manufactured now 
(Technical description and operating instructions. 
140.240, Moscow, InformElectro, 1975, order 1265, 21 
p., in Russian). 

In addition to the use of tape anisotropic 
microcrystalline and amorphous ES and three-phase EMS 
with twisted three-section spatial magnetic cores [5-7] the 
main innovations are «cable» windings and the use of 
high-temperature superconductivity windings [1]. There 
are also opportunities to improve transformers by 
structural transformations of EMS elements [6]. Known 
examples of relatively simple structural transformation of 
twisted magnetic cores are the use of a combination of ES 
brands in the inner and outer zones and middle layers of 
ES and the replacement of the outer section of a three-
phase three-rod planar magnetic core with two side 
sections twice as wide [9-11]. However, according to 
[1, 5] there is a contradiction between the market 
requirements for cheaper transformer products and the 
global trend of energy saving based on innovative designs 
and technologies. In addition, there is the possibility of 
improving transformers through the use of «residual 
reserves» of traditional designs and innovative methods of 
manufacturing EMS elements [6]. 

Recently, twisted magnetic cores of transformers of 
limited power are being replaced by analogues with 
conditionally oblique joints and the technology of 
forming covering layers by separating and bending 
sections of the tape of varying length. Special equipment 
is used to form layers of steel with offset joints 
(«Unicore» – magnetic cores) [1, 12]. However, the use 
of this technology in the production of EMS with circular 
forming contours (Fig. 2,a,b) of twisted sections (Fig. 3,a) 
with the configuration of the steel scan (Fig. 3,b) causes 
additional difficulties. Also, brittle amorphous steel (glass 
metal) does not allow small bending radii. 

Based on the above, solution of the problem of 
reducing weight, material consumption and losses, as well 
as labor costs in the manufacture of transformers with 
twisted magnetic cores is relevant. 

The goal of the paper is to increase the basic 
indicators of the transformer on the example of 
electromagnetic systems with wound «shuttle» and wound 
windings as well as justification of the feasibility of 
increasing the filling of the winding window by 
conductors based on changes in winding. 

Research methods and results. Increasing the 
compactness of the EMS by eliminating technological 
gaps in the winding windows can be considered a reserve 
for improving transformers with twisted integral magnetic 
cores. Such an increase is possible by change the 

insulation design and change with the simplification of 
the technology of manufacturing windings by removing 
the kinematic links of the winding shuttles 
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Fig. 2. Geometric parameters of the electromagnetic system of 
the transformer TSZM-40-74.OM5 with Kw'= 0.177 and its 

analogue with Kw'' = 0.3 in cross section (a) and side view (b) 
 

 120° 

 
a 

 
b 

Fig. 3. Schemes of magnetic core section (a) and sectional 
electrical steel strip scan (b) 

 

To eliminate technological winding gaps and butt 
gaps providing the possibility of respectively «shuttle run-
in» of the insulating cylinder (layers of turns) and 
installation of winding coils on the detachable rod part of 
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the magnetic core, a design with two-layer support-
insulating base windings is proposed (Fig. 4,a). The inner 
insulating cylinder of the winding frame, covering the 
rod, is stationary. The outer layer of the winding frame is 
a movable cylinder which is connected to the annular 
insulating elements located above the ends of the winding 
coils. The surfaces of the zones of the outer diameters of 
the rings form a kinematic connection with the transmitter 
of rotational motion from the drive of the winding device 
(Fig. 4,b). 

 
 3

a

12 4 5 6 7 8 

9 

10 

11 12 13 14 15 16

17

 
b 

Fig. 4. Top view of the active part (a) and the schematic 
diagram of the winding equipment on the rotating components 
of the insulating frames (b): transformer with twisted one-piece 

magnetic core: 1 – frame; 2 – rod; 3 – magnetic core; 
4, 5 – winding turns of low and high voltages; 6, 7 – fixed and 

movable insulation layers; 8 – annular insulating element; 
9 – kinematic pair; 10 – torque transmitter; 11 – axis; 

12 – winding turns coil workpiece; 13 – shaft; 14 – reducer; 
15 – drive motor; 16 – base; 17 – support 

 
The winding of the windings on the rods is provided 

by the rotation of the outer part of the prefabricated 
winding frame. After winding the phase coils, the outer 
cylinder is fixed. Concentric winding frames are formed 
by bonding, in particular gluing, of semi-annular 
workpieces. 

Comparison of EMS variants (Fig. 2) is performed 
on the basis of the universal method of structural and 
structural-parametric synthesis of electromechanical 
devices [6]. The target functions of mass Fm and active 
power losses Fe with dimensionless optimization 
components I*

m(xc, yw) and I*
е(xc,yw,zl) and relative 

controlled variables [6]: 

    '''*43 ,, wwcmstTm KyxIγIF  ;                 (1) 
    '''*43 ,,, wewсestTe KzyxIγIF  ,                 (2) 

where IT is the indicator of output data and 
electromagnetic loads of the transformer [6]; xc is the ratio 
of the diameters D1 and D2 of the calculated circles of the 
magnetic core (Fig. 2,a); yw is the ratio of the height hv 
and the width bv of the winding window (Fig. 2,b); K '('')

w 
is the coefficient of filling of the winding window with 
copper (voltage class); ze is the electromagnetic controlled 
variable; γst, Pst are the density and specific losses of ES, 
respectively. 

Indicators of mass and losses of the mathematical 
model of the transformer with EMS (Fig. 1,b and Fig. 2) 
are determined by equations [13, 14]: 
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     22 10718,01,  ccwwc xxyyxf , 

where Kst is the filling factor of the ES magnetic core; 
KR is the filling factor of the circular forming contour by 
the cross section of the rod; Klst is the coefficient of 
additional losses of non-working movement; γcu is the 
density of copper. 

The calculation substantiation of expediency of 
change of a design of an insulating framework and a way 
of laying of a winding in a one-piece magnetic core is 
executed on an example of the three-phase transformer 
TSZM-40-74.OM5 (Fig. 1,b). The main data of the 
technical characteristics of the specified transformer 
(hereinafter TT-40) and the estimated data of its compact 
analogue are given in Table 1. 

 
Table 1  

Main technical characteristics of the three-phase  
transformer «TT-40» 

Variant Rated 
power, 

kW 

Voltage 
U1/U2, V 

Mass of 
the active 
part, kg 

Efficiency 

TSZM-40-
74.OM5 

40 380/230 182 0.973 

Analogue 40 380/230 154.15 0.976 
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The calculation of the value of losses and efficiency 
of variants TT-40 (Table 1) is performed at the value of 
the relative electromagnetic controlled variable [14] 

 
;88,7

1,176500,341

102102,48900,041
2612-

22








ststlst

wcuculcu
e PγK

JPγK
z

      (5) 

where Klсu, Рсu, Jw are, respectively, the coefficient of 
additional short-circuit losses, the indicator of specific 
losses and the current density of the copper windings of 
the TT-40 dry variant. 

The coefficient Klst is determined by the presence of 
third harmonics of the sectional magnetic fluxes of the 
magnetic core. Specific losses Рst correspond to the 
amplitude of the magnetic flux density 1.6 T and ES 
brand 3407. 

The values of geometric and design parameters of 
the TT-40 variants are presented in Table 2. The 
calculated values (Table 1) of EMS mass and TSZM 
losses (Fig. 1,b) practically coincide with the passport 
data, which confirms the adequacy of the mathematical 
model [13, 14]. These values are obtained by (3), (4), data 
and real values of the size of the EMS (Fig. 2). 

 
Table 2 

Geometric and design parameters of «TT-40» variants 
Values of controlled 

variables, p.u. Variants 
xc yw ze 

Efficiency 

TSZM-40-
74.OM5 

412/208= 
=1.98 

350/170= 
=2.06 

7.88 0.177 

Analogue 
335/155= 

=2.16 
287/301= 

=2.37 
7.88 0.3 

 
The calculated values of the indicators (Table 1) of 

the compact analogue TT-40 are determined at identical 
for the options (Fig. 2) values of IT (1), (2). The extreme 
values xc, yw of (3), (4) meet the criterion for optimizing 
the minimum mass of the EMS. 

Increasing the value K'w = 0.177 to a value 
corresponding to the voltage class up to 1000 V 
(K''w = 0.3), leads to a significant improvement in the 
technical characteristics of the TT-40. 

Conclusions. 
Replacement of the wrapped «shuttle» 

electromagnetic systems design with continuous tape 
(one-piece) sections of the magnetic core by compact 
design without technological intercoil gaps leads to 
improved indicators of transformers with twisted three-
section magnetic cores. 

The reduction in the mass and dimensions of the 
electromagnetic systems of voltage class 1000 V at power 
of 40 kVA is approximately 15 % and (17-18) %. The 
efficiency increases by about 0.3 %. 

Conflict of interest. The authors declare no conflict 
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Mathematical modeling of rheostat-reactor start of wound-rotor induction motors 
 
Introduction. Wound-rotor induction motors are less common compared squirrel-cage induction motors. However, they occupy a 
significant share among electric drives with difficult starting conditions. Their advantage is obtaining a high starting 
electromagnetic torque at lower values of starting currents. Problem. Due to the possibility of including different devices in the 
rotor circuit, it is possible to shape the starting characteristics according to the needs of the technological process. Due to a 
narrower range of applications of electric drives based on wound-rotor induction motors, they are less investigated. Selection of 
parameters of starting and regulating devices, included in the rotor circuit, is carried out by simplified methods, which do not 
satisfy modern requirements to regulated electric drives. Goal. The paper aims to develop mathematical models and methods for 
calculating the dynamic modes and static characteristics of the wound-rotor induction motor with a reactor in the rotor circuit. 
Methodology. In the developed algorithms, the mathematical model of the motor is presented by the differential equations made 
for electric circuits in a system of orthogonal coordinates that allows excluding angular coordinate from equations of electric 
equilibrium. The elements of the Jacobi matrix of equilibrium equations of motor circuits are eigenvalues, and mutual is the 
differential inductances of electrical circuits, which are determined based on the magnetization characteristics of the main 
magnetic flux and leakage fluxes of the rotor and stator circuits. Results. Mathematical models for the study of starting modes of 
wound rotor induction motor allow to calculate transients and static characteristics and, on their basis, to carry out design 
synthesis of starting reactors, which provide the law of change of electromagnetic torque during start-up operating conditions. 
Originality. The mathematical basis of the developed algorithms is the method of solving nonlinear systems of equations by 
Newton method in combination with the method of continuation by parameter. The developed mathematical models and software 
made on their basis have high speed that allows to carry out high-reliability calculation of starting modes taking into account 
saturation of a magnetic circuit of the motor. Practical value. The developed algorithms do not require significant computing 
resources, have high speed, and can be used both for the design synthesis of start-control devices and control of the electric drive 
in real time and to predict its course. References 25, figures 4. 
Key words induction motor, wound rotor, reactor start, mathematical model, static characteristics, transients, magnetic core 
saturation. 
 
Розроблено математичні моделі, методи і алгоритми аналізу пускових режимів і статичних характеристик асинхронних 
двигунів з фазним ротором. В розроблених алгоритмах математична модель двигуна подана диференціальними рівняннями, 
складеними для електричних контурів в системі ортогональних координат. Математичною основою розроблених 
алгоритмів розрахунку статичних характеристик є розв’язування нелінійних систем скінченних рівнянь електричної 
рівноваги методом Ньютона в поєднанні з методом продовження по параметру, а пускових режимів – числове 
інтегрування нелінійних систем диференціальних рівнянь електромеханічної рівноваги. Елементами матриці Якобі в 
розроблених алгоритмах є власні і взаємні диференціальні індуктивності електричних контурів, які визначаються на основі 
характеристик намагнічування основним магнітним потоком, а також потоками розсіювання контурів ротора і 
статора, що дає змогу здійснювати розрахунок з урахуванням насичення магнітопроводу двигуна. Розроблені програми і 
алгоритми мають високу швидкодію і дають змогу здійснювати проектний синтез пускових активних і реактивних опорів 
в колі ротора з метою забезпечення закону зміни електромагнітного моменту під час пуску, який відповідає роботі 
системи електроприводу в заданих технологічних умовах, а також здійснювати мікропроцесорне керування в динамічних 
режимах. Бібл. 25, рис. 4. 
Ключові слова: асинхронний двигун, фазний ротор, реакторний пуск, математична модель, статичні характеристики, 
перехідні процеси, насичення магнітопроводу. 
 

Introduction. The most common among electric 
drives in industry, agriculture and household applications 
are squirrel-cage induction motors (IMs). Their main 
disadvantages are significant starting currents, which 
exceed 5-7 and even more times the nominal values, as 
well as a relatively small driving torque, which is 
insufficient for many technological processes. In addition, 
the direct connection of the motor to the network is 
accompanied by significant pulsations of the 
electromagnetic torque [1]. The development of start and 
regulating systems of automated control, as well as 
frequency converters has significantly expanded the scope 
of use of squirrel-cage IMs. However, the problem of 
starting the mechanisms of electric drives with difficult 
starting conditions needs further development and 
improvement. 

In recent years, there has been a significant increase 
in interest in wound-rotor induction motors due to the 
expansion of the range of electric drives based on them, 
and therefore there is a need to study them, including 
mathematical modeling methods. 

The starting properties of the induction electric drive 
can be significantly improved by using wound-rotor IMs 
[2], which, despite the higher cost compared with 
squirrel-cage rotor IMs, thanks to modern electronic 
control systems received a new impetus in development 
and application for lifting and transport mechanisms, 
conveyors, winches and other mechanisms with difficult 
starting conditions. Increasing the starting torque is 
achieved by connecting to the rotor winding of various 



Electrical Engineering & Electromechanics, 2022, no. 3 9 

devices. Rheostat is most often used for this purpose, the 
active resistance of which can be changed discretely by 
switching on or shorting its sections [2]. Due to the 
increase in the active resistance of the rotor phases, the 
critical value of the electromagnetic torque does not 
change, and the critical slip increases with increasing 
resistance of the rheostat. Therefore, we can achieve the 
maximum value of the electromagnetic torque when 
sliding s = 1.0. This property is used to start the motor at 
torque of resistance exceeding the rated value of the 
starting torque. This reduces the starting current and 
increases cosφ [1, 2]. However, unsuccessful selection of 
the value of the additional resistance in the rotor circuit 
leads to a decrease in the starting electromagnetic torque. 
By changing the additional resistance in the rotor circuit, 
we can adjust the speed of rotation of the rotor down from 
the main one, although this method of regulation is 
uneconomical. 

To ensure smooth acceleration during start, in 
addition to the active resistance, the inductance of a 
special design is sometimes included in the rotor circuit 
[3–8]. The inductive element can be connected both in 
series to the active one (Fig. 1) and in parallel. The 
reactor allows to provide smooth acceleration of the 
electric drive with a small number of sections of the 
rheostat, i.e. essentially acts as an automatic current 
regulator in the rotor and under certain conditions can 
ensure constant torque of the motor during start. As a 
result, the rotor current decreases more slowly than if 
there is only active resistance. In the case of a parallel 
connection between a resistor and an inductive coil at 
the beginning of the start, when the frequency of the 
current in the rotor is high, the current is mainly closed 
through the rheostat, which provides a sufficiently large 
starting torque. As the frequency decreases, the 
inductance decreases and the current is shorted through 
the inductive element. 

 

 
Fig. 1. Diagram of IM with a starting reactor 

in the wound-rotor circuit 
 

The choice of a rational way to connect the active 
and inductive elements and their parameters can be made 
by mathematical modeling, the reliability of the results of 
which is determined by the adequacy of the mathematical 
model. In addition, to automate the process of IM start 
with the help of programmable microcontrollers, it is 
necessary to have analysis software that has a sufficiently 
high speed, does not require a significant amount of 
computation. Therefore, the development of methods and 
algorithms for calculating the starting processes in 
wound-rotor IMs is an urgent task. 

Analysis of recent research. The task of developing 
an algorithm for starting equipment operation requires 
determining the laws of change of starting currents and 
electromagnetic torque during start. To do this, it is 
necessary to have appropriate mathematical models for 
calculating static characteristics, as well as dynamic 
modes, in particular transients, taking into account the law 
of change of the torque of loading. They are based on 
mathematical models of motors which determine the 
accuracy of the results of mathematical modeling, as well 
as computational methods that serve as a mathematical 
basis for obtaining calculation results and on which the 
speed of developed software depends. 

Most methods of analysis of steady and dynamic 
modes of operation of squirrel-cage IMs are developed 
using substitution circuits with constant parameters, 
which are mostly used in known mathematical application 
codes. This approach is also applied to the development 
of mathematical models based on wound-rotor IMs 
[3-14]. Although such motors do not need to take into 
account the displacement of currents in the rotor winding 
due to the absence of the skin effect, the influence of 
scattering fluxes on the course of processes is significant 
[9]. The analytical method of calculating static 
characteristics in the phase coordinate basis developed in 
[13] makes it possible to consider asymmetric and non-
sinusoidal processes, but the inductive parameters are 
assumed to be constant. 

The saturation of the magnetic cores of modern 
motors causes nonlinear dependencies of the flux linkages 
of circuits on currents, so mathematical models developed 
on the assumption of linearity of electromagnetic 
connections do not provide the ability to calculate 
dynamic modes with the required accuracy. The 
linearization of electromagnetic connections in the 
vicinity of the operating point [6] does not solve the 
problem, because in a real machine the saturation varies 
widely, and therefore it is a priori impossible to 
determine. 

In recent years, there have been models that take 
into account the saturation by only the main magnetic flux 
[11-14]. This significantly increases the accuracy of the 
calculation, however, these models are not accurate 
enough for the analysis of dynamic processes [13, 16, 17], 
because, as noted in [9, 24] studies must take into account 
the effect of magnetic saturation not only on the main 
path of the magnetic flux, but also on the paths of 
scattering fluxes, the influence of which on the course of 
processes is decisive. In [15] an experimental procedure 
for determining the parameters of the machine was 
adopted, but it is too expensive and impossible to do at 
the design stage. 

To form the necessary mechanical characteristics of 
the wound-rotor IM, programmable microcontroller 
starting systems are used [3, 23, 24], the programming of 
which requires appropriate preliminary research by 
methods of mathematical modeling. Advances in starter 
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switching, electronic processing, and microprocessor 
control require robust control algorithms based on 
appropriate controller software. 

Reliable information about the course of processes 
during start can be obtained only with the help of highly 
developed mathematical models of IMs, which adequately 
take into account the saturation of the magnetic core. 
Since the methods based on the calculation of the 
magnetic field [20] due to bulkiness are not suitable for 
controlling the process of IM start in real time, the 
optimal in terms of accuracy and complexity are circuit 
methods [18, 21, 23], in which electromagnetic 
parameters are calculated based on characteristics of 
magnetization of the motor magnetic core [25]. Software 
developed on their basis does not require significant 
computing resources, allows to perform calculations in 
real time and uses them to automate [24] both starting and 
other dynamic modes. 

The goal of the paper is the development of 
mathematical models, methods for calculating static 
characteristics and dynamic modes of wound-rotor 
induction motors with various parameters of the starting 
device in the rotor circuit. 

Presentation of main material. An important issue 
in the development of mathematical models of electric 
drives is their complexity and speed, which is crucial in 
the case of their use to control the process in real time. 
Therefore, it is important to choose the coordinate system 
to describe the electromagnetic connections in the IM, 
which depends on both the amount of calculations and the 
accuracy of the calculation results. 

Most of the practically important problems of 
mathematical modeling of processes in IMs can be solved 
using transformed coordinate systems, which are based on 
the theory of image vectors [1, 18]. The calculation 
algorithms described in the paper use a system of 
orthogonal axes x, y [25], which rotate at arbitrary speed. 
For symmetrical modes of operation of the IM, it has the 
lowest amount of calculations and a fairly high accuracy 
of the calculation results. 

Electromagnetic processes in the wound-rotor IM in 
the x, y axes are described by a system of four differential 
equations (DEs) of electrical equilibrium 
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where sx, sу, rх, rу, іsх, іsу, іrх, іrу are the flux linkages 
and currents of the converted circuits of the stator 
(index s) and rotor (index r); rs, rr are the active 
resistances of these circuits; rр is the resistance of the 

rheostat phase in the rotor circuit; ω0 is the cyclic 
frequency of the supply voltage; s is the rotor sliding.  

In equations (1), the parameters of the rotor winding 
are reduced to the stator winding according to the 
generally accepted method [19]. In addition, we will 
consider the image vector of the stator winding voltage 

U


 aligned with the x-axis, i.e. we take usx = Um, аnd 
usy = 0. 

To calculate the process of the IM start, it is 
necessary to supplement the DE system (1) with the 
equation of rotor dynamics: 
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where p0 is the number of pole pairs of the IM; J is the 
reduced to the motor shaft moment of inertia of the 
electric drive system; Mc is the torque of loading on the 
motor shaft. 

The DE system (1) together with (2) makes it 
possible to calculate the transient during the IM start. To 
do this, it is necessary to integrate it numerically under 
zero initial conditions, calculating at each step of 
integration the matrix of differential inductances as 
elements of the Jacobi matrix and the vector of flux 
linkages [25]. 

The flux linkage of each circuit consists of flux 
linkage with the main magnetic flux and with the 
scattering fluxes, and the flux linkage of the scattering of 
the stator circuits and the rotor circuits are mutually 
independent. Therefore, in order to take into account the 
inductance of the reactor in the rotor circuit, the equations 
for flux linkages of the rotor circuits can be represented as 

  rxprrxrx iLL   ; 

  ryprryry iLL   , 

where rx, ry are the flux linkages of the respective 
rotor circuits due to the main magnetic flux; Lr is the 
scattering inductance of the rotor circuits, which is 
determined from the magnetization characteristics of the 
scattering fluxes of the rotor winding, calculated on the 
basis of the geometry of the motor magnetic core [19] 

 rrr i   ;    22
ryrxr iii  ,              (3) 

where Lp is the inductance of the reactor in the rotor 
circuit, which is determined by the appropriate design 
formulas. 

It is impossible to choose the parameters of the 
reactor and code the starting and regulating device based 
on the calculation of the transient. This problem requires 
the calculation and analysis of static characteristics, which 
can be calculated using equations (1) of electrical 
equilibrium. Having chosen on the basis of calculation of 
static characteristics resistive and inductive parameters of 
the starting device and the law of their change according 
to time dependence of the torque of loading Mc = Mc(t), 
we carry out calculation of time dependencies of 
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coordinates by numerical integration of nonlinear DE 
system (1), (2). 

Consider the algorithm for calculating static 
characteristics. In the steady-state mode of IM operation 
sliding s, the DE system of electromagnetic equilibrium 
(1) is reduced to a system of nonlinear algebraic 
equations, which in order to present the algorithm for 
calculating the steady-state are written in the form of the 
vector DE 

   xyxyxyxyxyxy UIRIYQ


 ,                (4) 

where  *,,, ryrxsysxxy 


;  *,,, ryrxsysxxy iiiiI 
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 *0,0,0,mxy UU 


 are the vectors of flux linkages, circuit 

currents and voltages applied to them; 
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is the matrix of active resistances of circuits; 
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is the auxiliary matrix in which ω0 is the cyclic frequency 
of supply voltage. 

Since the flux linkage vector xy


 is determined by a 

set of circuit currents, unknown in the system of finite 

equations (4) is the current vector xyI


, which can be used 

to determine the flux linkage, electromagnetic torque, etc. 
Since equation (4) includes the coordinates Um, s, rp, Lp, 
we can assume that the vector of currents is a function of 
these coordinates 

 ppxyxyxy LrsUII ,,,


 . 

Equation (4) makes it possible to investigate the 
influence of each of these coordinates on the value of the 

current vector xyI


, i.e. to calculate the multidimensional 

static characteristic as the dependence of the current 
vector components on a given coordinate. To do this, we 
must change this coordinate within the specified limits as 
a parameter, leaving the others unchanged. Obviously, 
here there is a problem of solving nonlinear systems of 
finite equations, and since system (4) is nonlinear due to 
the saturation of the magnetic core, it can be solved by 
one of the numerical methods, in particular, Newton 
method. 

According to Newton iterative method, the (k+1)-th 

approximation of the vector Y


 is determined by the 
formula 

     kkk YYY


1 ,                       (5) 

where kY


  is the increment of the vector kY


, which at 
each step is determined from a linear system of equations 

    kk YQYJ


 ,                        (6) 

in which   kYQ


 is the value of the residual vector Q


at 

 kYY


 ; J is the Jacobi matrix of vector function (4). 
Due to the fact that the flux linkages of the IM 

circuits consist of flux linkages due to the main magnetic 
flux , and scattering flux linkages  together with the 
flux linkage p of the reactor 
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the Jacobi matrix is determined by the formula 

xyRXXJ   ,                          (8) 

where 
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As can be seen from (8), the elements of the Jacobi 
matrix are the own and mutual differential inductances of 
the IM circuits. They are determined according to [25]. In 
addition, to calculate the electromagnetic torque, it is 
necessary to determine the flux linkage of the circuits in 
accordance with the selected coordinate system. 

Newton iterative method has quadratic convergence, 
but requires an initial approximation, which lies 
around attraction. The following algorithm is used to 
determine it. 

Given the value of sliding s = 1.0 and the parameters 
rp, Lp equal to zero, we increase in 5–10 steps in 
proportion to the parameter  (0 <  ≤0) from zero to the 
nominal value of the applied voltage U = Um. This makes 
it possible to ensure the convergence of the iterative 
process at every step. The resulting value of the 

components of the vector xyI  serves as the initial 

conditions for calculating the static characteristics. Given 
a number of sliding values s of the rotor, we can obtain a 
multidimensional static characteristic in the form of the 
dependence of the coordinates on the sliding. However, 
the calculation of any static characteristic can be done by 
a differential method. To do this, we differentiate 
equation (4) by one of the coordinates ( = s, rp, Lp) as a 
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parameter of the required characteristic. As a result, we 
obtain the DE of the argument  
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in which the Jacobi matrix is the same as in (6). 
Equation (9) for different independent coordinates of 

the static characteristic differs only in the vector of the 
right parts. In particular, for the coordinates s, rp, xp they 
have the form 
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As a result of integrating the nonlinear DE system 
(9) by one of the numerical methods on s we obtain a 
multidimensional characteristic in the form of 
dependencies of the set of coordinates of the vector 

xyI


on the chosen independent coordinate, using which 

we obtain dependencies of flux linkages, electromagnetic 
torque and so on. 

Figures 2–4 show examples of calculation of the static 
characteristics of the wound-rotor IM (РN = 250 kW, 
U = 380 V, I = 263 A, nN = 1000 rpm). 

 

 
Fig. 2. Dependencies of current (I*) and electromagnetic torque 
(Me

*) in relative units on the active resistance in the rotor circuit 
when sliding s = 1.0  

 

 
a 

 
b 

Fig. 3. Dependencies of relative values of current (I*) and 
electromagnetic torque (Me

*) at s = 1.0 on relative 

value xp = 2/ xxr  of inductance in the rotor circuit 

and different values of the multiplicity of the active reactance  
of the reactor: 

a) – 1.0;   b) – 10.0 
 

 
a 

 
b 

Fig. 4. Static starting characteristics with three values 
of inductance in the rotor circuit and two relative values 

of active resistances: 
a) – 3.9;    b) – 11.7 

 
Presented curves serve only as an illustration of the 

possibility of developed calculation algorithms. It is 
obvious that, having chosen one of the parameters of the 
starting and regulating device, it is necessary to calculate 
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the mechanical characteristic, and each value of active 
resistance corresponds to its mechanical characteristic, 
which in turn depends on the inductance of the reactor. 
Since the resistance of the inductive coil depends on the 
frequency of the current in the rotor, which is variable 
during start, its correctly selected parameters have a 
positive effect on the value of the starting current, 
automatically reducing its value. 

Conclusions. 
Unlike squirrel-cage induction motors, less attention 

is paid to wound-rotor motors in the technical literature, 
although the wound rotor allows for more diverse 
mechanical characteristics, which is important for electric 
drives with difficult starting conditions. 

The calculation methods developed in the paper 
allow utilization of mathematical modeling methods to 
analyze static starting characteristics and transients of 
wound-rotor IMs with different laws of regulation of 
starting device parameters in rotor winding in order to 
provide the necessary law of electromagnetic torque 
change. 

The calculation code is based on a mathematical 
model of the IM, which uses the real characteristics of the 
magnetization by the main magnetic flux and the 
scattering fluxes of the stator and rotor windings, which 
allows to adequately take into account the saturation of 
the magnetic core which ensures the accuracy of the 
calculation results. 

The described methods of calculation of modes and 
characteristics in orthogonal coordinate axes x, y allow to 
perform modeling with a minimum amount of 
calculations and, accordingly, the cost of CPU time, 
which allows to use them to control the electric drive 
system in dynamic modes in real time. 
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Reduction of cogging torque of radial flux permanent magnet brushless DC motor 
by magnet shifting technique 
 
Introduction. In spite of many advantages of radial flux permanent magnet brushless DC motors it suffers from the distinct 
disadvantage of high cogging torque. The designer must emphasize to reduce the cogging torque during the design stage. This paper 
introduces magnet shifting technique to mitigate cogging torque of surface mounted radial flux brushless DC motor. Methodology. 
Initially 200 W, 1000 rpm surface mounted radial flux permanent magnet brushless DC motor is designed with symmetrical 
placement of permanent magnets with respect to each other on rotor core. Cogging torque profile of this initial motor is obtained by 
performing finite element modelling and analysis. Originality. This design has been improved by shifting the position of permanent 
magnets with respect to adjacent permanent magnets. The effect of magnet shifting on cogging torque has been analyzed by 
performing finite element analysis. Results. It has been examined that the peak to peak cogging torque is decreased from 1.1 Nm to 
0.6 Nm with shifting of permanent magnets respectively. References 19, tables 2, figures 11. 
Key words: cogging torque, finite element analysis, magnet shifting, permanent magnet brushless DC motor. 
 
Вступ. Незважаючи на багато переваг безщіткових двигунів постійного струму з радіальним магнітним потоком, вони 
мають явний недолік, що полягає у високому крутному моменті зубчатої передачі. Проектувальник повинен зосередитись на 
зниженні крутного моменту зубчатої передачі на етапі проектування. У цій статті представлена методика зсуву магніту 
для зменшення крутного моменту зубчатої передачі безщіткового двигуна постійного струму з радіальним потоком, 
встановленого на поверхні. Методологія. Спочатку безщітковий двигун постійного струму з радіальним магнітним потоком 
потужністю 200 Вт, 1000 об/хв спроектований із симетричним розміщенням постійних магнітів відносно один одного на 
сердечнику ротора. Розподіл крутного моменту зубчатої передачі цього початкового двигуна отриманий шляхом аналізу 
методом скінчених елементів (МСЕ). Оригінальність. Ця конструкція була вдосконалена за рахунок зсуву положення 
постійних магнітів по відношенню до сусідніх постійних магнітів. Вплив зсуву магніту на крутний момент зубчатої передачі 
було проаналізовано за допомогою аналізу МСЕ. Результати. Досліджено, що піковий крутний  момент зубчатої передачі 
зменшився з 1,1 Нм до 0,6 Нм, відповідно, при зсуві постійних магнітів. Бібл. 19, табл. 2, рис. 11. 
Ключові слова: крутний момент зубчатої передачі,  аналіз методом скінчених елементів, зсув магніту, безщітковий 
двигун постійного струму з постійними магнітами. 
 

Introduction. Permanent magnet brushless DC 
(PMBLDC) motors exhibit superior performance in 
comparison to conventional motors. They are inherently 
efficient, compact and having wide speed range and fast 
dynamic response [1, 2]. Because of the advancement in 
permanent magnet (PM) materials and semiconductor 
technology, PMBLDC motors have found various 
applications demanding precise speed and position control. 
This type of motors has potential to become workhorse of 
many industrial applications due to its attractive features. 
Noticeable torque ripple is one of the important limitations 
of PMBLDC motor. Vibration and acoustic noise is 
introduced by the torque ripple in the drive system which 
deteriorates overall performance. Torque ripple is high due 
to cogging torque and non-ideal commutation of exciting 
currents. Torque ripple can be reduced with decrease in 
cogging torque and modification in excitation pattern. Any 
modification in excitation pattern usually results into a 
reduction in efficiency. It is highly desirable to reduce 
cogging torque of permanent magnet motor during design 
to reduce torque ripple. Cogging torque is innate in PM 
motors due to presence of permanent magnets and slotted 
stator. Interaction between rotor PM magnetomotive force 
and slot reluctance originates cogging torque. Due to this 
interaction, the PMs constantly seek a position with low 
reluctance. The cogging torque does not depend on stator 
current which means that it occurs even though the stator 
winding is unexcited. 

Reduction of cogging torque is of utmost importance 
as it improves the torque quality. Improvement in torque 
quality makes them suitable in various torque sensitive 

applications. Various methods are proposed in literature 
for cogging torque reduction of radial flux PMBLDC 
motor viz. skewing of either stator or rotor, magnet pole 
arc variation, shifting of slot opening, teeth notching, 
unequal teeth width, magnet shaping and sizing, pole arc 
to pole pitch ratio, fractional pole pairs, number of 
slots/pole, addition of dummy slots, variation in air-gap 
length, magnet pole shaping, lowering magnet flux 
density, choosing proper thickness of stator teeth tips, 
variation in width of slot opening, etc. [3-18]. Skewing of 
either stator or rotor results in undesirable axial thrust. 
Skewing of stator slot increases length of conductors thus 
increases copper losses. Also winding becomes difficult 
to wind. Skewing of PMs and/or stator slots increases 
manufacturing complexity and production cost. Step skew 
of PMs also increases manufacturing complexity. To 
eradicate the cogging torque by skewing, the skewing 
angle should be one slot pitch. The cogging torque can be 
decreased by varying the magnet pole arc width. It is 
found that PM covers almost «m» times that of slot pitch 
chosen, where «m» is an integer. Generally, the pole pitch 
of (m + 0.17) or (m + 0.14) produces minimum cogging 
torque. A small variation in pole arc width results in 
considerable reduction in cogging torque. The cogging 
torque harmonic components can be diminished by 
notching the stator teeth i.e. incorporation of dummy slots 
in stator teeth. Addition of dummy slot increases the 
frequency of interaction between slot and salient poles. 
This reduces the magnitude of cogging torque. However, 
introduction of notches removes some material from 
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stator teeth and gives rise to saturation. Hence, this 
technique is not appropriate for minimization of cogging 
torque. The cogging period is given by one complete 
mechanical revolution divided by least common multiple 
of stator slots number Ns and rotor poles number Np. The 
peak amplitude of cogging torque reduces as the 
frequency of cogging cycles increases. The cogging 
torque decreases considerably as number of stator slots 
increases minutely thus resulting in fractional slot pitch. 
The distance between stator slot and PM denotes to length 
of air-gap. The length of air-gap is different as the size of 
the motor changes. The recommended length of air-gap 
range for very small size motor is 0.12 – 0.25 mm, 
medium size motor is 0.38 – 0.5 mm, and large motor is, 
0.63 – 0.88 mm. The cogging torque can be decreased by 
increasing length of air-gap thus reducing dR/dθ. 
However, increase in air-gap length decreases the air-gap 
flux Φg thus lowering the magnitude of cogging torque 
further. To keep Φg constant, the width of magnet pole arc 
is required to be increased. The rate of change of flux 
density at magnet edges affects the cogging torque. Thus, 
shaping the magnet edges lowers the magnitude of 
cogging torque. The cogging torque can be decreased by 
reducing the air gap flux density. This can be done by 
changing the grades of PM material. The width of stator 
teeth influences the cogging torque. If the stator teeth tips 
are too thin, saturation is established in it which increases 
cogging torque. The width of slot opening and thickness 
of stator teeth tips should be equal. Cogging torque is also 
affected by the slot opening width. If the width of slot 
opening is decreased, the rate of change of permeance 
between PM and stator teeth is reduced. This lowers 
magnitude of cogging torque. 

The aim of this paper is to present a magnet 
shifting technique which reduces cogging torque of 
surface mounted radial flux permanent magnet brushless 
DC motors. 

Magnet shifting technique is relatively easy to 
implement hence it has better feature as far as 
manufacturability is concerned. There is no adverse 
implication on initial cost of motor as cost of PM remains 
unchanged. Lower order harmonics have been suppressed 
on account of shifting of magnets from its original 
position. Magnets are placed accordingly with an 
objective of harmonic suppression of cogging torque. 
Initially, the basics of cogging torque and reference 
design of radial flux PMBLDC motor is discussed. 
Thereafter, the magnet shifting technique used to decrease 
cogging torque of initially designed motor is explained. 
Thereafter, Improved design of PMBLDC motor 
incorporating magnet shifting technique, simulation 
results and analysis have been presented. At the end, 
Conclusion of this paper is presented 

Basics of cogging torque. Following equation 
expresses the cogging torque and factors affecting it 

m
gcog

R
T

d

d

2

1 2  ,                      (1) 

where Φg is the flux crossing air-gap; R is the reluctance 
of gap; θm is the angular displacement of rotor. 

The cogging torque has zero average value and 
generated by propensity of PMs to align with stator teeths. 
There is periodical variation of air gap reluctance which 
makes cogging torque to vary periodically. Fourier series 
expresses cogging torque as under, 
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where j is the least common multiple of number of slots 
(Ns) and poles (Np); i = 1, 2, 3…; Tjk is the coefficient of 
Fourier series. 

In one mechanical revolution of rotor, cogging 
torque has j periods and Ns and Np are directly related 
with it [19].  

Equation (1) depicts that elimination of cogging 
torque can be achieved either by forming Φg zero or by 
forcing dR/dθm zero. It is not practical to reduce magnetic 
flux since it affects the torque productivity which is 
required to drive the motor. Hence, cogging torque can be 
reduced adequately with design modification because of 
air-gap reluctance variation. It is practically impossible to 
completely eliminate cogging torque. 

Equation (2) shows that the cogging torque can be 
characterized as a Fourier series and is superposition of 
all sinusoidal harmonic components. In PM motors 
without any cogging torque reduction techniques, each 
magnet pole’s cogging torque is added. This happens 
because each magnet pole is symmetrically placed with 
respect to the stator slots. The torque due to each PM is 
cophasel torque due to adjacent PM. Because of this, 
there is summation of each magnet pole’s harmonic 
components. If the PM motor is designed such that 
cogging torque of magnet poles are out of phase with 
respect to others, some of the harmonic components of (2) 
are cancelled out. This results in to decrement of cogging 
torque of PM motors. 

Reference design of radial flux PMBLDC motor. 
The surface mounted PMBLDC motor of 200 W, 1000 rpm 
is analytically designed and is considered as reference 
motor for the analysis. The sizing of reference PMBLDC 
motor is carried out by assuming various design variables 
i.e. specific magnetic and electric loadings, stator current 
density, flux densities of stator and rotor cores, space 
factor, stacking factor, winding factor etc. Design 
variables are assumed considering performance 
requirements and availability of materials. 

Cross sectional view of reference PMBLDC motor is 
shown in Fig. 1,a. The rotor poles are made of high 
energy NdFeB permanent magnet material of grade N42. 
Figure 1,b shows the design of surface mounted four pole 
rotor reference design. The design information of 
reference motor has been presented in Table 1. 

Finite element (FE) analysis has been performed to 
attain cogging torque versus rotor angle characteristic of 
reference motor. The model of reference motor is 
prepared using FE software according to the calculated 
dimensions and appropriate materials are assigned to 
different sections of the motor. The waveform is obtained 
by rotating the rotor for discrete positions of 1° 
mechanical each and cogging torque values are obtained 
up to 15°. Figure 2 shows the cogging torque profile of 
reference motor. It is observed that reference PMBLDC 
motor has cogging torque (peak-to-peak, p-p) of 1.1 Nm. 
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a 

 
b 

Fig. 1. Reference radial flux PMBLDC motor: 
a – cross sectional view; b – 3-D view of rotor 

 
Table 1 

Design information of radial flux PMBLDC motor 

Design parameter Value 
Outer diameter of stator, mm 87  
Outer diameter of rotor, mm 51  

Axial length, mm 50  
Inner diameter of stator, mm 52  

No. of stator slots 24 
No. of phases 3 

No. of rotor poles 4 
No. of slots/pole/phase 2 

PM thickness, mm 5  
Air-gap length, mm 0.5  

Type of PM NdFeB 
Stator core material M19 
Rotor core material M19 

 
Tcog, Nm 

Rotor angle, mech. degree  
Fig. 2. Cogging torque versus rotor angle characteristic 

of reference PMBLDC motor 
 

The average torque developed by the motor has been 
determined with 2-D FE analysis. Series of 

2-D transient simulations have been performed. In this 
analysis, the rotor is rotated at rated speed of 1000 rpm and 
the stator winding is energized by appropriate switching of 
inverter switches. The value of electromagnetic torque at 
discrete rotor positions are obtained and plotted against 
these rotor positions. Figure 3 shows torque profile of 
reference motor. The average torque obtained using FE 
analysis is 1.91 Nm. 

Tcog, Nm 

Rotor angle, mech. degree 

 
Fig. 3. Average torque profile of reference PMBLDC motor 

 
Magnet shifting technique. The cogging torques 

due to each magnet pole are in phase in PM motor and 
thus all of them are added. This results into substantial 
cogging torque effect. To reduce this summative effect, 
placement of PMs can be shifted in comparison to 
adjacent PM so that cogging torque of adjacent magnets is 
out of phase with each other. Figure 4 shows surface 
magnet rotor with PM shifted by θ0. 

 
Fig. 4. Shifting of PM in surface mounted radial flux PMBLDC 

motor 
 

The cogging torque influence of each PM is given by 
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T  is the per magnet coefficient; 
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which is equivalent to that given by (2) and rewritten as 
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Cogging torque produced by each magnet is in phase 
with the adjacent magnet hence it is imperative that each 
magnet’s position can be shifted with respect to the adjacent 
one. The sum of all cogging torques from each magnet gives 
net cogging torque in the motor and is given by 
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where θo is the angle through which each PM is shifted in 
comparison to adjacent PM. 

The net cogging torque is reduced to 
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Harmonics other than multiples of th
pN  are 

cancelled, hence reducing the cogging torque. 
Improved design using magnet shifting 

technique. The design is improved with application of 
magnet shifting technique to 200 W, 1000 rpm PMBLDC 
motor. The rotor of initial design is shown in Fig. 5,a and 
rotor of improved design with magnet shifting technique 
is shown in Fig. 5,b. Series of simulation exercise have 
been performed with FE technique to obtain cogging 
torque profile with relative magnet shifting from 1° to 3°. 

 
                        a                                                   b 
Fig. 5. Sectional view of rotor (a) reference design with regular 

PMs (b) improved design with shifted PMs 

Tcog, Nm 

Rotor angle, mech. degree 
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Fig. 6. Comparison between cogging torque profiles of reference 

design and improved design 
 

The reference design of PMBLDC motor has 
cogging torque (p-p) of 1.1 Nm. With an objective of 
cogging torque reduction, magnet shifting is performed 
from 1° to 6° in the step of 1°. Figure 6 shows simulation 
results of cogging torque response on account of magnet 
shifting and its comparison with cogging torque profile of 
reference motor. It is observed that the improved design 
having magnet shifting of 3° has the minimum cogging 
torque (p-p) of 0.6 Nm. Cogging torque (p-p) has been 
reduced from 1.1 Nm to 0.6 Nm. Table 2 shows 
variation of cogging torque with variation in magnet shift 

angle. It is observed that cogging torque has been reduced 
significantly as magnet shifting angle is increased up to 
3°. The cogging torque is increased for magnet shift angle 
of 4° and 6°. The reduction in average torque is marginal 
in improved designs. 

Table 2 
Comparison between initial and improved designs of radial flux 

PMBLDC motor 

Sr. 
no. 

Design details 

Cogging 
torque 
peak to 

peak (Nm) 

Average 
torque 
(Nm) 

1 Initial design 1.10 1.91 
2 Magnet shift 1° 1.00 1.89 
3 Magnet shift 2° 0.80 1.89 
4 Magnet shift 3° 0.60 1.89 
5 Magnet shift 4° 0.68 1.88 
6 

Improved 
design 

Magnet shift 6° 0.84 1.87 
 

Comparison between average torque of reference 
design and improved design with magnet shift angle of 3° 
is shown in Fig. 7. It is seen that the torque ripple is also 
decreased in improved design incorporating magnet 
shifting technique. 

Tcog, Nm 

Rotor angle, mech. degree 

1 2 

2

1 1 

2 

 
Fig. 7. Comparison between average torque profile of reference 

design and improved design 
 

The back electromotive force (EMF) profiles of 
initial design and improved design are shown in Fig. 8. It 
is observed that the back EMF waveform is slightly 
improved when magnet shifting technique is applied. The 
value of back EMF remains nearly equal in both the 
designs. The harmonic spectrum of back EMF of initial 
design and improved design is shown in Fig. 9. It is 
observed that Total Harmonic Distortion (THD) is 
reduced from 8.03 % to 6.54 %. 

Back EMF, V

Rotor angle, mech. degree 

1 2 

1 1

1 
2 

2
2

 
Fig. 8. Comparison between back EMF profile of initial design 

and improved design 
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 Back EMF, V 

Harmonic order 

 
Fig. 9. Comparison of fast Fourier transform (FFT) analysis of 

back EMF 
 

It is highly desirable to compare actual flux densities 
set up in various parts of motor with assumed flux 
densities in respective sections. Electromagnetic field 
analysis with FE software is carried out, on initially 

designed reference motor and improved designed motor 
with magnet shifting technique, to evaluate flux densities 
in various portions of the motor. 

A numerical technique, FE method is flexible, reliable 
and effective method in the analysis of power-frequency 
electromagnetic devices. FE analysis software uses this 
technique to perform electromagnetic field analysis in 
electromagnetic devices. The motor model is divided into 
FEs using self adaptive meshing. The Maxwell equations are 
used to evaluate flux densities and field intensities in each 
FE. The results obtained for each FE is integrated to obtain 
the flux density in various parts of the motor. 

Shaded field plot of reference design and improved 
design have been shown in Fig. 10, 11 respectively. 
Actual flux densities in different parts of the motor are 
close to assumed flux densities of reference and improved 
designs. Hence, both designs are validated. 

 

           
          Fig. 10. Flux density distribution of reference design                           Fig. 11. Flux density distribution of improved design 

 

Conclusions.  
The magnet shifting technique is introduced in this 

paper to analyze its effect on cogging torque of permanent 
magnet brushless DC motor. The surface mounted 
permanent magnet brushless DC motor of 200 W, 1000 
rpm is designed initially by mounting four permanent 
magnets symmetrically with respect to each other and 
considered as a reference design for the analysis. Design 
is improved by shifting position of permanent magnets by 
1°, 2°, 3°, 4° and 6° mechanical degree with respect to 
each other. Finite element analysis is carried out to find 
cogging torque of both reference design and improved 
design. As the magnet shift angle increases, the cogging 
torque reduces. It has been analyzed that cogging torque 
(p-p) is reduced to 54.5 % for magnet shift angle of 3° 
with marginal reduction in average torque. Thus, it is 
examined that magnet shifting technique is an effective 
technique to reduce cogging torque of radial flux 
permanent magnet brushless DC motor. 
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Comparison of the effectiveness of thriple-loop and double-loop systems of active shielding 
of a magnetic field in a multi-storey old buildings 
 
Aim. The issues of comparing the effectiveness of reducing the level of the magnetic field in a five-storey old buildings generated by 
a single-circuit overhead power transmission lines with a triangular suspension of wires using a thriple-loop and double-loop 
systems of active screening, which respectively contain three or two compensating windings are considered. Methodology. Spatial 
location coordinates of the compensating windings and the currents in the shielding windings were determined during the design of 
systems of active screening based on solution of the maximin vector optimization problem, in whith the vector of objective function is 
calculated based on Biot-Savart's law. The solution of this problem is calculated based on algorithms of multi-swarm multi-agent 
optimization. Results. The results of theoretical and experimental comparing the effectiveness of reducing the level of the magnetic 
field in a five-storey old generated by a single-circuit overhead power transmission lines with a triangular suspension of wires using 
a thriple-loop and double-loop systems of active screening, which respectively contain three or two compensating windings are 
presented. Originality. For the first time, the comparison the effectiveness of reducing the level of the magnetic field in a five-storey 
old using a thriple-loop and double-loop systems of active screening are considered. Practical value. From the point of view of the 
practical implementation it is shown the possibility to reduce the level of magnetic field induction in a five-storey old buildings to the 
sanitary standards of Ukraine for real overhead power transmission lines currents with the help of a synthesized double-loop systems 
of active screening. A double-loop active screening system is simpler in comparison with a thriple-loop active screening system when 
implementing. References 48, figures 7. 
Key words: overhead power line, magnetic field, system of active screening, computer simulation, experimental research. 
 
Мета. Розглянуто питання порівняння ефективності зниження рівня магнітного поля в п'ятиповерховому домі старої 
забудови, генеруйомого одноконтурною повітряною лінією електропередачі з трикутним підвісом проводів з 
використанням трьохконтурної та двоконтурної систем активного екранування, які відповідно містять три або дві 
компенсаційні обмотки. Методика. При проектуванні системи активного екранування визначалися координати 
просторового розташування екрануючих обмоток і струми в екрануючих обмотках на основі рішення задачі максиміної 
векторної оптимізації, в якій вектор цільової функції розраховується за законом Біо-Савара. Рішення цієї задачі 
розраховано на основі алгоритмів багаторойової багатоагентної оптимізації. Результати. Наведені результати 
теоретичного та експериментального порівняння ефективності зниження рівня магнітного поля в п'ятиповерховому домі 
старої забудови, генеруйомого одноконтурною повітряною лінією електропередачі з трикутним підвісом проводів з 
використанням трьохконтурної та двоконтурної систем активного екранування, які містять відповідно три або дві 
компенсаційні обмотки. Оригінальність. Вперше розглянуто порівняння ефективності зниження рівня магнітного поля в 
п'ятиповерховому домі старої забудови, за допомогою трьохконтурної та двоконтурної систем активного екранування. 
Практична цінність. З точки зору практичної реалізації показано можливість зниження рівня індукції магнітного поля в 
п'ятиповерховому домі старої забудови до санітарних норм України для реальних струмів повітряної лінії електропередачі 
за допомогою синтезованої двоконтурної системи активного екранування. Двоконтурна система активного екранування в 
порівнянні з трьохконтурною системою активного екранування при впровадженні простіша. Бібл. 48, рис. 7. 
Ключові слова: повітряна лінія електропередачі, магнітне поле, система активного екранування, комп’ютерне 
моделювання, експериментальні дослідження. 
 

Introduction. Many existing overhead power 
transmission lines in Ukraine run near the zones of old 
residential buildings. Often old residential buildings are 
located in the immediate vicinity of residential buildings, as 
shown in Fig. 1. Naturally, in such residential buildings the 
level of magnetic field (MF) induction exceeds the sanitary 
standards of Ukraine by two or three times [1–4]. For the 
safe operation of many old residential buildings, it is 
economically expedient to reduce the induction level of the 
initial MF to the level of sanitary standards of Ukraine by 
means of active shielding [5–18]. 

These lines generate a magnetic field with a circular 
space-time characteristic [6] to compensate for which by 
means of active shielding at least two compensation 
windings are required [14]. 

To compensate for this magnetic field in a multi-
storey old building, three or more compensation windings 
may be needed [16–18]. In [19], the issues of reducing the 
level of the magnetic field generated by a single-circuit 
power transmission line with a triangular arrangement of 
wires in a five-story building of an old building are 
considered. With the help of such a system of active 

shielding, it is possible to reduce the level of the initial 
magnetic field by 8 times from the induction level of the 
initial magnetic field of 4 μT to the level of sanitary 
standards of Ukraine of 0.5 μT. At the same time, sanitary 
standards are met throughout the entire space of the five-
story building. 

 
Fig. 1. Location of a residential building near overhead power 

transmission lines 
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This active screening system has been synthesized 
for the rated current of the transmission line. However, 
the real currents in the power transmission lines of 
Ukraine are two to three times less than the rated currents. 
In this regard, it is advisable to synthesize an active 
screening system, with the help of which it is possible to 
reduce the level of magnetic field induction in old 
buildings to the sanitary standards of Ukraine at real 
power transmission line currents. 

From the point of view of practical implementation, 
in comparison with a three-circuit active screening 
system, a two-circuit active screening system is simpler. 
When implementing a two-circuit system, firstly, fewer 
supports are needed to suspend only two rather than three 
compensating windings. Secondly, to supply the 
compensating windings of the windings, only two power 
amplifiers are needed instead of three, and a smaller 
number of sensors are needed to measure the magnetic 
flux density of the of magnetic field. 

The objective of the work is to synthesize and to 
compare the effectiveness of triple-loop and double-loop 
systems of active shielding of the magnetic field 
generated by single–circuit overhead power lines with a 
triangular suspension of wires in a multi-story old 
building. 

Problem statement. To reduce the level of the 
magnetic field around the world, systems of active 
shielding of the magnetic field are used with the help of a 
system of special controlled magnetic field sources – 
windings with adjustable current, installed in the area 
where it is necessary to maintain internal magnetic field 
parameters [11–14]. 

For a given shielding space, in particular an old 
multi-storey residential building located in the immediate 
vicinity of an overhead power line, it is necessary to 
create a magnetic field by means of active shielding, 
which would compensate for the original magnetic field. 

Consider a system of active shielding of magnetic 
field using a system of special controlled sources of 
magnetic field – windings with adjustable current, 
installed in the area where it is necessary to maintain the 
parameters of the internal magnetic field within specified 
limits. The man-caused magnetic field is created by a 
three-phase high-voltage power line. 

We introduce the vector of the required parameters of 
systems of active shielding, the components of which are 
vector of coordinates of the spatial location of the 
compensation windings and regulators parameters [20–24]. 
Also we introduce vector of the parameter of uncertainty 
of external magnetic field model [23. 24]. Then the 
problem of synthesis of systems of active shielding is 
associated with computation of such vector of the 
required parameters of systems of active shielding which 
assumes a minimum value from maximum value of the 
magnetic flux density at selected points of the shielding 
space [25–29]. However, in this case, it is necessary to 
simultaneously determine such a value of vector of the 
parameter uncertainty, at which the maximum value of the 
same magnetic flux density is maximum. This is the worst-
case approach when robust systems synthesis [30–33]. 

Method of synthesis. This problem is the multi-
criteria two-player zero-sum antagonistic game [40, 41]. 

The vector payoffs are the magnetic flux density in points 
of the shielding space. The vector payoff is the vector 
nonlinear functions of vector of the required parameters 
of systems of active shielding and vector of the parameter 
of uncertainty of external magnetic field model and 
calculated based on Biot-Savart's law [1]. In this game the 
first player is the parameters of systems of active 
shielding and its strategy is the minimization of vector 
payoff. The second player is the vector of parameter 
uncertainty and its strategy is maximization of the same 
vector payoff. The decision of this game is calculated on 
based of multi-swarm stochastic multi-agent optimization 
algorithm [42–48]. This decision is choose from systems 
of Pareto-optimal decisions [42]. 

Computer simulation. Let us consider the result of 
synthesis of triple-loop and double-loop systems of active 
shielding of the magnetic field generated by single-circuit 
overhead power lines with a triangular suspension of 
wires in a multi-story old building. In Fig. 2 are shown 
the layout of the power transmission line, a five-story 
building, in which it is necessary to reduce the level of the 
magnetic field, and the location of three (a) and two (b) 
compensating windings of systems of active screening. 
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Fig. 2. Layout of the power transmission line, a five-story 
building, in which it is necessary to reduce the level of the 

magnetic field, and the location of three (a) and two (b) 
compensating windings of systems of active screening 

 

The coordinates of the spatial position of the 
compensation windings, the parameters of the regulators and 
the currents in the compensation windings are calculated as a 
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result of solving the problem of vector optimization in the 
synthesis of the systems of active shielding. 

In Fig. 3 are shown the distributions of the resulting 
magnetic field for triple-loop (a) and double-loop (b) 
systems. When operating a triple-loop system, as follows 
from Fig. 3,a, using the systems of active screening, the 
induction level of the resulting magnetic field in the entire 
space of a five-story building does not exceed the level of 
0.5 μT, which corresponds to the sanitary standards of 
Ukraine. However, when operating a double -loop system, 
as shown in Fig. 3,b, the level of induction of the 
resulting magnetic field at the border of a five-storey 
building exceeds the level of sanitary standards of 
Ukraine in 0.5 μT. In general, the implementation of 
sanitary standards is carried out on 90 % of the area of 
five-story old building. 
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Fig. 3. Distributions of the resulting magnetic field 
for triple-loop (a) and double-loop (b) systems 

 

In Fig. 4 are shown the dependences of the induction 
level of the initial MF and the resulting magnetic field as 
a function of the distance from the power transmission 
line. When operating a triple-loop systems of active 
screening, as follows from Fig. 3,a, the induction level in 
the entire space of a five-story building does not exceed 
0.5 μT. However, during the operation of a two-circuit 

systems of active screening, the level of induction is 
slightly higher than the level of 0.5 μT inside a five-story 
building near a power transmission line, as it shown in 
Fig. 3,b. 
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Fig. 4. Dependences of the induction level of the initial MF and 
the resulting magnetic field as a function of the distance from 

the power transmission line 
 

In Fig. 5 are shown the spatio-temporal 
characteristics of the initial magnetic field (1), the 
magnetic field generated by the compensation windings 
(2) and the resulting magnetic field (3), respectively, for 
three-circuit (a) and two-loop (b) active screening 
systems. As follows from Fig. 5,a, during the operation of 
a three-loop active screening system, the initial magnetic 
field is almost completely compensated by the screening 
windings so that the spatio-temporal characteristic of the 
resulting magnetic field remaining after the operation of 
the three-loop active screening system is a point. 

This results in a high shielding factor of more than 
20 units in a limited area of the shielding space under 
consideration. However, when a two-loop active 
screening system operates in this limited area of the 
screening space, the screening factor is about 6 units. 
Therefore, the spatio-temporal characteristic of the 
resulting magnetic field remaining after the operation of 
the two-loop active screening system is a line. 

Experimental results. For experimental research, 
models of three-loop and two-loop active shielding 
systems were developed, as well as a model of a single-
loop overhead power line with a triangular suspension of 
wires.  
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Fig. 5. The spatio-temporal characteristics of the initial magnetic 
field (1), the magnetic field generated by the compensation 

windings (2) and the resulting magnetic field (3), respectively, 
for three-circuit (a) and two-loop (b) active screening systems 

 

Let us consider the field experimental model of 
systems of active screening. In Fig. 6 are shown three 
compensation windings (a) a triple-loop active screening 
system and two compensation windings (b) a double-loop 
active screening system. 

 

 
                         a                                                  b 

Fig. 6.Three compensation windings (a) for triple-loop active 
screening system and two compensation windings (b) for 

double-loop system of active screening 

The special measuring system for experimental 
measurement of space-time characteristics was developed. 
This measuring system includes two measuring windings, 
the axes of which are perpendicular to each other. An 
important issue in tuning this measuring system is the 
precise setting of the gains and phase shifts of the 
individual measurement channels. In Fig. 7 are shown 
experimental measurement space-time characteristics of 
magnetic field. 

In Fig. 7,a is shown experimental measurement space-
time characteristics of initial magnetic field. The shape of 
this characteristic is close to a circle, which corresponds to 
the calculated space-time characteristics of initial magnetic 
field characteristic, which are shown in Fig. 5. 

In Fig. 7,b is shown experimental measurement space-
time characteristics of resulting magnetic field with double-
loop system of active shielding is on. The shape of this 
characteristic is close to to the calculated space-time 
characteristics of resulting magnetic field with double-loop 
system of active shielding is on, which is shown in Fig. 5,b. 

 
a 

 
b 

Fig. 7. The experimental measurement space-time characteristics 
of initial magnetic field (a) and resulting magnetic field (b) 

with double-loop system of active shielding is on 
 

Note that experimental measurement space-time 
characteristics of resulting magnetic field with triple-loop 
system of active shielding is on quite small compared to 
experimental measurement space-time characteristics of 
initial magnetic field. The shape of this characteristic is close 
to a dot, which corresponds to the calculated space-time 
characteristics of resulting magnetic field with triple-loop 
system of active shielding is on, which are shown in Fig. 5,a. 
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In Fig. 4 also are shown the level of induction of 
magnetic field calculated (solid line) and measured with 
and without systems of active screening. 

The difference of magnetic flux density found by 
measurements and simulations in the shielding zone does 
not exceed 20 %. The experimental shielding factor of 
systems of active screening is more than 8. 

Note that real power transmission line currents are 
two to three times less than the rated currents. That's why 
from the point of view of the practical implementation it 
is shown the possibility to reduce the level of magnetic 
field induction in a five-storey old buildings to the 
sanitary standards of Ukraine for real overhead power 
transmission lines currents with the help of a synthesized 
double-loop systems of active screening. A double-loop 
system of active screening is simpler in comparison with 
a triple-loop active screening system when implementing. 

Discussion. Note that during the operation of a three-
circuit systems of active screening in the distribution of the 
induction of the resulting magnetic field there is a 
minimum with an induction value of 0.2 μT at the point 
with coordinates (16.0, 7.0), for which the screening 
factor is 20 units. In addition to this global minimum, 
there are two more local minima with an induction value 
of 0.4 μT at points with coordinates (16.0, 1.5) and 
(16.0, 14.0), the screening factor of which is 10 units. 

During the operation of a two-circuit systems of 
active screening in the distribution of the induction of the 
resulting magnetic field, there are also two local minima 
with an induction value of 0.2 μT at points with coordinates 
(15.0, 3.5) and (15.5, 12.5) on the border of a five-storey 
building, of which the screening factor is 20 units. 

The presence of such local minima in the magnetic 
field induction distribution imposes specific requirements 
on the algorithms used for solving optimization problems. 
In particular, in the synthesis of the systems of active 
screening under consideration, stochastic multi-swarm 
multi-agent optimization algorithms were used. 

Conclusions. 
1. The synthesis of triple-loop and double-loop systems 

of active shielding of the magnetic field generated by 110 
kV single-circuit overhead power lines with a triangular 
suspension of wires in a five-story old building has been 
performed. As a result of the synthesis, the coordinates of 
the location of three and two compensation windings, 
respectively, were determined, as well as the currents and 
phases in these compensation windings. 

2. To synthesize robust systems of active screening, 
solutions to minimax vector optimization problems were 
calculated based on stochastic multi-agent optimization 
algorithms. The calculation of vector objective functions 
and constraints was carried out on the basis of the Bio–
Savart's law. 

3. The study of the efficiency of the synthesized triple-
loop and double-loop systems of active screening of the 
magnetic field in a five-storey old building has been carried 
out. It is shown that with the help of a triple-loop system, the 
level of the initial magnetic field is reduced to the sanitary 
standards of Ukraine in the entire all space of a five-story 
building. The screening factor is more than 8 units. 

4. It is shown, that for rated currents of 110 kV power 
transmission line with the help of a double-loop system 

the implementation of sanitary standards is carried out 
only on 90 % of the area of five-story old building. 

5. For real currents of 110 kV power transmission line, 
which are two to three times less than the rated currents, with 
the help of a synthesized double-loop systems of active 
screening, it is possible to reduce the level of induction of 
magnetic field in the entire all space of a five-story old 
building to the sanitary standards of Ukraine. 
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Method of dynamic parameters for mathematical modelling of switching processes 
of valves closing of semiconductor converters 
 
A method has been developed for mathematical modeling of valve frequency converters (VFC) based on an analysis of the nature of 
the occurrence and patterns of the flow of inverse current of valves when they are locked using the dynamic parameters of valves, 
which are series-connected inductance and active resistance, changing in accordance with the pattern of concentration dynamics 
charges in semiconductor structures (bases, emitters and p-n junctions. Taking into account the presence of the inverse current of 
semiconductor valves significantly increases the level of adequacy of mathematical modeling of VFCs of arbitrary structure and 
purpose and in arbitrary modes of their operation, including asymmetric and emergency transient electromagnetic processes of 
electrotechnical complexes with VFCs, not only during the time interval of switching (closing) of valves, but throughout the entire 
time modeling. References 21, figures 9. 
Key words: valve, switching, inverse current, adequacy level, mathematical model, software code. 
 
Розроблено метод математичного моделювання вентильних перетворювачів частоти (ВПЧ) на підставі аналізу природи 
виникнення і закономірностей протікання інверсного струму вентилів під час їх запирання застосуванням динамічних 
параметрів вентилів, якими слугують послідовно з’єднані індуктивність та активний опір, що змінюються відповідно до 
закономірності динаміки концентрації носіїв електричних зарядів в структурах напівпровідників (базах, емітерах та p-n 
переходах). Врахування наявності інверсного струму напівпровідникових вентилів істотно підвищує рівень адекватності 
математичного моделювання ВПЧ довільної структури і призначення та в довільних режимах їх роботи включно з 
несиметричними та аварійними перехідними електромагнітними процесами електротехнічних комплексів з ВПЧ не лише 
на проміжку часу комутації (запирання) вентилів, але й в продовж всього часу моделювання. Бібл. 21, рис. 9. 
Ключові слова: вентиль, комутація, інверсний струм, рівень адекватності, математична модель, програмний код. 

 
Introduction. One of the research and practical 

directions of development of Electrical Engineering, 
called «Electronics», allowed to develop a number of 
electronic semiconductor devices, based on which a long 
list of various valve frequency converters (VFCs), which 
serve as switches for regulated electric drives based on 
electric [1], alternators [2], autonomous power supply 
systems [3] and even in multi-winding transformers for 
simultaneous connection of its secondary windings in the 
power supply circuit [4]. VFCs are also used in electrical 
equipment of many other types, for example, in 
discharge-pulse systems of special technological 
processes, in particular, the treatment of granular 
conductive media [5] and so on. The use of VFC as part 
of electrical equipment has made it possible to 
fundamentally increase its functionality. 

The creation and improvement of valve converter 
technology is characterized by three main areas: the 
development of circuit solutions, the definition of static 
and dynamic characteristics and the study of basic energy 
relationships. The first direction is characterized by the 
development of hypothetical models, which are created on 
the basis of analytical methods using switching functions. 
A clear expression of this stage are the works [6, 7], 
which relate to direct frequency converters, but this also 
applies to other converters (rectifiers, inverters, frequency 
converters with a DC link, etc.). 

Simultaneously with the development and 
implementation of VFCs, there is a need for mathematical 
modelling of electromagnetic processes occurring in these 
converters in order to improve both the systems they 
belong to and VFCs itself. It is fundamentally important 

to note that hypothetical models such as [6, 7] do not 
allow to model VFC processes. 

Judging by the large number of research works 
aimed at solving the problem of mathematical modelling 
of VFCs, it turned out to be so complex that the problem 
of its solution remains relevant today, despite the fact that 
significant positive results have been clearly achieved. 

Today, two approaches are used in the practice of 
mathematical modelling of VFCs. The first one involves 
the use of «ready-made» complexes and simulation 
environments. The MATLAB/Simulink software package 
has become so widely used, as evidenced by its use are in 
[8-11]. The same approach should include the use of 
special boards, for example, in [12] a developing board 
EPC9035 is used, which is a module of the half-bridge 
converter, and it was developed by Power Conversion. It 
is logical to include the software package MotorSolve 
[13]. It is important to note that in [13] it is emphasized 
that the models and algorithms embedded in the 
MotorSolve software are closed to the user, which 
significantly limits the ability to assess the level of 
adequacy of models. The same circumstance is typical for 
other software packages and simulation boards, including 
MATLAB/Simulink in the context of unavailability of 
comprehensive information on the used basic 
mathematical, electrical and other modelling methods, 
which confirms the need to develop methods and 
mathematical models of higher adequacy than in the 
available for modelling of electrical systems that contain 
VFCs, taking into account all the most important factors 
influencing the course of processes, among which is the 
switching of valves. Particular attention should be paid to 
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insufficiently correct modelling in MATLAB/Simulink of 
valve locking, which does not take into account the 
occurrence and flow of inverse currents (currents of 
opposite direction, sign) during the recovery of valve 
properties for their closed state, and valves lock (in case 
of natural switching) immediately at the time of decay of 
their currents to zero. 

The above-mentioned means of mathematical 
modelling of VFCs, including MATLAB/Simulink, are 
characterized by a high level of excellence in terms of 
their practical use. Because here the simulation is 
performed in the design mode by selecting and combining 
individual structural and functional elements into a single 
system, the formation of which automatically creates the 
appropriate program code (machine algorithm), which is 
also automatically generated using mathematical, 
electrical, mechanical or any other methods. Therefore, 
such modelling tools are often perceived by users as the 
absolute of perfection, which a priori eliminates the need 
to critically analyze and assess the level of adequacy of 
the results. 

The second approach is characterized by personal 
development by researchers of mathematical models and 
even mathematical and electrical methods and on their 
basis algorithms and program codes. This requires a 
thorough knowledge of the whole spectrum from 
mathematical methods to physics of processes and 
programming and allows to understand the essence of 
modelling at the deepest level, and thus have information 
about the initial assumptions and opportunities to more 
accurately assess the adequacy of modelling. The position 
of the author of this article coincides with the second 
approach. 

Based on the above, to substantiate the relevance of 
the problem to be solved by the article, and to formulate 
the task set in the article, we perform a brief analysis of 
the literature to determine the adequacy of mathematical 
modelling of VFCs in terms of abilities of mathematical 
and electrical methods used, including initial assumptions 
made during the development of mathematical models. 

Literature analysis. From the point of view of 
modeling of VFC as a structural element of an arbitrary 
electrical (electrical power or electromechanical) system, 
the most effective are methods of two directions, the first 
of which describes electromagnetic processes by 
differential equations of electrical state with variable 
structure and constant parameters [14], and the second 
one is description of electromagnetic processes by 
differential equations of electrical state with constant 
structure and variable parameters. 

The first group includes methods in which valves are 
modelled with ideal keys (S-models) [14]. A convincing 
advantage of S-models is that they do not need to operate 
with the parameters of the valves for the locked state, the 
value of which differs from the parameters for the 
conductivity state by 6-8 orders of magnitude. This avoids 
the scatter of parameters and, as a consequence, the 
rigidity of the system of differential equations and the 
difficulty of obtaining results in general. However, these 

methods have other significant drawbacks that limit the 
use of S-models of valves in the practice of VFC 
modelling. Thus, S-models provide a rupture of the valve 
branches for the closed state of the valves, which a priori 
means a change in the power circuit of the VFC, and 
therefore each specific state of the valves must correspond 
to its circuit power circuit and its corresponding 
differential equations system (DES). And here there are 
three problems. The first one is the need to form a large 
number of DES of electrical state (according to the full 
combination of all possible circuits of the VFC power 
circuit, based on each specific state of the valves). This 
problem entails a second complex problem, which is the 
need to form conversion functions that establish the 
connection of two adjacent in time limits of currents and 
voltages of reactive elements of the valve at the time of 
switching, i.e. the transition from the previous in time 
power circuit of the VFC to next one [14]. The process of 
formation of such functions is a separate task, which not 
only significantly complicates the mathematical model of 
the VFC, but also a priori reduces the level of its 
adequacy. The third problem is to correctly determine the 
timing of switching valves, because not for all VFCs, and 
the main for their modes of operation it is possible, for 
example, for dynamic and asymmetric ones. 

Solving the first problem requires significant costs 
even for VFCs with a simple electrical circuit and it is 
very difficult to solve this problem when we discuss 
modelling of transient electromagnetic processes, 
especially the modelling of asymmetric emergency 
modes, for which it is almost impossible to correctly 
predict all valve states. The third problem is solved by 
determining in advance the state of the valves, which is 
correct only in the case of artificial switching and only for 
symmetrical steady state. 

Negative on the level of adequacy of key S-models 
of valves are also affected by ignoring the presence of 
reverse currents, because the concept of key models a 
priori excludes the presence of the electric branch of the 
valve in its closed state, and in terms of physics of process 
in semiconductor electronic devices such currents (reverse 
ones) are available. 

Known mathematical models, which are based on 
the formation of a system of differential equations of the 
electrical state with a constant structure and variable 
parameters, allow to avoid defects of key models at 
fundamentally important points [15, 16]. 

Careful analysis of research literature sources, as 
well as practical experience in the field of mathematical 
modelling of VFCs indicates that significant theoretical 
and practical results in the context of mathematical 
modeling of electrical systems (ES) with valve frequency 
converters (according to the concept of their modelling 
using DES with constant structure and variable 
parameters) is achieved by combining the idea of 
modelling valves by separate active-inductive branches 
[16] with the modular principle of modelling of electrical-
machine-valve systems (EMVS) [15] and inversion of 
DES [17]. This combination made it possible to describe 
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the electromagnetic and electromechanical processes of 
arbitrary ES (with VFC of arbitrary structure and with 
arbitrary control system) by a single DES of electrical and 
mechanical equilibrium regardless of the state of the 
valves, which, in turn, allows to take into account mutual 
influences of EMVS structural elements as well as valve 
switching and operation of the automatic control system 
for arbitrary modes of operation of the EMVS (steady and 
dynamic ones, including symmetrical and asymmetrical, 
normal and emergency modes). 

Let us analyze in more detail the mathematical 
model of the valve, in which the valve is represented by 
an active-inductive electric branch [15-17]. Therefore, the 
mathematical model of the valve as a basic structural 
element of VFC is developed on the basis of the following 
initial assumptions: 

1) in the conductive state the valve is modelled by 
an active-inductive branch with small and as close as 
possible to the real values of inductance and active 
resistance for the conductive state of the valve; 

2) in the locked state the valve is modelled by an 
active-inductive electric branch with high inductance and 
active resistance, which correspond as closely as possible 
to the locked state of the real valve; 

3) the valves are switched instantly (the valve is 
opened according to the results of solving logical 
equations that describe the operation of the VFC control 
system), and the valves are closed at the time of transition 
through zero current of the switching valve (in case of 
natural switching). 

The choice of the values of active resistance and 
inductance, which are modelled valves, in a sense is 
arbitrary, and the selection criterion is the highest possible 
level of adequacy of the model. Based on this, in the 
practice of VFC modeling for the conductive state we 
choose such small values of inductance L (L=0.1∙10–4) H 
and active resistance R (R=0.1∙10–3) , which most 
closely correspond to the real the value of real valves in 
the conducting state, and for the closed state the values of 
inductance and active resistance of the valve branch are 
taken as those that most accurately correspond to the 
actual inductance and active resistance for the closed state 
of the valve L=0.1∙103 H and R=0.1∙104 . It is critical to 
note that the L/R ratio (which determines the time 
constant) for both the conductive and closed states of the 
valve branch should be such that it is approximately 50 
times greater than the integration step and at the same 
time not less than the minimum time constant of other 
sections of the electric circuit, the structural element of 
which is VFC [17]. 

At the time of transition of the valve to the locked 
state together with active resistance, also inductance 
increases by jump by 6-8 orders of magnitude. The 
consequence of such a change in inductance is the 
appearance of a rupture of the first current derivative due 
to a sudden (break type) strong change in the numerical 
value of the coefficient L at the current derivative in the 
equation of the electrical state of the valve written 
according to Kirchhoff second law 

Lꞏpi + Rꞏi + U = 0,                          (1) 

where L, i, R, U are the inductance, current, active 
resistance and voltage of the valve branch, respectively; 
p = d/dt is the differentiation operator in time t. 

However, after switching the valves, the integral 
curves are smooth because the first derivative after 
switching is continuous, which eliminates one of the 
significant disadvantages of modelling valves with purely 
active resistance. Maintaining the time constant for the 
conductive and locked state of the valves constant ensures 
the stability of the numerical integration of the DES. Due 
to the sudden and large-scale change of parameters, the 
currents of closed valves are significantly distorted, but 
the values of these currents are small enough that at a 
certain stage of development of the theory of 
mathematical modeling of VFC, was considered correct to 
ignore them [15, 17]. 

Thus, the critical advantage of mathematical 
modelling of the valve by an active-inductive branch 
compared to the modelling by purely active resistance is 
the invariance of the valve time constant for the 
conducting and locked state [15-17], which provides 
numerical stability of DES integration that, in turn, is very 
important in the case of integration of long-term 
processes. 

The necessary task of determining the time of 
transition of the valve current, which is locked, through 
zero at the switching step (moment of valve locking 
time) is determined by a simple procedure of DES 
inversion, which describes the processes 
(electromagnetic, electromechanical, mechanical and 
others) occurring in EMVS containing VFCs [17]. The 
essence of inversion is to integrate the entire DES at the 
switching step of the valve, according to its current, 
which becomes an independent variable, and the 
numerical value of the integration step is equal to the 
value of the switching current at the beginning of the 
switching step. The integration time here becomes an 
integral variable that is unknown and is the result of the 
solution of the DES. Therefore, the closing time of the 
valve is determined by only one step of integration 
during the inversion of the DES. 

It should be noted that the inversion procedure is an 
indispensable tool for bypassing special points of integral 
variables, which are characterized by the presence of 
vertical sections of integral curves, in which the 
derivative is equal to infinity [17]. 

Despite the presence of the above rather effective 
methods of mathematical modelling of VFC, the method 
in which valves are modelled by active resistances is still 
used [18]. 

In the context of the analysis of research literature 
sources in general it should be noted that other known 
methods are still used, such as the method of adjustment 
[19] and the method of fundamental harmonics [20], 
characterized for which is the adoption of too simplistic 
(rough) initial assumptions with a focus on their use to 
calculate symmetric steady-state currents, which a priori 
does not allow to adequately model the course of 
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electromagnetic processes occurring in ES with VFC in 
dynamic and asymmetric modes. 

Problem definition. Many years of practice of 
mathematical modeling of EMVS on the basis of the 
theory described above [15-17] allowed to obtain results 
of a fairly high level of adequacy. But a careful analysis 
of the initial assumptions indicates that there is still a 
margin in terms of improving the adequacy of VFC 
mathematical models. 

In real operating conditions of semiconductor 
frequency converters, the state of their valves (in 
particular, thyristors) and the course of electrical 
processes occurring in these valves is determined by the 
concentrations and gradients of positive (holes) and 
negative (electrons) charges in individual valve structures 
– emitters, collectors and p-n junctions. It is the 
concentration and gradients of charge carriers that change 
over time (restoring the properties of the thyristor for the 
locked state), ultimately cause a dynamic change in the 
resistance of the valves during their switching (e.g., 
locking), and hence the state of each valve. 

To restore the properties of the thyristor for the 
locked state, it is necessary that after the passage of direct 
current part of the excess charges accumulated in the 
bases pass through the outer circuit by changing the 
polarity of the voltage (forward and reverse) at the 
thyristor electrodes under the action of which there is an 
inverse (reverse) current which speeds up the process of 
acquiring a thyristor locked state. Therefore, the state of 
the valve during the transition from conductive to closed 
ones changes under the action of reverse voltage and 
inverse current over a period of time, which is 
characterized by the presence of appropriate stages of 
charge concentration in the deep layers of emitters, bases 
and around p-n junctions which means that the valve 
current during its switching (inverse current) also changes 
over time according to the change in the concentration of 
charge carriers. 

Based on this, it is obvious that the accepted initial 
assumption that the valve is locked at the time of 
transition of the current valve, which switches, to zero 
(instantaneous switching), is not correct enough. 

The process of changing the concentration of 
charges in the thyristor layers during its locking, if we 
consider the thyristor as an element of an electric circuit 
according to the theory of electric circuits, manifests itself 
in changing (increasing) its resistance to a value 
equivalent to the resistance of the insulator. 

The time of decline of the reverse current in the 
outer circuit to a certain fixed value does not mean 
complete restoration of the locked state of the thyristor, 
because in the deep layers of bases (mainly thick base) 
there are still excess electrons and holes, which continue 
to recombine. After the reverse current drops to a steady 
state, some more pause is required for the excess charges 
to disappear in the deep layers of the thick base. The total 
recovery time of the thyristor properties for the locked 
state tV which starts from the moment of direct voltage 

drop across the thyristor to zero until the thyristor fully 
acquires the properties for the locked state, is equal to 

tV = tS + tP,                               (2) 

where tS is the time of decline of the inverse current to a 
fixed value; tP is the time of disappearance of excess 
charges (pauses) in the deep layers of the thick base. 

The pause time depends on the geometric 
dimensions of the thyristor layers, the lifetime of the 
charge carriers, as well as the rate of decline of the 
reverse voltage and the rate of increase of the next direct 
voltage applied to the thyristor. Recovery time tV is one of 
the main catalog parameters of the thyristor, because of it 
its frequency properties depend. It is considered known. 

Based on the above, the goal of the article is to 
develop a method of mathematical modelling of electrical 
processes occurring in valves during their locking, taking 
into account the restoration of their properties for the 
closed state, as well as the origin and regularity of inverse 
current in valves. The development of mathematical 
models of VFC based on this method will significantly 
increase the adequacy of mathematical models of both 
VFC and EMVS, which include VFC. 

Substantive provisions. The above analysis of the 
processes occurring in the thyristor shows that when the 
valve is closed, first under the action of negative voltage 
there is an inverse current, and then due to changes in 
charge concentration in the bases this current decreases, 
which gives reason to interpret this as an equivalent 
increase in thyristor resistance if we consider the 
processes in the thyristor in terms of their external 
manifestations at the level of the anode-cathode electrical 
circuit part according to the laws of classical theory of 
electrical circuits. Based on the latter thesis, it seems 
logical and correct to consider and, accordingly, to model 
the switching process that occurs in the thyristor during 
its locking, based on the following provisions: 

1) inductance and active resistance, which simulate 
the valve branch, dynamically increase according to a 
certain law, such as linear, parabolic or some other, which 
provides more accurate than in [16] determination of 
inverse valve current due to smooth change of inductance 
and active resistance of the valve and therefore smooth 
change of the first current derivative in contrast to the 
rapid one, as in the basic method [16]; 

2) as the time of the beginning of the dynamic 
increase of inductance and active resistance of the valve 
branch we take the moment at which the current of the 
switching valve is zero (it passes from plus to minus 
through zero, i.e. there is an inverse current); 

3) the DES inversion procedure is performed only to 
determine the point in time that corresponds to the 
reference point of the thyristor switching process 
(occurrence of inverse current), and not for complete 
locking of the valve; 

4) the time of complete recovery of the thyristor for 
the locked state is considered known and regulated by the 
technical data of the thyristor; 
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5) assignment of inductance and active resistance of 
the valve branch to a value corresponding to the locked 
state of the thyristor (its final locking) is performed at the 
time of completion of the process of restoring the 
properties of the valve for the locked state. 

These provisions, together with those adopted in 
[15-17] in parts 1) and 2) and partly 3) regarding 
instantaneous valve opening and given above, form the 
theoretical basis of the method of dynamic parameters of 
mathematical modelling of valve frequency converters 
proposed here. 

The need to take into account the time of locking 
valves is obvious not only in terms of patterns of 
electrophysical processes occurring in valves, but also 
based on the possibility of operation of a fundamentally 
certain type of electrical equipment based on VFC which 
is emphasized in the literature, in particular in [4, 10]. 

In one of variants, the idea proposed here was 
implemented in [21] during mathematical modelling of 
electromagnetic processes occurring in an autonomous 
power supply system based on an asynchronized 
generator with a contactless cascade modulator exciter 
without describing the basic theoretical positions set 
forth here. 

The practical verification of the proposed method is 
performed on the example of mathematical modelling of 
NF-phase AC rectification system (ACRS), a generalized 
diagram of the power electric circuit of which is shown in 
Fig. 1, where the letters A, K denote the anode 
and cathode NF-phase thyristor groups; the letter 
M – NF-phase of the AC network; the letters H, D – the 
load (rectified current link) and diode, respectively, which 
serve as structural elements of the ACRS. Other 
designations are as follows: E, i, R, L, φ – electromotive 
force, current, active resistance, inductance and electrical 
potentials of nodes. The letters A, K, M, H, D in the lower 
indices indicate that the coordinates belong to the 
structural elements corresponding to the accepted 
designation, and the letter T – to the thyristors. The 
numbers in the lower indices indicate the ordinal numbers 
of the coordinates within the structural elements, and the 
numbers in the lower indices at the potentials φ – the 
ordinal numbers of the potentials of the electrical circuit; 
NF – the number of phases, the maximum value of which 
in the program code is limited to 24 (NF = 24). 

It is important to note that in the diagram of Fig. 1 
(in both the mathematical model and the corresponding 
program code) provides a choice of either a bridge circuit 
(when both valve groups are operating and the diode is 
closed), or a star connection circuit (when the anode 
group is closed and the diode is constantly in conductive 
state). Permanently closed diode or valves of the anode 
group functionally means the rupture of their electrical 
branches, which changes the generalized circuit to the 
selected one. The choice of one of these variants of the 
circuit is performed only during the operation of the 
program code at the level of numerical values of the state 
indicators of the thyristors and the diode vector (24). 
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Fig. 1. Diagram of power electric circuit of the NF˗phase 

AC rectification system 
 

The mathematical model of the NF-phase ACRS is 
the DES of the electrical state and the system of logical 
equations, which simulates the operation of the rectifier 
control system. 

The mathematical model of the NF-phase system of 
rectification of electric currents will be developed on the 
basis of the theory of mathematical modelling of 
electrical-machine-valve systems [15], according to which 
mathematical models of arbitrary EMVS are developed 
on a modular basis, i.e. they are built from «ready» 
mathematical models of separate structural elements of 
the diagram of a power electric circuit. As can be seen 
from Fig. 1, here the following structural elements are: 
NF-phase electrical network, NF-phase cathode and anode 
thyristor groups, as well as active-inductive load and 
diode. Consider the mathematical models of each of the 
structural elements. 

Mathematical model of NF-phase electrical 
network. We represent the electric network with 
a 2∙NF-polar, and we describe the electric equilibrium by 
the vector equation of the outer branches, which has the 
following form: 

,0p MMMM  TGi                    (3) 

where the vector of currents of external branches: 

),...,,,...,( MMMMM NF1NF1 iiiii  ;      (4) 

coefficient matrix: 
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in which the diagonal matrix of inverse inductances of the 
phases of the network: 
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vector of potentials of external network nodes in which 
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vector of free terms: 
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In (6), (9) we indicate eiRL
MMMM

j
jjj
,,,  are the 

inductance, active resistance and instantaneous values of 
current and electromotive force of the j-th phase of the 
network. 

Mathematical model of NF-phase cathode 
thyristor group. The cathode thyristor group is 
represented by the NF+1-polar, and the electrical 
equilibrium is described by the vector equation of the 
outer branches, which, according to [15] and the proposed 
method, has the following form: 

0p KKKK  TGi  ,                    (10) 

where the vector of currents of external branches: 
),...,,,(),,...,,( KTTTKKKKK

0N F210N F21
iiiiiiiii  ,(11) 

in which 
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where iT j
 is the current of the j-th thyristor (j = 1,…, NF); 

where the coefficient matrix: 
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vector of external potentials (poles) of the cathode 
thyristor group: 

),,...,,( 1N2 F
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vector of free terms: 
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The components of the matrix of coefficients GK and 
the vector of free terms TK are: inverse inductance 

LG TT jj
1 ;                          (16) 

where LT j
 is the inductance of the j-th thyristor; 

iR TT jj
,  are the active resistance and current of the 

j-th thyristor branch of the cathode valve group. 
Mathematical model of NF-phase anode thyristor 

group. The electrical equilibrium equation of the anode 
thyristor group is written based on similar considerations 
as for the cathode. 

Mathematical model of the diode. The diode 
model is represented by a bipolar, and the electrical 
equilibrium equations are written on the basis of similar 
considerations as for thyristor groups. 

Mathematical model of active-inductive loading. 
The static load is represented by a bipolar, and the electric 
equilibrium is described by the vector equation of the 
outer branches, which is obtained similarly to the 
equations of the electric network. 

Nodal system of equations of electrical state 
of NF -phase current rectification system. The nodal 
system of equations of electric state is written in the basis 
of electric potentials of independent nodes of the diagram 
of a power electric circuit (Fig. 1) and has the following 
form: 

,0 BA                            (17) 

where the coefficient matrix: 

ΠΠ t
jj

H

Mj
j  


GA ;                    (18) 

vector of potentials of independent circuit nodes: 

),...,,( 2N21
F

  ;                   (19) 

vector of free terms: 
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j

t
jΠ TB ;                        (20) 

and j, Gj, Tj, Πt
j  are the incidence matrices, coefficient 

matrices, free terms vectors and matrices transposed to 
Пj matrices for the j-th structural element of the circuit 
(j = M, K, A, D, H).  

Logical equations of the NF-phase rectifier 
control system. The operation of the thyristor rectifier 
control system will be described by logical equations, 
which have the following form: 
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trueKαUj jjj
 ZZZZ  j = (1,…, 2ꞏNF),      (21) 

where Zj is the condition for opening the j-th thyristor (the 
j-th thyristor is opened at the true value of Zj); Z U j

is the 

condition of opening of thyristors on voltage 
( Z U j

accepts true value at positive voltage on the j-th 

thyristor when )0T j
U ; Zα j

 accepts true value when 

the current angle of the j-th thyristor is in the set range 
taking into account an ignition angle; Z K j

accepts true 

value when the j-th thyristor locked, the symbol «^» 
indicates the operation of logical multiplication 
(conjunction). 

For a diode, the logical equation has the form 

ZZZ DDD KU
 ,                         (22) 

where Z DU
 is the condition of opening the diode by 

voltage ( Z DU
 has true value at positive voltage on the 

diode 0DU
Z ); Z DK

 has true value when the diode is 

locked. 
The state of the diode remains constant (locked) for 

the bridge circuit and conductive – for the circuit with a 
star connection, when all the thyristors of the anode valve 
group are locked, i.e. in the electrical circuit and the 
equation system the anode thyristor group remains but is 
out of operation (this applies to the program code, which 
implements the mathematical model of the AC 
rectification system and the algorithm for calculating 
electromagnetic processes). 

The second-order numerical Runge-Kutta method 
was used to integrate the DES in the mathematical model 
of the EMVS, which successfully combines a sufficient 
level of accuracy with the optimal cost of machine time, 
and the Gauss method was used to solve the linear system 
of algebraic equations of electrical state (17). 

Algorithm for calculating electromagnetic 
processes. The input data for the calculation of 
electromagnetic processes of the system (Fig. 1) is 
divided into three groups. EM, LM, RM, fM, NF – amplitude 
of electromotive force, inductance and active resistance of 
phase branches of the network, frequency and number of 
phases of the network; LW, RW – inductance and active 
resistance for the conducting state of thyristors and 
diodes; LZ, RZ – inductance and active resistance for the 
closed state of thyristors and diodes; RH, LH – active 
resistance and inductance of active-inductive load; tV – 
recovery time of thyristors properties for their locked 
state. 

The second group of input data includes the initial 
conditions, which are combined into a vector of integrated 
variables V and a vector KП of the state of the valves. 
These vectors have the following structure: 

),...,,,...,,,( ,MM,TTDH NF12NF1
tiiiiiiV  ,         (23) 

where t is the integration time; 

)K,K...,K,K,K(K D,T,TTTΠ 2NF321
 .         (24) 

The elements of the vector KП (24) have the values: 
 1 – for the conductive state of the valves; 
 0 – for locked state in the case of controlled valves; 
 2 – for locked and uncontrolled valves. 

The third group includes the following input data 
that relate directly to the operation of program code: 
tK – final integration time; Δt – step of DES integration in 
non-switching time intervals; ΔtK –step of integration 
within the time interval of restoration of thyristor 
properties for their locked state.  

The calculation of electromagnetic processes 
occurring in the EMVS is performed in the following 
sequence. 

1. Based on the initial conditions: (vector V(23)), the 
array of states of the valves KП (24) and the input data of 
the first group matrices of coefficients and vectors of free 
terms of the structural elements of the rectification system 
according to the diagram (Fig. 1) are formed: (5), (8); 
cathode thyristor group – (13), (15) and all other 
structural elements. 

2. On the basis of matrices of coefficients and 
vectors of free terms of structural elements the matrix of 
coefficients and vector of free terms of system of 
equations (17) by (18), (20), accordingly, is formed. 

3. The system of equations of electrical state (17) 
with respect to the vector of potentials of independent 
nodes φ (19) is solved and the integration vector pV is 
formed, which is equal to the time derivative of the vector 
of integrated variables V (23) and has the following 
structure: 

)1p,...,p,p,...,p,p,(pp ,MM,TTDH
Nf12NF1

iiiiiiV  .  (25) 

4. Logical equations (21) are solved and the state of 
thyristors is determined. If the state of the thyristors has 
changed (at least one of them has opened), then the 
integration vector pV (25) is redefined. 

5. One of the explicit numerical methods is 
integrating the DES with a given integration step Δt, 
resulting in its solution (new value of the vector V (23)) at 
the current integration step. 

6. A check is performed regarding the change the 
value to negative current of any of the open thyristors in 
the current integration step. If the current of an arbitrary 
open thyristor has changed from a positive value to a 
negative one, the DES is inverted, which determines the 
time at which the open thyristor current is zero (passes 
from zero from plus to minus). From this point in time, at 
time interval tV, and until the time when the j-th thyristor 
restores its properties for the closed state, the thyristor 
parameters (its inverse inductance GT j

and active 

resistance RT j
 from (13), (15) for the cathode and 

similarly for anode thyristor group) changes (the 
resistance increases and the inverse inductance decreases) 
according to a given law (linear, parabolic, exponential, 
or arbitrary others). During the switching time tV, it is 
reasonable to reduce the integration step ΔtK by at least 
one or even two orders of magnitude (ΔtK=Δt/100) 
compared to the set integration step Δt for the off-
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switching period. In the first integration step after the end 
of the switching period, the thyristor parameters are 
assigned a value for the locked state, the state indicator of 
the thyristor K T j

is set to 0 ( 0T j
K ), and the integration 

step returns a value that corresponds outside the switching 
period. 

7. With a certain multiplicity of integration steps, the 
results of process calculations are output to information 
files. These results are all the coordinates included in the 
vector of integrated variables V (23) and the potentials of 
independent nodes of the diagram (Fig. 1) (19) and their 
difference in any combination, as well as the results of 
harmonic analysis of selected coordinates. 

8. At each integration step, a check is performed 
regarding the current integration time t outside its set final 
value tK. If the current value of the integration time t is 
equal to or exceeds the set final K (t ≥ tK) value, the DES 
integration procedure is terminated, and otherwise, when 
t < tK – continues.  

Based on the above mathematical model and the 
corresponding algorithm, the program code was 
developed in the FORTRAN programming language for 
computer modelling of electromagnetic processes 
occurring in the rectification system of the NF-phase 
current (Fig. 1). To test the proposed method for the 
correctness of its theoretical provisions and suitability for 
practical application, with the help of the developed 
software code computer simulation of electromagnetic 
processes occurring in EMVS is performed (Fig. 1) on 
several diagrams of the electrical power circuit (the bridge 
circuit of the rectifier and the star rectifier circuit) with 
the number of phases NF = 1, 2, 3, 6 and 12 (of 24 
possible). The following are the results of computer 
simulation of electromagnetic processes for a three-phase 
bridge EMVS.  

The input data of the first group are selected with 
such numerical values that the main coordinates, which 
are rectified voltage and current iH, uH correlated with the 
values of rectified current and voltage of the valve 
excitation system of turbogenerators TGV series 500 and 
800 MW. Therefore, the main input data of the first group 
have the following numerical values: for 3-phase 
electrical network EM = 800 V, LM = 0.1ꞏ10–6 H,  
RM = 0.1ꞏ10–5 , f = 50 Hz – amplitude of electromotive 
force, inductance and resistance of phase electric branches 
of the network, as well as the frequency of its voltage and 
current; for rectifier and diode: LW = 0.1ꞏ10–3 H, 
LZ = 0.1ꞏ103 H – inductance of thyristor (and diode) 
branches in conductive and closed states, respectively; 
RW = 0.001 , RZ = 1000  – active resistance of 
thyristor (and diode) branches in the conductive and 
closed states, respectively; αr = 0 – thyristor control 
angle; for load: LH = 0.075 H, RH=1.5  – inductance and 
active resistance; Δt = 10 μs – integration step; ΔtK = 0.1 μs 
– integration step on the switching interval (locking) of 
valves; tK = 0.65 s – final integration time; tV = 50 μs – 
full recovery time of the thyristor properties for the 
locked state. 

The task of modelling is to study the patterns of 
electrical processes that occur in the thyristors of the 
rectifier with an emphasis on the study of switching 
processes that occur during the locking of thyristors, 
taking into account the presence of inverse (reverse) 
current. It is noted above that the proposed method and, 
accordingly, the mathematical model provide the ability 
to choose the law of change of thyristor parameters during 
their switching. In this context, at the first stage of the 
study we consider the linear law of change of parameters 
of thyristors that switch during their locking. 

Figure 2 shows the calculated dependencies of the 
instantaneous phase currents of the cathode thyristor 
group. 
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,,  – phase currents of the cathode group 

 
It is obvious that the instantaneous currents of the 

anode thyristor group have a similar character to the 
currents of the cathode group, but are shifted by 180. 

An important coordinate in terms of analysis of 
electromagnetic processes in the EMVS is the rectified 
current, the curve of which is shown in Fig. 3.  
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Figure 3 shows that the curve of the rectified current 

encircles the curves of the valve currents of the cathode 
thyristor group in the upper circuit, which corresponds to 
the physics of electromagnetic processes occurring in the 
EMVS. In general, the curves of the calculated 
dependencies of the phase currents of the cathode 
thyristor group and the rectified current shown in 
Fig. 2, 3, reflect the course of the transient in EMVS from 
zero initial conditions and provide information about the 
functioning of the mathematical model and the 
corresponding program code on the physics of processes 
occurring in this system, and, to some extent, the level of 
adequacy of the real physical system at the level of the 
nature of the curves qualitatively and at the level of their 
numerical values quantitatively. From Fig. 3 it is seen that 
the rectified current acquires a steady-state value 
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according to the time constant, the value of which is 
determined by the load parameters, i.e. their ratio LH/RH. 

From the point of view of the method declared 
above, it is fundamentally important to obtain information 
on the presence and regularity of changes in the inverse 
current of thyristors that switch during their locking, as 
well as the nature of changes in thyristor parameters at the 
stage of their locking (during the restoration time of the 
properties of thyristors for the locked state). Such 
information is provided by the curves of current, inverse 
inductance and active resistance of the thyristor, which 
is locked. For thyristor No. 1 these curves are shown in 
Fig. 4-6. 
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– inverse current of the first thyristor (linear law) 

 
The nature of the curve in Fig. 4 clearly indicates not 

only the presence of the inverse current of the first 
thyristor (transition of thyristor current to the negative 
region), but also the pattern of its change, according to 
which it increases to a certain maximum value (here it is 
iT1

 = –4.19 A), and then – its decrease to the steady-state 

value, which is equal to iT1
 = –0.2 A. 

The presence of inverse current and the regularity of 
its change are quite expected and are perceived as those 
that generally correspond to the process of restoring the 
properties of thyristors for the closed state during their 
switching. Obviously, here the maximum value of the 
inverse current is determined by the pattern of changes in 
the parameters of the switching thyristors. We remind that 
in this variant of calculations the linear law of change of 
parameters of the switching thyristors is accepted. 

The nature of the curves of inverse inductance 
(Fig. 5) and active resistance (Fig. 6) is absolutely 
obvious, because the value of these coordinates varies 
according to the linear law within given limits according 
to the initial assumptions and basic provisions of the 
proposed method. 
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– active resistance of the first thyristor 

(linear law) 
 
 

In order to determine the effect on the laws of 
change of the inverse current of thyristors during their 
locking, we consider similar calculation dependencies 
obtained on the basis of the parabolic law of change of 
parameters of thyristors that switch. As for the linear law, 
Fig. 7–9 show the calculated dependencies of the inverse 
current, inverse inductance and active resistance of the 
first thyristor. 
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– inverse current of the first thyristor (parabolic law) 
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(parabolic law) 
 

Figure 7 shows that in general the nature of the 
current of the first thyristor is similar to the nature of the 
current in Fig. 4, and the current curve in Fig. 7 differs 
from the current in Fig. 4 by larger maximum value of 
inverse current, which is equal to iT1

 = –9.63 A. This 
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difference is explained by the lower value of active 
resistance and inductance of the thyristor at the beginning 
of the recovery period of thyristor properties for the 
locked state, which is clearly seen in Fig. 8, 9, in which 
the corresponding curves have a parabolic shape at the 
stage of changing the parameters of thyristors.  

The fact that the values of the inverse current 
maximum for the linear and parabolic laws of change of 
parameters of the thyristor which switches are different 
(which is a priori obvious) means the problem of 
choosing the law variant during computer simulation. On 
the one hand, the linear law on average should describe 
the change of parameters quite accurately, but, on the 
other hand, in real conditions such physical processes are 
almost rarely linear, so there is reason to believe that we 
should apply some other low – nonlinear (e.g. parabolic) 
law. Just as the recovery time of thyristor properties for 
the locked state is different depending on the size and 
type of thyristors and their individual structures (emitters 
and bases), it is logical in each case to select the law of 
change of thyristor parameters. At this stage of the study 
this is only about methods of accounting for inverse 
current at a fundamentally higher level of adequacy, than 
proposed by other currently known methods and, as a 
consequence, more accurate consideration of thyristor 
switching processes that occur during their locking. 

Thus, the results of mathematical modeling of 
EMVS taking into account the presence of inverse current 
in thyristors that switch during their locking, obtained 
using the proposed method, give grounds to argue that in 
principle this approach is sufficiently substantiated in 
terms of accepted correct initial assumptions and 
consistent real processes that occur in the thyristor at the 
stage of its locking and restoration of properties for the 
locked state, at the level of concentration of electric 
charge carriers in real thyristors, which ultimately 
manifests itself in changes in thyristor resistance and its 
function as a semiconductor. The concentration of charges 
in the structures of the thyristor and its resistance are 
causally related, which means that if it is reasonable and 
rational to choose the necessary law of change of thyristor 
parameters for the recovery phase for the locked state, 
such a law will correspond to real concentrations of 
electric charges, which justifies their consideration. 

Conclusions and prospects of research. 
1. In the current large number of methods of 

mathematical modelling of VFCs, too little attention is 
paid to the consideration of inverse currents that occur 
during closing valves and which actually exist in closed 
valves and have some impact on both VFC processes and 
their functioning in general. Correct consideration of 
inverse currents of valves (especially during their locking) 
remains an urgent problem, the solution of which would 
significantly increase the level of adequacy of 
mathematical modelling of VFCs. 

2. In some methods, inverse valve currents are not 
taken into account at all, for example, in key S-models 
[14] either obtained incorrectly due to the instantaneous 
switching of valves accepted in the initial assumptions 

and, as a consequence, a sudden change in the first 
derivative of the valve current that switches during its 
locking, and therefore inverse currents are ignored 
[15-17] based on the smallness of their values. 

3. It is proposed to simulate the process of locking 
valves, taking into account the restoration of their 
properties for the locked state, by changing (according 
to the determined law) the parameters of inverse 
inductance and active resistance, for a known locking 
time. The final locking of the valves should be 
performed after the time of restoration of the properties 
of the valves for the locked state. This method, on the 
one hand, provides a smooth change in the parameters of 
the valves during their locking and, consequently, the 
correct values of the inverse current, and, on the other 
hand, takes into account the occurrence and dynamics of 
changes in inverse current at the stage of closing the 
valves during the restoration of their properties for the 
closed state, which significantly increases the adequacy 
of mathematical modelling of VFCs and electrical 
systems containing VFCs. 

4. The results of computer simulation of VFCs, 
obtained using the proposed method in the mathematical 
model, suggest that the presence and regularity of changes 
in inverse currents corresponds to the processes occurring 
in VFCs at the level of concentration of electric charge 
carriers in terms of the value and the nature of the inverse 
current, which, in turn, indicates an increase in the 
adequacy of mathematical modelling of VFCs.  

5. The subject of further research is to determine the 
laws of change of dynamic parameters of valves in 
accordance with the laws of change in the concentration 
of charge carriers in their design and at the same time 
functional structures (bases and emitters). 
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Effective parameters of dielectric absorption of polymeric insulation with semiconductor 
coatings of power high voltage cables 
 
Introduction. The presence of semiconductor shields leads to additional dielectric losses compared to polymer insulation without 
shields. Losses in cables in the presence of semiconductor coatings depend on the dielectric permittivity and resistivity of the 
composite polymeric material, which are frequency-dependent characteristics. Purpose. To determine in a wide range of 
frequencies, taking into account the variance of electrophysical characteristics and thickness of semiconductor shields effective 
electric capacitance and tangent of dielectric losses angle of high-voltage power cables with polymer insulation. Methodology. 
Serial-parallel nonlinear circuit replacement of semiconductor coatings and linear polymer insulation to determine in a wide range 
of frequency the effective parameters of the dielectric absorption of a three-layer composite system of high-voltage power cables of 
single core. Practical value. The obtained relations are the basis for the development of practical recommendations for 
substantiating the thickness and electrophysical parameters of semiconductor shields to reduce the impact on the effective tangent of 
the dielectric losses angle of a three-layer composite system of high-voltage power cables. References 23, figures 6. 
Key words: semiconductor coatings, polymer insulation, high-voltage power cable, nonlinear substitution circuit, complex 
dielectric permittivity, active conductivity, effective electric capacitance, effective tangent of dielectric losses angle. 
 
На підставі послідовно-паралельної нелінійної схеми заміщення напівпровідних покриттів та лінійної електричної 
полімерної ізоляції у широкому діапазоні частоти визначено ефективні параметри діелектричної абсорбції силових 
високовольтних кабелів одножильного виконання. За результатами моделювання, з урахуванням дисперсії електрофізичних 
характеристик напівпровідних покриттів, доведено, що ефективна електрична ємність тришарової композитної 
ізоляційної системи визначається ємністю полімерної ізоляції. Встановлено характер частотних залежностей та 
максимальні значення ефективного тангенсу кута діелектричних втрат в залежності від співвідношення між питомою 
електропровідністю на постійному і змінному струмі та товщиною напівпровідних екранів. Отримані співвідношення є 
підставою для розроблення практичних рекомендацій щодо обґрунтування товщини та електрофізичних параметрів 
напівпровідних покриттів для зменшення їх впливу на ефективний тангенс кута діелектричних втрат тришарової 
композитної електроізоляційної системи силових високовольтних кабелів. Бібл. 23, рис. 6.  
Ключові слова: напівпровідні покриття, полімерна ізоляція, силовий високовольтний кабель, нелінійна схема 
заміщення, комплексна діелектрична проникність, активна питома провідність, ефективна електрична ємність, 
ефективний тангенс кута діелектричних втрат. 
 

Introduction. Electricity supply of 15 million units 
of different consumer groups in Ukraine is provided by 
medium voltage networks the length of which is over 
92 % of networks of all classes [1]. The need to replace 
about 140 thousand km of electrical networks causes the 
introduction of high-voltage power cables with polymer 
insulation based on cross-linked polyethylene, high-
performance thermoplastic elastomers [2, 3]. With the 
introduction of modern high-voltage cable systems, there 
is, first, the possibility of widespread use of an extensive 
distributed cable network for data transmission of large 
volumes [4, 5]. Secondly, the diagnosis of insulation to 
identify signs of its degradation, which are most 
pronounced in the high frequency range [6-12]. 

A design feature of high-voltage power cables with 
polymer insulation is the presence of semiconductor 
shields on the conductor core and insulation to equalize 
the electric field on the core surface and reduce the 
electric field on the insulation surface [13, 14]. 
Semiconductor shields are applied simultaneously with 
the extrusion of polymer insulation. This technology 
provides high adhesion between the shields and 
insulation, reduces the likelihood of gas inclusions in the 
insulation and on the border with semiconductor shields. 

Typically, semiconductor layers of composite 
polymeric material are used by adding carbon black as a 
filler in the polymer lattice. This material provides a 
gradual change in the electrical conductivity and 

dielectric permittivity during the transition of the electric 
field from the conductor to the electrical insulation [14]. 

The introduction of acetylene carbon black 
impurities with a resistivity of particles in the range from 
0.0001 to 100 m leads to a symmetrical radial profile of 
the electric field in the power cable of coaxial design, 
which prevents the increase of the local field. The local 
electric field is the main stimulus for the formation and 
growth of water treeings, partial discharges and even 
mechanical ruptures of power cables [15]. 

The presence of semiconductor shields leads to 
additional dielectric losses compared to polymer 
insulation without shields. Losses in cables in the 
presence of semiconductor coatings depend on the 
dielectric permittivity and resistivity of the composite 
polymer material, which are frequency-dependent 
parameters [16, 17]. 

The paper uses the concept of dielectric absorption, 
which is associated with energy losses in polyethylene 
insulation, which in turn are determined by the electrical 
capacitance and the tangent of the angle of dielectric 
losses. In the general case, the term «dielectric 
absorption» is explained, for example, in [18, 19] and is 
used in the study of physical mechanisms of 
electromagnetic energy absorption, residual charge 
generation, etc., as well as in the theory of 
electromagnetic waves [20]. Also, in [19] dielectric 
absorption and losses are separated. 
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Analysis of literature sources. Electrophysical 
characteristics of semiconductor coatings significantly 
affect the distribution of the electric field and losses in 
cables at operating frequency of 50 Hz [13]. In [21], the 
authors obtained an effective tangent of the dielectric 
losses angle of three-layer composite insulation without 
taking into account the dependence on the frequency of 
conductivity and dielectric permittivity and the thickness 
of semiconductor coatings. 

The influence of semiconductor coatings taking into 
account the polarization losses in the frequency range 
200 Hz – 20 kHz is taken into account in [16] on the basis 
of a parallel substitution circuit in the form of electric 
capacitance and resistance of each component of the 
three-layer composite system connected in series. 

Using the substitution circuit of polyethylene cross-
linked insulation with three relaxation RC-circuits in [22] 
the emergence of relaxation maxima on the frequency 
dependence of the dielectric losses angle tangent in 
polymer insulation with semiconductor shields of medium 
voltage power cables was proved. 

In [17], it was experimentally shown that dielectric 
losses in semiconductor shields become dominant in high-
voltage power cables with polymer insulation at 
frequency of more than 10 MHz. 

The issues of determining the influence of the 
thickness and electrophysical characteristics of 
semiconductor coatings on the effective electric 
capacitance and the tangent of the dielectric losses angle 
of high-voltage power cables in a wide frequency range 
remain unresolved and extremely relevant. 

The goal of the paper is to determine the effective 
electric capacitance and tangent of the dielectric losses 
angle of high-voltage polymer-insulated power cables in a 
wide frequency range, taking into account the dispersion 
of electrophysical characteristics and the thickness of 
semiconductor shields. 

Dispersion of electrophysical characteristics of 
semiconductor coating materials. Polymer non-polar 
insulation of power cables (cross-linked polyethylene, 
thermoplastic elastomers) is characterized by high 
dielectric properties in a wide frequency range. Thus, for 
cross-linked polyethylene insulation, the specific volume 
conductivity γ is equal to (10–13 – 10–14) S/m; dielectric 
permittivity – at the level of 2.5 (static value) and, 
practically, weakly dependent on the frequency in the 
region of weak electric fields, which causes insignificant 
value of the dielectric losses coefficient () and, 
accordingly, the dielectric losses tangent tgδ of polymer 
insulation. The dispersion of dielectric permittivity for 
cross-linked polyethylene is 2.5 – 2.38 = 0.12 in the 
frequency spectrum up to 100 MHz [3]. 

Semiconductor coatings are characterized by high 
values of specific volume conductivity, dielectric 
permittivity and dielectric losses coefficient, due to the 
morphological and structural features of the polymer 
material. 

Conditionally composite polymer material with soot 
impurities consists of three phases: insulating (Fig. 1, 
region I), percolation (Fig. 1, region II) and conductive 
(Fig. 1, region III) [23]. 

In the low-frequency region, the tunneling effect 
between soot (carbon) particles is considered to be the 
main mechanism, which causes a weak dependence of the 
specific electrical conductivity of the semiconductor on 
the frequency. 

 

Soot content, %

, m

 
Fig. 1. Influence of soot content on the specific conductivity 

of semiconductor coating of power cables 
 

In this case, the specific volumetric conductivity γ 
differs little from the specific volumetric conductivity γdc 
at DC. The tangent of the dielectric losses angle tgδe due 
to electrical conductivity decreases inversely proportional 
to the circular frequency  and the real part () of the 
complex dielectric permittivity * of the semiconductor 
coating material (Fig. 2,a) [21] 

)(
tg

0 





 dc
e ,                         (1) 

where ε0 = 8.85∙10–12 F/m is the dielectric constant. 
The total tangent of the dielectric losses angle tgδsemi 

of the semiconductor coating takes into account the losses 
on the electrical conductivity tgδe and polarization tgδpol 
[16, 21] 
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where () is the frequency-dependent imaginary part of 
the complex dielectric permittivity (Fig. 2,b). 

Taking into account that the active specific volume 
conductivity γac() at the alternating voltage of the 
circular frequency  is determined by the imaginary part 
() of the complex dielectric permittivity (Fig. 2,c) 

)()( 0  ac ,                       (3) 

the frequency dependence of the tangent of the dielectric 
losses angle of semiconductor coatings is defined as 
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)(tg

0 



 semi
semi ,                      (4) 

where semi() = γdc + γac(). 
Under the condition γac() >> γdc, which is valid for 

modern compositions of semiconductor shields of high-
voltage power cables, the tangent of the dielectric losses 
angle of semiconductor coatings is determined on the 
basis of [16] 
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Fig. 2. Typical frequency dependencies of electrophysical 
characteristics of coatings on the core (curve 1) and insulation 
(curve 2) of high-voltage power cables under the condition of 
linear volt-ampere characteristics of semiconductor materials 

 
Effective parameters of dielectric absorption of 

polymer insulation with semiconductor coatings. The 
serial-parallel substitution circuit of a three-layer 
composite insulation system taking into account the 
dispersion of electrophysical characteristics of 
semiconductor coatings of power high-voltage cables is 
presented in Fig. 3,a. 

In Fig. 3,a the following marked: Cins, C1(), C2() 
– capacitances and Gins, G1(), G2() – active 
conductivities of layers of polymer insulation and 
semiconductor coatings on the conductive core and 
insulation according to the parallel substitution circuit, 
respectively 
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where ins, 1(), 2() are the real parts of the complex 
dielectric permittivities of insulation, semiconductor 
coatings on the core and insulation; γins is the volumetric 
specific conductivity of insulation; γsemi1, γsemi2 are the 
total volumetric specific conductivities taking into 
account the frequency dependence of the active 
conductivity of semiconductor coatings on the core and 
insulation; Sins, S1, S2 are the cross sections and ins, 1, 2 
are the thicknesses of insulation and semiconductor 
coatings on the core and insulation, respectively. 

 

a

b 

 
Fig. 3. Serial-parallel (a) and equivalent serial (b) nonlinear 

substitution circuit of electrical insulation and semiconductor 
coatings of high-voltage power cables 

 

The transition from parallel to sequential 
substitution circuit allows to determine the tangent of the 
dielectric losses angle, electrical capacitance and active 
conductivity of each of the components, taking into 
account (5) – (7): 

– for semiconductor coating on the core: 
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– for cable insulation: 
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– for semiconductor coating on insulation: 

 
;

)(tg

)(
)(

;)(tg1)()(

;
)(

)(
)(tg

2

2
2

2
222

2

2
2









s
s

s

C
G

CC

C

G









            (10) 

 

and determine the effective electrical parameters 
(Fig. 3,b) of the three-layer composite system under the 
given frequency electrophysical characteristics and 
thickness of semiconductor coatings and insulation: 

– electrical capacitance Сes(): 
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and the tangent of the angle of the dielectric losses tgδes(ω)  
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where 
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0

2
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 22
0

2
insinsinsA   ,

     2
22

2
0

2
2 semiA    

are the dimensional coefficients (S2/m2), which take into 
account the frequency dependencies of the electrophysical 
characteristics of semiconductor shields and polymer 
insulation; 

 2/11  grD , 

 2/1 insgins rD  , 

 2/212  insgrD  

are the geometric factors depending on the radius of the 
core rg, the thickness of the semiconductor coating on the 
core 1, the insulation thickness ins and the thickness of 
the semiconductor coating on the insulation 2, 
respectively. 

Frequency dependencies of effective parameters 
of dielectric absorption of three-layer composite 
system of power cables. Figure 4 shows the model 
frequency dependencies of the effective capacitance 
(Fig. 4,a) and the effective tangent of the dielectric losses 
angle (Fig. 4,b) determined on the basis of (11), (12) of 
the single- core power cable with conducting core cross 
section of 95 mm2 of voltage of 35 kV. The thickness of 
the cross-linked polyethylene insulation is 7 mm. The 
value of the tangent of the dielectric losses angle of 
polyethylene insulation is tgδins=1∙10–4 at frequency of 
50 Hz and varies inversely proportional to the frequency 
in accordance with (1): the determinant is the losses on 
electrical conductivity. 

Curves 1, 1 and 2 correspond to the components of 
the electrical capacitance: 1 and 1  semiconductor shield 
on the conductive core, the thickness of which is 0.8 and 
1.6 mm, respectively; curve 2 – semiconductor shield on 

cross-linked polyethylene insulation with thickness of 
0.6 mm, curve 3 – actual effective capacitance of the three-
layer composite system (Fig. 4,a). The volume specific 
conductivities on the DC of semiconductor coatings on 
the core and insulation are equal to γdc1 = 10–2 S/m, 
γdc2 = 1 S/m, respectively. For polyethylene insulation – 
γins =10–13 S/m. The active specific volume conductivities 
of semiconductor screens γac() at AC voltage were 
determined on the basis of (3) taking into account 
the frequency dependence of the components presented 
in Fig. 2,c. 

Curve 4 is the value of the insulation capacitance 
determined by (13) [15] 

 12

0

/log

2

DD
C ins

ins
 

 , F/m.                   (13) 

The simulation results prove that the values of the 
effective capacitance of the three-layer insulation 
(curve 3, Fig. 4,a), determined on the basis of (11), 
practically do not differ from the values obtained on the 
basis of (13) (curve 4, Fig. 4,a). The effective capacitance 
of a cable with semiconductor shields is determined by 
the dielectric permittivity of the insulation itself and the 
thickness of the components: the effect of semiconductor 
shields is insignificant in the high frequency range 
(see Fig. 4,a). 

The effective tangent of the dielectric losses angle of 
a three-layer composition significantly depends on both 
the electrophysical properties of semiconductor shields 
materials and their thickness, even with the same 
electrophysical characteristics (compare curves 1 and 1, 
Fig. 4,b). Increasing the thickness of the semiconductor 
shield along the conductive core by 2 times leads to an 
increase in the effective tangent of the dielectric losses 
angle by 2 times with the manifestation of the 
characteristic dipole maximum at frequency of 50 kHz. 

Variation of electrophysical properties and thickness 
of semiconductor shields along the core and cross-linked 
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polyethylene insulation of 35 kV power cable leads to 
different nature of frequency dependencies of the 
effective tangent of the dielectric losses angle (curves 
1–5, Fig. 5,a). The effective tangent of the dielectric 
losses angle of the three-layer composite system is (1–7) 
times higher than the dielectric losses tangent of the 
actual polymer insulation tgδins for frequency of 50 Hz 
(compare curves 1–5, Fig. 5,b) in a wide frequency range 
due to the active specific conductivity of semiconductor 
coatings (see Fig. 2,c). 
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Fig. 4. Frequency dependencies of equivalent parameters 
dielectric absorption of high-voltage power cable 

taking into account the dispersion of electrophysical 
characteristics of semiconductor shields 

 
 

In Fig. 5a,b curves 1–5 correspond to the model 
dependencies, curve 6 (Fig. 5,a) – to the experimental one 
for a sample of power single-core cable with polyethylene 
insulation (insulation thickness 7 mm) at voltage of 
35 kV, which has long been unprotected from moisture – 
natural humidity (there are no water-blocking tapes in the 
cable construction). Dielectric parameters are measured 
by a digital meter of the capacitance and the tangent of 
the dielectric losses angle RLC Meter DE-5000 in the 
frequency range 100 Hz – 100 kHz. 

Curve 1 – the thickness of semiconductor shields on 
the conductor and insulation is 1.2 and 0.6 mm, curve 2 – 
Δ1 = 0.6 mm and Δ2 = 1.2 mm with specific conductivity 
at DC γdc1 = 10–4 S/m, γdc2 = 10–2 S/m, respectively; 
curves 3, 4 – Δ1 = 0.6 mm and Δ2 = 1.2 mm with 
γdc1 = 10–4 S/m, γdc2 = 10–4 S/m (curve 3) and γdc1 = 10–2 S/m, 
γdc2 = 10–4 S/m (curve 4); curve 5 – Δ1 = 1.2 mm and 
Δ2 = 0.6 mm with γdc1 = 10–2 S/m, γdc2 = 1 S/m. 
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Fig. 5. Frequency dependencies of the tangent of the dielectric 
losses angle at different electrical properties and thickness 

semiconductor shield of the power cable for voltage of 35 kV 
 

Thus, provided: 
1) Δ1 > Δ2 and γac1 > γdc1, γac2  γdc2 (curve 1) 

there are two characteristic maxima of the effective 
tangent of the dielectric losses angle near the frequency 
of 1 kHz and 1 MHz with values of tgδes 3–3.3 times 
higher than tgδins; 

2) Δ1 < Δ2 and γac1 > γdc1, γac2 > γdc2 (curve 3) there is 
one maximum of tgδes at frequency of 5 kHz with a value 
exceeding 4.5 times; 

3) Δ1 > Δ2 and γac1  γdc1, γac2  γdc2 (curve 5) there is 
one maximum of tgδes near the frequency of 50 MHz with 
values of tgδes 6 times higher than tgδins. 

 

10
2

10
3

10
4

10
5

10
6

10
71.8

1.9

2

2.1

2.2

2.3

2.4

2.5x 10
-10

f, Hz

F/m

1

2

Сes(ω), F/m

 
Fig. 6. Model (curve 1) and experimental (curve 2) 

dependencies of equivalent capacitance of single-core cable 
for voltage of 35 kV 

 
The nature of the change in the frequency model 

dependence of the effective tangent of the dielectric losses 
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angle for curve 3 is more consistent with the experimental 
curve 6 of the sample of power cable with moistened 
polyethylene insulation. Confirmation of humidity and 
diffusion of acetylene carbon black (carbon) according to 
the theory of percolation is the manifestation of the 
frequency dependence of the capacitance of the sample of 
35 kV power cable with insulation thickness of 7 mm 
(Fig. 6, curve 2). 

Conclusions. 
For the first time in a wide frequency range the 

influence of electrophysical characteristics, taking into 
account the dispersion of complex dielectric permittivity 
and active specific conductivity, as well as the thickness 
of semiconductor shields on the effective dielectric 
absorption parameters of three-layer composite electrical 
insulation system of high voltage cables has been 
determined. 

The effective electrical capacitance of a three-layer 
composite system is determined by the electrical 
capacitance of the polymer insulation and depends on the 
dielectric permittivity and insulation thickness, which is 
confirmed by experimental data. 

The considered algorithm for determining the 
effective tangent of the dielectric losses angle in a wide 
frequency range is the basis for creating a methodology 
for substantiating the electrophysical characteristics and 
thickness of semiconductor shields to reduce their impact 
on effective dielectric absorption parameters of high-
voltage polymer-insulated power cables. 
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A hybrid renewable energy production system using a smart controller based on fuzzy logic 
 
Introduction. This article proposes an improved energy management and optimization system with an intelligent economic strategy 
based on fuzzy logic technology with multiple inputs and outputs (I/O). It is used to control hybrid electric energy sources built around 
photovoltaic solar panels, wind turbine and   electric energy storage system assisted by the electric grid. The novelty in this work that 
solar photovoltaic, wind turbine and storage system energy sources are prioritized over the grid network which is solicited only during 
adverse weather conditions, in order to supply a typical household using up to 4,000 Wh per day. In addition of that, the surplus of 
renewable energy produced during favorable climatic condition is used to produce hydrogen suitable for household heating and cooking 
using eletrolyzer system. Purpose. Development of improved energy management and optimization system with an intelligent economic 
strategy based on fuzzy logic technology. This system is embedded on Arduino 2560 mega microcontroller, on which the fundamental 
program of fuzzy logic and the distribution of events with all possible scenarios have been implemented according to a flowchart 
allowing the management of the hybrid system. Methods as well as a parametric search and a simulation to characterize the system, are 
carried out in order to put on the proposed techniques to ensure continuous accommodation at home. Results. The proposed system 
results confirm their effectiveness by visualizing the output control signals from the electronic switches. Practical value of which 
transmits power through a single-phase DC/AC converter to power the AC load for the accommodation. References 20, figures 9. 
Key words: hybrid energy system, renewable energy, battery storage, fuzzy logic, smart management. 
 
Вступ. У статті пропонується вдосконалена система керування та оптимізації енергоспоживання з інтелектуальною 
економічною стратегією, заснованою на методі нечіткої логіки з декількома входами та виходами. Вона використовується для 
керування гібридними джерелами електричної енергії, побудованими на основі фотоелектричних сонячних панелей, вітрових 
турбін та системи зберігання електричної енергії за допомогою електричної мережі. Новизна роботи полягає в тому, що 
сонячні фотоелектричні, вітряні турбіни та джерела енергії системи зберігання енергії мають пріоритет над 
електромережею, яка запитується лише за несприятливих погодних умов, щоб забезпечувати типове домашнє господарство 
до 4000 Втгод на день. Крім того, надлишки відновлюваної енергії, що виробляється у сприятливих кліматичних умовах, 
використовуються для виробництва водню, придатного для опалення та приготування їжі за допомогою електролізера. Мета. 
Розробка вдосконаленої системи керування та оптимізації енергоспоживання з інтелектуальною економічною стратегією, що 
заснована на методі нечіткої логіки. Ця система вбудована в мегамікроконтролер Arduino 2560, на якому реалізована головна 
програма нечіткої логіки та розподілу подій з усіма можливими сценаріями за блок-схемою, що дозволяє керувати гібридною 
системою. Зазначені методи, а також параметричний пошук та моделювання для характеристики системи реалізуються для 
того, щоб застосувати запропоновані методи для забезпечення безперервного проживання у будинку. Результати. Результати 
реалізації запропонованої системи підтверджують їх ефективність візуалізацією вихідних сигналів керування від електронних 
перемикачів. Практичне значення полягає у передачі потужності через однофазний перетворювач постійного струму у  
змінний для живлення навантаження змінного струму для житлових приміщень. Бібл. 20, рис. 9. 
Ключові слова: гібридна енергетична система, відновлювана енергія, акумуляторна батарея, нечітка логіка, 
інтелектуальне керування. 
 

Introduction. To avoid the problems of pollution in 
the production of electricity, alternative solutions can be 
photovoltaic (PV), wind, or even hydroelectric sources. In 
addition, the distribution networks cannot be sufficient to 
supply electricity to the entire world population: whether 
they are in the mountains or on an island, in the least 
inhabited regions or in the middle of the desert, the sites 
difficult to he access or very isolated cannot always be 
connected to the network, for lack of technical solutions or 
economic viability. However, being able to be sized for 
domestic use, renewable energy sources lend themselves 
particularly well to the production of electricity called 
isolated sites, or micro-grids. They are then often associated 
with batteries, which ensure the storage of energy in the 
event of excess production, or to compensate for the 
momentary lack of power during peak consumption [1-5]. 

Hybrid energy systems (HES) combining several 
sources, such as renewable energy systems (RES), the 
national distribution network (the historical network), 
traditional energy sources and storage systems are 
generally considered as a solution for the future is 
efficient and reliable, many analyzes (planning and 
sizing) have been performed on single-source renewable 
energy sources, with the main objective being to 
determine the best system configuration for efficient and 
safe operation. 

They can be developed in a substantial way for 
urban electrification or isolated (rural) sites. When, the 
cost of grid extension of rural electrification is prohibitive 
due to geographic isolation, low population density, or 
limited financial resources. In both cases, the issue of 
energy management, particularly in terms of resource 
control and efficiency, becomes essential. In this, it has 
become in the space of a few years, one of the eminently 
strategic subjects. Its implementation is both complex and 
exciting as the prospects are promising, especially in 
relation to smart grid technologies. 

A different hybrid energy system has been studied in 
many research papers [6-18]. The authors in [19] are 
proposing to realize a technical-economic capacity of a 
hybrid renewable energy system (HRES) to occupy the 
energy demand of a university site in the Himalayan state of 
northeastern Sikkim, and also the other aspect of exploring 
the electrical voltage of other renewable energy resources 
such as biogas and syngas and hydrokinetic energy, in 
addition to a solar-wind hybridization mainly carried out in 
the resource-rich urban planning territory of the east of the 
Himalayas. The authors in [20] operating a hybrid off-grid 
renewable energy system (HRES) for an institution's huge 
high-rise urban development in Nigeria. The exploitation is 
based on a comparison of the employment of a single 
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criterion with a combination of factors in determining the 
most feasible energy system. A wind turbine, a diesel 
generator, a PV system, and a battery storage system are all 
part of the proposed HRES – Multiple Energy Resources 
Hybrid Optimization (HOMER). 

The goal of the paper is the development of 
improved energy management and optimization system 
with an intelligent economic strategy based on fuzzy logic 
technology. 

This paper is a continuity of previous work [17], 
where a complex hybrid energy system is studied, sized, 
optimized and a smart router system is achieved to 
manage electric energy flow based on fuzzy logic 
techniques. The added value in this contribution is the 
implementation of artificial intelligence in hardware 
based on Arduino type microcontroller which built on 
multi analog/digital inputs/outputs and PWM (pulse width 
modulation technique), from where electronic switches 
command' signals are highlighted and discussed. 

Hybrid energy system design. The proposed hybrid 
energy system HES is a combination of solar energy 
conversion system comprising solar panels with 
integrated a MPPT (maximum power point tracker) 
converter, wind energy conversion system built on direct 
current outcome converter permanent magnet 
synchronous wind turbine and then a storage system with 
acid-plumb batteries. 

The equipment of the dwelling operates at 220V 
50 Hz with an optimal use of the energy thanks to 
economic LED lighting lamps and zenithal daylight. The 
standard equipment used in this house consumes total 
amount energy about 4 kWh per day with a peak of 
660 W when using the entire electric component at the 
same time. The system energy flow is managed by a 
smart energy router system based on artificial intelligence 
using fuzzy logic algorithm [8]. 

Figure 1 shows the global hybrid system with the 
combination of solar PV, wind turbine and storage within 
all the regulators. 

 

 
Fig. 1. Synoptic of the proposed HPS (Hybrid Power System) 

 

Components of the hybrid energy system. As part 
of our work, solar energy has been favored as a primary 
renewable energy source because of the chosen site at 
north of Algeria. The selected PV panels are 
polycrystalline type delivering, each of them, an output 
summer voltage amount of 30.7 V and developing 250 W 
nominal power. The panels are equipped with MPPT 
regulators [9] and connected in parallel to obtain an 

overall power of 2 kW. This choice was pointed due to 
their quality/price [9, 10]. The connection of the solar 
panels in parallel mode to multiply the output current and 
maintain a standardized output voltage at 24 V DC which 
is fed directly into the common DC bus of the system 

Considering the case study, the instantaneous power 
cannot exceed, according to the established dimensioning 
and for the case of maximum of energy demand, the value 
of 660W. For this reason and taking into account the wind 
potential in the study area, our choice was oriented 
towards small, inexpensive EO-24-1000R-UGS-Silent 
three- bladed wind turbine with 2.9 m rotor diameter, 
developing nominal power up to 1 kW. 

Because of their availability on the market in different 
capacities, as well as their proven effectiveness, especially in 
the automotive field, our choice was pointed to an 
electrochemical lead-acid storage type, although the cycling 
behavior of the latter is not important compared to other 
technologies such as lithium. But they have the advantage of 
an affordable investment, much simpler maintenance and 
their resistance to high electrical capacity demands. What 
joins our goal to develop at low cost the use and 
generalization of the renewable energy in our country. 

Given the uncertain nature of renewable resources, 
particularly solar and wind, deficits and excess energy 
production can be observed. For the second situation, the 
excess of energy is often harmful for the stability of the 
system. For that, several works proposed an evacuation of 
this surplus produced electric energy in a specific load 
which one calls dump load [17]. Previous work in 
reference [18], proposed to recover this surplus of energy 
production, from only renewable sources especially 
during favorable climatic conditions, and to exploit it to 
produce hydrogen with the help of an electrolyze device 
in order to be useful for household heating and cooking 

Fuzzy logic controller. The intelligent controller, as 
shown in Fig. 2, with its multiple image entries of the 
available power profiles as well as the outputs such as 
grid to load (G2L), PV to load (PV2L), wind turbine to 
load (W2L), battery storage to load (B2L), PV to battery 
storage (PV2B), wind turbine to battery storage (W2B), 
electric grid to battery storage (G2B), PV to electolyzer 
(PV2E) and wind turbine to electolyzer (W2E), represents 
the routes pointed by the intelligent controller allowing 
renewable and conventional energies transfer to the load, 
to the electrolyze and the storage. The Fuzzy Logic 
System Controller (FLSC) is designed according to well-
defined basic conditions allowing the best functioning of 
the overall system for all its scenarios and possible 
operating points by considering the logical constraints 
initially fixed by an expert [19] as: 

 the principal sources of load feeding are PV and 
wind energy, followed by battery storage and finally the 
electrical grid; 

 batteries are replenished by the grid only when solar 
and wind energy levels are low; 

 when all other sources of energy are off, the power 
grid powers the load. 

Only PV solar energy and a wind turbine are used to 
power the hydrogen production system. These 
instructions and recommendations initially dictated for 
suitable operation of the intelligent controller are shown 
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in the simplified diagram below in Fig. 3, which generate 
a set of 81 rules. The formulation and implementation of 
these constraints are established using fuzzy logic tools 
and performing dozens of combinations with the three 
levels – H (high) 3, M (medium) 2 and L (low) 1. On the 
other hand, the logical results of the FLSC are imposed 
for each combination at the entrance of the four energetic 
states (charge, solar, wind, storage). 

 

 
Fig. 2. FLSC intelligent controller diagram 

(fuzzy logic smart controller) 

 

 
Fig. 3. Operational flowchart of the HPS-FLSC 

(hybrid power system – fuzzy logic system controller). 
Here SOC is the state of charge 

 

FLSC hardware implementation. In the last 
section on a previous work [17], we presented a 
simulation work on MATLAB fuzzy logic, the results 
obtained are detailed, where the outputs of the FLSC 
manage the PWM blocks in order to control the command 
signals duty cycle of electronic switches. 

In the goal to move from simulation to emulation, we 
successfully implemented the topology of smart controller 
under Arduino mega 2560 microcontroller, which is built 
on more eeprom memory capacity, over than fifty analog 
and digital I/O and thirteen ready pulse width modulation 
PWM outputs. That why we pointed this type of hardware. 

It corresponds wildly to the presented FLSC controller, 
which needs to control nine electronic switches. The work 
consists to convert the MATLAB fuzzy logic FLSC 
program to the open-source Arduino Software (IDE) 
sketch. The entries are images depicted of the inputs energy 
profiles like the load demand, the PV, the wind turbine and 
the capacity of the batteries. 

Figure 4 presents the electrical scheme of the 
controller using Proteus electronic software where all 
connections with the microcontroller are shown. The 
outgoings are connected to LEDs displaying the level of the 
output PWM signal depending on the four inputs power 
profiles’ states exactly as illuminated in precedent section. 

 
Fig. 4. Electrical scheme of the Arduino-FLSC controller 

 

Using MATLAB tools for simulation, data power 
profiles for solar and wind energy, as well as battery 
storage, were imposed on the system during a typical day 
in May to ensure the reliability of the intended FLSC 
controller [20]. The load supplies vary from month to 
month. Summer is the hottest season in the northern 
hemisphere. As a result, the load demand for those 
months would be reduced, and for the other three seasons, 
more gloomy days with lower temperatures are projected. 
As a result, due to the possibility of heating and additional 
lights, these months would have a higher electricity 
demand. Figure 5 depicts the power profile inputs as they 
change during the course of a typical day. 

 
Fig. 5. Power profiles versus time of the hybrid power system 

(HPS) during 24 hours 
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Results and discussion. Figure 6 shows the FLSC 
defuzzification findings utilizing the corresponding 
membership functions in MATLAB Fuzzy tools. The 
resulting analog signals oscillate between 0 and 1, and 
PWM techniques are used to convert each FLSC output to 
a square signal with a variable duty cycle and fixed 
frequency. Each command signal is injected into a 
matching electronic switch, and all of the switches' selected 
quantities of available energy sources are added together 
and converted to AC current via the DC/AC converter to 
fulfill habitation appliances. Excess DC-produced 
renewable energy is used directly to make hydrogen. Based 
on these results [18, 20], the implementation of the 
hardware consists to conversion and adaptation of the 
validated MATLAB program in the IDE platform where 
command lines are processed and compiled in IDE-
Arduino microcontroller software. 

G2L 

PV2L 

W2L 

B2L 

PV2B 

W2B 

G2B 

PV2E 

W2E 

 
Fig. 6. FLSC outcome switches command signals  

 
In order to validate the operative FLSC program 

after many steps from MATLAB to Ide-Arduino, a 
simulation in Proteus software is scheduled and rule no. 2 
is tested, where the input sand the outputs of the FLSC-
Arduino obey to a series of codes as mentioned in the 
framed line [1.1.1.2, 1.1.1.2.1.1.1.1.1] shown in the Fig. 7 
below. The settings of the input levels are assumed by 
potentiometers which are visualized on LCD display in 
Fig. 4 as:  

 load (Ch): 52 W of 660 W  Low L  level 1, 
 PV: 220 W of 2000 W  Low L  level 1, 
 wind turbine: 70 W of 1000 W  Low L  level 1,  
 battery: 1273 Wh of 2400 Wh  Medium M  level 2. 

With the same reasoning, the FLSC-Arduino 
outcomes are shown in the Fig. 8 under PWM command 
signals, which are ready to excite the electronics switches. 
The width (duty-cycle) of the 9 outputs from the top to the 
bottom correspond widely to the suite of the series line 
[1.1.1.2; 1.1.1.2.1.1.1.1.1][L.L.L.M; L.L.L.M.L.L.L.L.L] 

The top to the bottom correspond widely to the suite 
of the series line: 
[1.1.1.2; 1.1.1.2.1.1.1.1.1][L.L.L.M; L.L.L.M.L.L.L.L.L] 

Figure 9 presents a screenshot of the real cabling and 
running hardware. 

 

 
Fig. 7. FLSC Fuzzy Inference System file screenshot 

(codification of rule no. 2) 

 

G2L

PV2L

W2L

B2L

PV2B

W2B

G2B

PV2E

W2E  
Fig. 8. PWM signals from FLSC-Arduino. From Top to Bottom: 

the multiple outputs are G2L, PV2L, W2L, BAT2L, PV2B, 
W2B, G2B, PV2E, W2E 

 
Fig. 9. Image of the FLSC-Arduino on a test plate 
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Conclusion. 
A household hybrid energy system with solar-wind 

sources and storage was constructed and simulated using 
fuzzy logic smart controllers. 81 operating rules were 
designed and applied in the system for backup and energy 
requests as part of the management plan. The fuzzy logic 
program processed on MATLAB has been adapted and 
converted to IDE-Arduino program which is implemented 
in microcontroller type Arduino mega 2560. The 
validation of the operating FLSC under the hardware was 
successful and outcomes correspond likely to the rules 
and constraints imposed by the expert. The FLSC-
Arduino output PWM signals can excite directly the 
electronic switches in order to convey simultaneously the 
available energy from the sources to the user. 
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Fuzzy model based multivariable predictive control design for rapid and efficient 
speed-sensorless maximum power extraction of renewable wind generators 
 

Introduction. A wind energy conversion system needs a maximum power point tracking algorithm. In the literature, several works 
have interested in the search for a maximum power point wind energy conversion system. Generally, their goals are to optimize the 
mechanical rotation or the generator torque and the direct current or the duty cycle switchers. The power output of a wind energy 
conversion system depends on the accuracy of the maximum power tracking controller, as wind speed changes constantly throughout 
the day. Maximum power point tracking systems that do not require mechanical sensors to measure the wind speed offer several 
advantages over systems using mechanical sensors. The novelty. The proposed work introduces an intelligent maximum power point 
tracking technique based on a fuzzy model and multivariable predictive controller to extract the maximum energy for a small-scale 
wind energy conversion system coupled to the electrical network. The suggested algorithm does not need the measurement of the 
wind velocity or the knowledge of turbine parameters. Purpose. Building an intelligent maximum power point tracking algorithm 
that does not use mechanical sensors to measure the wind speed and extracts the maximum possible power from the wind generator, 
and is simple and easy to implement. Methods. In this control approach, a fuzzy system is mainly utilized to generate the reference 
DC-current corresponding to the maximum power point based on the changes in the DC-power and the rectified DC-voltage. In 
contrast, the fuzzy model-based multivariable predictive regulator follows the resultant reference current with minimum steady-state 
error. The significant issues of the suggested maximum power point tracking method, such as the detailed design process and 
implementation of the two controllers, have been thoroughly investigated and presented. The considered maximum power point 
tracking approach has been applied to a wind system driving a 5 kW permanent magnet synchronous generator in variable speed 
mode through the simulation tests. Practical value. A practical implementation has been executed on a 5 kW test bench consisting of 
a dSPACEds1104 controller board, permanent magnet synchronous generator, and DC-motor drives to confirm the simulation 
results. Comparative experimental results under varying wind speed have confirmed the achievable significant performance 
enhancements on the maximum wind energy generation and overall system response by using the suggested control method 
compared with a traditional proportional integral maximum power point tracking controller. References 24, tables 3, figures 15. 
Key words: small-scale wind generator, maximum power point tracking, fuzzy system, fuzzy model based multivariable 
predictive control, linear matrix inequalities approach. 
 

Вступ. Система перетворення енергії вітру потребує алгоритму відстеження точки максимальної потужності. У 
літературі є кілька робіт, присвячених пошуку системи перетворення енергії вітру із точкою максимальної потужності. Як 
правило, їх метою є оптимізація механічного обертання або моменту, що крутить, генератора і перемикачів постійного 
струму або робочого циклу. Вихідна потужність системи перетворення енергії вітру залежить від точності контролера 
стеження за максимальною потужністю, оскільки швидкість вітру постійно змінюється протягом дня. Системи стеження 
за точками з максимальною потужністю, яким не потрібні механічні датчики для вимірювання швидкості вітру, мають ряд 
переваг у порівнянні з системами, що використовують механічні датчики. Новизна. Пропонована робота представляє 
інтелектуальний метод відстеження точки максимальної потужності, заснований на нечіткій моделі та 
багатопараметричному прогнозуючому контролері, для отримання максимальної енергії для маломасштабної системи 
перетворення енергії вітру, підключеної до електричної мережі. Пропонований алгоритм не вимагає вимірювання швидкості 
вітру або знання параметрів турбіни. Мета. Побудова інтелектуального алгоритму відстеження точки максимальної 
потужності, який не використовує механічні датчики для вимірювання швидкості вітру та витягує максимально можливу 
потужність з вітрогенератора, а також простий та зручний у реалізації. Методи. У цьому підході до управління нечітка 
система в основному використовується для генерування еталонного постійного струму, що відповідає точці максимальної 
потужності, на основі змін потужності постійного струму та постійної випрямленої напруги. Навпаки, 
багатопараметричний прогнозуючий регулятор на основі нечіткої моделі слідує за результуючим еталонним струмом з 
мінімальною помилкою, що встановилася. Істотні проблеми запропонованого методу відстеження точки максимальної 
потужності, такі як процес детального проектування та реалізація двох контролерів, були ретельно досліджені та 
представлені. Розглянутий підхід до відстеження точки максимальної потужності був застосований до вітрової системи, 
що приводить у дію синхронний генератор з постійними магнітами потужністю 5 кВт у режимі змінної швидкості за 
допомогою моделювання. Практична цінність. Для підтвердження результатів моделювання було виконано практичну 
реалізацію на випробувальному стенді потужністю 5 кВт, що складається з плати контролера dSPACEds1104, синхронного 
генератора з постійними магнітами та електроприводів з двигунами постійного струму. Порівняльні експериментальні 
результати при різній швидкості вітру підтвердили значні поліпшення продуктивності з максимального вироблення енергії 
вітру і загального відгуку системи при використанні запропонованого методу управління в порівнянні з традиційним 
пропорційно-інтегральним контролером спостереження за точкою максимальної потужності. Бібл. 24, табл. 3, рис. 15. 
Ключові слова: малогабаритний вітрогенератор, відстеження точки максимальної потужності, нечітка система, 
багатопараметричне прогностичне управління на основі нечіткої моделі, метод лінійних матричних нерівностей. 
 

Introduction. Over the past decades, wind power 
has grown faster than any other source of renewable 
energy, national policymakers' concerns about global 
warming, energy diversification, safety supplies, and 
other factors have contributed to this enormous growth. 
Various types of converter topologies have been 
introduced to generate electricity from wind generators 
and manage distributed energy towards electrical 

networks. Each of them requires a suitable type of 
generator (e.g., permanent magnet synchronous 
generators (PMSGs), induction generators (IGs), doubly 
fed induction generators (DFIGs) [1, 2]. Permanent 
magnet synchronous wind generators with a six diodes 
bridge rectifier, followed by a DC-DC boost chopper and 
a grid inverter seem to be a very good solution for small-
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scale wind turbines to achieve low cost and complexity, 
high reliability, and good performance by controlling the 
electromechanical energy conversion with minimal 
influence on the electrical network [3, 4], notably if the 
converter control is exploited with the appropriate 
maximum power point tracking (MPPT) algorithm. As for 
the MPPT algorithms, there are many MPPT approaches 
have been mentioned in the literature.  

In most cases, these approaches rely on wind 
velocity measurement or wind speed-sensorless method, 
such as duty cycle control method, look-up table for 
optimum rotor speed control method, and optimum tip-
speed ratio (TSR) control method. However, these 
schemes require precise knowledge of the wind power 
system parameters either before or during execution. 

Moreover, the wind turbine components tend to 
modify their characteristics over time. Therefore, a 
control strategy independent of the wind generator 
parameters does not necessitate any prior information of 
the wind speed, such as the perturbation and observation 
(P&O) method, which is very flexible and accurate [5-7]. 
Moreover, this strategy is straightforward, simple, and 
suitable for wind generators with low inertia. Recently, 
there have been many articles on the MPPT methodology, 
especially the simplified and advanced P&O methods [8], 
adaptive MPPT method [9], two-stage MPPT algorithm 
[10], hill-climb searching algorithm [11], and modifiable 
step size-based P&O algorithm [12]. Despite being simple 
and adaptable, these MPPT techniques suffer from the 
problems of high steady-state errors and huge frequency 
variations. Other MPPT algorithms, such as fuzzy 
reasoning-based MPPT technique [13], neural network 
technique [14], and advanced vector technique [15], have 
also been proposed in the literature. Nevertheless, these 

control strategies necessitate extensive calculations and 
are not always effective. Moreover, these control 
techniques need extra control efforts as well as costly 
sensors [16]. 

The goal of the paper is to introduce a new 
intelligent maximum power point tracking method for a 
small-scale wind generator connected to the electrical 
network. 

The suggested MPPT technique is mainly based on a 
fuzzy system for deriving the reference DC-current. An 
innovative fuzzy model-based multivariable predictive 
algorithm is used to follow the reference DC-current 
accurately and then implement the intelligent MPPT 
algorithm. The suggested MPPT method can capture the 
maximum amount of energy from a wind generator while 
retaining excellent performance and quality.  

Subject of investigations. This article explains how 
to properly manage important challenges in the design and 
implementation of the two regulators. Experimental results 
demonstrate the significant performance enhancements that 
can be achieved in the maximum power generation and 
overall system response using the suggested intelligent 
MPPT method. The two regulators are simple and easy to 
operate in modern wind power generators equipped with a 
six diode rectifier and boost circuit.  

System description. The synoptic schematic of the 
considered wind power system is illustrated in Fig. 1. The 
conversion circuit comprises of a wind turbine with three 
blades, a multi-pole three-phase PMSG, a six-diode 
bridge rectifier, a DC-DC boost chopper, and a source 
voltage inverter (VSI), which is coupled to the grid. The 
harvested wind energy is sent immediately to the PMSG, 
which is transformed into electrical power by this 
generator. 

 

 
Fig. 1. Synoptic schematic of the considered wind system 

 

The resulting electrical power can then be converted 
using a conventional rectifier. The boost chopper boosts 
the rectified DC-voltage (Vdc), then supplied into the 
electrical network through the VSI. Because the 
traditional rectifier is uncontrollable, a boost chopper is 
employed to guarantee the maximum power capture of 
electrical energy from the wind generator. Only one 

electronic switch is required, which minimizes the 
system's cost and simplifies its control, consequently 
maintaining high system reliability and stability [17].  

The VSI adjusts the power flow between the DC-bus 
voltage (V0) and the electrical grid as a result independent 
grid-side. The mechanical power produced by the wind 
generator can be expressed as in [18]: 
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2

1
wpm ACP  , (1) 

where ρ represents the air mass density; Cp indicates the 
performance coefficient of the wind generator; A denotes 
the swept surface of the three blades, w denotes the wind 
velocity;  is the tip speed ratio (TSR); β is the inclination 
angle of the blade (in this study set to zero).  

A general form is utilized for modeling Cp. The 
equation is derived from the characteristics of the wind 
turbines [19]: 
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where λ is the ratio of the linear turbine rotation to the 
wind velocity, which is stated as: 
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  , (4) 

where ωm and R are the turbine rotational speed and 
radius, respectively.  

Figure 2 displays the Cp against λ graph obtained by 
(2). It's worth noting, that there is a unique optimum value 
of the λopt at which the Cp is at its highest value Cp

max [20]. 

opt=8.08 

 

Cp 

Cp
max=0.47 

 
Fig. 2. Cp = f () of the considered wind generator 

 

Thus, the mechanical energy collected from the 
wind generator is likewise at its peak if the wind 
generator works at the MPP (opt, Cp

max) = (8.08, 0.47). 
The optimum mechanical power (Pmax) can be established 
by replacing (4) into (1), as shown in: 

 3
_max optmpkP  , (5) 

where ωm_opt represents the optimum mechanical angular 
speed of the wind generator for a given wind velocity; 
kp is the power control coefficient calculated as follows: 
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From (1), (5) the approximate relationship is obtained: 

 3
_

3
max optmwP   , (7) 

where symbol  indicates that the relationship is an 
approximation between the two variables. 

The back-EMF of the PMSG is proportional to 
rotational velocity, and can be calculated as: 

 mekE  , (8) 

where ke is the back-EMF coefficient of the wind 
generator. 

The phase terminal AC voltage Vac in the root-mean 
square (RMS) for a three-phase PMSG is defined as: 
  sesacac LjRIEV  , (9) 

with: 
 me p  , (10) 

where Iac, Rs, Ls are the line-current in RMS, the line-
resistor, and the line inductance, respectively; ωe is the 
electrical angular speed of the PMSG; p is the number of 
pole pairs. 

Using a six-diode bridge rectifier, the rectified 
DC-voltage (Vdc) is related to the phase-voltage of the 
PMSG, therefore can be calculated as: 

 acdc VV


63
 . (11) 

Assuming no power losses, the electrical DC-power 
(Pdc) can be expressed as: 
 dcdcacacdc IVIVP  3 , (12) 

where Idc represents the rectified DC-current, which can 
be determined by replacing (11) in (12): 

 acdc II
6


 . (13) 

Equations (8)–(10) can then be used to get the 
following equation: 
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where Vdc
opt is the optimum rectified DC-voltage at the MPP. 

Substituting (5) into (14) gives: 

 mdcV    and  opt
m

opt
dcV  . (15)  

From (5), (14) at the MPP, the following 
relationship is valid: 

 mdcV    and   3max
opt
dcVP  . (16)  

Meanwhile, the optimum DC-power can be 
described as: 

 opt
dc

opt
dc

opt
dc IVPP  max , (17) 

where η is the conversion coefficient from the PMSG to 
the DC-side, which is considered constant; Idc

opt is the 
optimum DC-current or the reference DC-current (Idc

*). 
Mixing (16), (17) gives: 

  2opt
dc

opt
dc VI  . (18) 

Substituting (18) into (17) yields: 

  3
2

opt
dc

opt
dc PI  . (19) 

As indicated in (18), (19), Idc
opt is proportional to the 

square of Vdc
opt, and is directly related to Pdc

opt. As a 
result, when Idc is kept close to its optimal (reference Idc

*) 
value Idc

opt, the wind generator may produce the 
maximum amount of electrical power Pdc

max. 
Fuzzy-based MPPT controller for wind power 

generator. The main objective of this section is to 
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construct a MPP current-reference generator by using a 
fuzzy logic controller that meets the actual MPP. In 
particular, this generator is designed to compute on-line 
the optimal DC-current value Idc

opt. So that, if the DC-
current Idc is being equal to Idc

opt then, the maximal power 
is captured. The key benefit of this MPPT system is that it 
doesn’t necessitate the use of either wind velocity sensors 
or rotor velocity sensors. Generally, the fuzzy system can 
be divided into three steps: 1) fuzzification; 
2) aggregation, and 3) defuzzification. As shown in Fig. 1, 
the Pdc and Vdc variations are selected as the two input 
parameters for the fuzzy MPPT system. At the kth 
sampling period, both variables are calibrated by the 
scaling gains K1, K2, and updated using the following 
equations: 
  ]1[][][ 1  kPkPKkP dcdcdc ; (20) 

  ]1[][][ 2  kVkVKkV dcdcdc , (21) 

where ∆Pdc[k] and ∆Vdc[k] are the DC-power and the DC-
voltage variations, respectively; Pdc[k], Vdc[k], Pdc[k–1] 
and Vdc[k–1] represent the DC-power and the DC-voltage 
at the time interval [k] and [k−1]. 

The DC-power can be determined as: 
 ][][][ kIkVkP dcdcdc  , (22) 

where Idc[k] and Vdc[k] are the DC-current and the DC-
voltage at the time interval k. 

The change in the optimum DC-current ∆Idc[k] is 
used as an output of the proposed fuzzy MPPT generator. 
To create the fuzzy sets of inputs and output variables, the 
triangular symmetrical membership functions (MFs) with 
the overlap are utilized to make the fuzzy MPPT system 
more sensitive to small signals, illustrated in Fig. 3. 
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Fig. 3. Normalized membership functions (MFs) and 

corresponding surface viewer 
 

The input/output parameters, i.e. ∆Pdc[k], ∆Vdc[k] 
and ∆Idc

opt[k] are represented by linguistic terms, such as 
Positive-Big (PB), Positive-Medium (PM), Positive-Small 
(PS), Zero (ZE), Negative-Big (NB), Negative-Medium 
(NM), and Negative-Small (NS). 

The following IF–THEN rules define the desired 
relationships between inputs and outputs: 

Ri: IF ΔPdc[k] is Ai and ΔVdc[k] is Bj, THEN 
ΔIdc

op[k] is Ck, where i, j = 1, 2,...,7; k = 1, 2, 3,...,49, 
where Ai and Bj indicate the antecedents and Ck indicate 
the consequent parts, respectively. 

The IF–THEN rules are summarized in Table 1. This 
article uses a fuzzy system with Mamdani method for the 
inference process [21]. 

Table 1 
Fuzzy control rules 

∆Idc
opt ∆Vdc 

 NB NM NS ZE PS PM PB 
NB PB PB PB ZE NM NB NB 
NM PM PM PM ZE NS NM NM 
NS PM PS PS ZE NS NS NM 
ZE NM NM NS ZE PS PM PB 
PS NM NS NS ZE PS PS PM 
PM NM NM NM ZE PS PM PM 

∆Pdc 

PB NB NB NB ZE PM PB PB 
 

The output level ∆Idc
opt[k] of each fuzzy rule is 

normalized by a factor related to the firing strength wi, 
which is calculated from the minimum operation such as: 
     ][,][min kVkPw dcVdcPi dcdc

   , (23) 

The defuzzification is realized using the centroid 
method (COA) of a last combined fuzzy set. The last 
combined fuzzy set is determined by the sum of all rule 
output fuzzy sets using the maximum aggregation 
approach [22]. Therefore, the variation in the optimum 
DC-current ∆Idc

opt[k] is calculated according to the 
following relationship: 
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The output of the fuzzy MPPT system is ∆Idc
opt[k], 

which is converted to the optimum DC-current, Idc
opt[k] 

by: 

 ][]1[][ kIkIkI pot
dc

pot
dc

pot
dc  . (25) 
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Fuzzy model based multivariable predictive 
(FMMP) regulator. In this part, a FMMP regulator is 
developed for a DC-DC boost chopper in order to follow the 
optimum DC-current (Idc

*). The FMMP regulator is 
effective for DC-DC boost chopper because this control 
strategy is a sort of control technique that was primarily 
introduced to regulate constrained linear and nonlinear 
systems. In addition, the FMMP regulator has a quick 
dynamic behavior, excellent stability, and robustness against 
parameter variation in a variety of working conditions. 

Control system design. Since the PMSG can 
provide the rectified DC-current (Idc), it can be used as a 
current source. Therefore, only the dynamic of the boost 
chopper is studied and described in this paper. In the next 
part, the T-S fuzzy model of the boost chopper is utilized 
to represent the original nonlinear behavior for the control 
design goal using the sector nonlinearity method. 

T-S fuzzy model of the DC-DC boost chopper. As 
can be seen from Fig. 1, the global nonlinear dynamical 
behavior of the DC-DC boost chopper in regular state-
variable representation can be expressed as follows: 
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where Idc is the input inductor current or DC-current; u is 
the equivalent control signal that takes values in the 
domain {0, 1}; RL=Vo/Io is the total equivalent resistance; 
Vo is the output DC-voltage; Io is the output DC-current; 
C and L are the capacitance and inductance values 
respectively. 

Finally, a DC-DC boost chopper's discrete-time state 
space representation is used to derive (26), considering 
the sampling period Ts, and replacing the control signal u 
by its respective duty ratio D(k). The result of this 
discretization can be expressed as: 
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 (27) 

According to the expressions (26), (27) and the T-S 
fuzzy model [23], the boost chopper can be described by a 
second-order ri-rule fuzzy system. The ith rule of the 
discrete T-S fuzzy model is written as follows: 

Fuzzy rules ri: 
IF w1(t) is Fi1 and … and wg(t) is Fg1, THEN x(k+1) = 
 = Aix(k) + Biu(k); where i = 1, 2,…,k; Ai  Rn×n, 
Bi  Rn×m; k values denote the number of fuzzy rules; w1, 
w2,…,wg are the premise variables; Fij(j = 1,2,…,g) are 
the fuzzy sets; x(k)  Rn are the system variables; u(k) are 
the control input signal; Ai, Bi are the state vectors of the 
local sub-system inadequate sizes. 

Using the singleton fuzzification, product inference 
rule, and weighted average defuzzification, the above 
fuzzy rules base is deduced as follows: 

   )()()()1(
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The term Fij(wj(k)) is the grad of membership of 
wj(t) in Fij. Note that, where for i = 1,2,…,k. For deriving 
the T-S model of the DC-DC boost chopper, let the fuzzy 
premises variable vector w(k) be selected as: 

)()(),()( 21 kVkwkIkw odc  . 

Since, the system states of the boost chopper are 
bounded; the premise variables will also be bounded. In 
this paper, the fuzzy premise variables vary in the range 
defined as: 
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From the above, the corresponding MFs of the T-S 
system can be written as: 
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These membership functions are considered 
triangular shape as demonstrated in Fig. 4. 
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Fig. 4. Picture MFs of the T-S fuzzy model 

 

Based on the sector nonlinearity notion, we have the 
following relationships: 

222221121111 )(,)( dFDFkVdFDFkI odc  . 

As a result, the complete fuzzy boost chopper model 
is equivalent to: 
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where Ai and Bi are the local sub-models matrices given 
by (for i = 1, 2,..., 4): 
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It can be seen that (30) corresponds with the system 
(27) inside the polytope area [d1, D1] × [d2, D2]. This 
operating space is shown in Fig. 5. 
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Fig. 5. T-S Fuzzy representation of the boost chopper 

 
Multivariable predictive current control. A 

multivariable predictive current control method based on 
the T-S fuzzy model is introduced to obtain an accurate 
tracking control of the optimum DC-current (Idc

opt) for the 
DC-DC boost chopper. In this work, the boost chopper's 
state variables are restricted by physical limits required by 
the wind generator users due to the technical 
specifications of the power converters. Therefore, 
constraints must be set while designing the boost chopper 
regulator. The primary function of the multivariable 
predictive control (MPC) is to compute a series of future 
operating signals in such a way that it reduces a specified 
objective function calculated over a prediction horizon 
[24]. The quadratic objective function to be minimized by 
the MPC controller is given by: 
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Subject to the following constraints: 
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where k is the current sampling instant; Hu indicates the 
control cost horizon; Hw denotes the start point of the 
prediction horizon; Hp signifies the end point of the 
prediction horizon; Hu < Hp, and ∆u(k + j – 1) represents 
the control increments vector, r(k + j) is the future 
reference trajectory, y(k + j|k|) is the j step-ahead 
prediction of the system; Q is the weighting matrix of the 
tracking error; R and S are the weighting matrices. 

Thus, two parts determine the objective function (32): 
the first part is concerned with reducing the difference 
between predicted output and reference trajectory. The 
second part is a penalty for exerting control effort. Further, 
the above-mentioned objective function can be defined in a 
more comprehensive matrix form [25]: 
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where Jmin represents the minimal cost due to the 
reference and the unconstrained output response. 

The fuzzy model (30) is utilized to predict the output 
of the system, subject to amplitude and rate saturation on 
the system states and control inputs: 
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where the predicted output may be written as:  

 nUY ˆ  (35) 

where YRHpn0, ΓRHpn0, ΛRHpn0×Hpni, and ∆UnRHpni, 
n0 and ni are the total number of system outputs and 
inputs; Γ is the unconstrained output response; Λ∆Un is 
the constrained output response. 

So, the new constrained optimization problem 
minimizes a convex objective function (33), on a convex 
set (35). This convex objective function has global minima 
only if the Hessian matrix of the objective function is 
positive-definite [26]. In the light of the above description, 
equation (35) can be transformed into the form: 

 )()()(min kUPkUHkU n
T

n
T

n  . (36) 
The Hessien matrix H is positive-definite if it 

satisfies the following condition: 
 uHrank )( . (37) 

Thus, the restrictions (34) can be expressed in one 
form that can be simply exploited later by the proposed 
optimization method: 
 BkUn  )( . (38) 

The Schur complement theorem is utilized to make the 
non-linear criterion (36) in Linear Matrix Inequalities (LMI) 
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format. Moreover, this theorem can minimize the linear 
objective function with LMI restrictions [27]. Therefore, the 
LMI-based problem of central importance to this paper is 
that of minimizing a linear subject to LMI constraints: 

 
,0)(:tosubject

;minimize

xF

xcT
  

where F(x) is the symmetric matrix that depends affinely 
on the variable x, and c is the real vector. The solution 
then minimizes the linear term cTx [28]. 

LMI problem. An optimization LMI problem 
necessitates restructuring the main problem to include a 
linear objective function and strict inequality constraints. 
Generally, the minimization of a convex quadratic 
objective J(∆Un) can be achieved by the following 
equivalent minimization algorithm: 

Minimize γ and finding an acceptable ΔUn that 
satisfies the following condition: 
    nUJ . (39) 

The relationship (32) can be converted to LMI form 
using Schur complement [27]. 

Given: Q(x) = Q(x)T, R(x) = R(x)T, and S(x) depend 
affinely on x. Then LMI (41) is equivalent to the 
inequalities (39): 
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Although the inequality (39) is strict but not in linear 
form. Thus, it must be converted by Schur complement 
theorem into LMI conditions: 
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The aforementioned constraints (34) must be written in 
a diagonal form defining thus a convex matrix space and 
symmetric. Hence, the final form of the original optimization 
problem can be presented as LMI terms. Therefore, the 
objective function can be reformulated as follows: 
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Simulation and experimental verifications. At first, 
the performance of the suggested control method 
incorporating fuzzy based MPPT algorithm is thoroughly 
examined in simulation using MATLAB/Simulink software. 
Then experimental tests are performed in laboratory to 
validate the proposed control strategy. 

Simulation investigation of wind energy conversion 
system (WECS) control system based FMMP current 
controller. This part shows the advantages of implementing 
the derived predictive algorithm and the fuzzy MPPT control 
scheme. First, the off-line calculations which are necessary 
for the calculation of the control signal are stated. Second, 
the system is simulated based on the small-sized wind 
turbine model, the key parameters utilized in numerical 
simulations are listed in Table 2. Finally, simulation results 
that demonstrate the prevalence of the suggested control 
algorithm are presented. The control problem is to keep the 
wind generator at the maximum output power while 
controlling the DC-current of the boost chopper without 
oscillations, since these oscillations can cause a variety of 
issues for consumers for example, and the power outage. The 
discrete time T-S fuzzy system (30) of the boost chopper can 
be created using a sampling interval of 0.001 ms, the FMMP 
scheme is developed with the following conditions: the 
control horizon is Hu = 2, and the prediction horizon is 
Hp = 20. The limitations are selected as: 
 A100  dcI   and  V6000  oV .   

An additional restriction on the boost duty cycle is 
imposed as follow: 
 98.0)(0  kd .   

The values of the weighting matrices in (31) are: 
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where eye returns an (n×m) matrix with ones on the main 
diagonal and zeros elsewhere. 

Table 2 
System parameters 

Parameters of the PMSG 
utilized in simulation 

Values 

Nominal power 5 kW 
Nominal voltage 380 V 
Pole pairs 4 
Nominal torque 9.5 Nm 
Nominal speed 3000 rpm 
Nominal current 8 A 
Back-EMF coefficient 150 V/Krpm
Stator resistor 0.245 Ω 
d-axis inductor 5 mH 
q-axis inductor 5 mH 
Inertia 5 kgm2 

 

Simulation results. The simulation plots of each 
state variable are shown in Fig. 6,a–h. The outcomes were 
obtained based on a 50 s variable wind profile. Figure 6,a 
shows the wind input used in the computer simulations. 
The variation in the wind velocity comprises high wind 
velocity ranges from 11 to 13 m/s. 
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Fig. 6. Simulation results of the fuzzy MPPT algorithm 

 

Figure 6,b exhibits the simulated waveform of the 
Cp, which is maintained at the optimum value of 0.478, 
and it is not influenced by the variations in the wind 
speed, which shows the good performances of the 
developed fuzzy based MPPT scheme. The resulting TSR 
is shown in Fig. 6,c. It shows that the TSR of the blade 
remains approximately constant and changes only at 
limited values around the best TSR of 8.08. It can be 
observed from Fig. 6,d, that the DC-current tracks the 
optimum current accurately by using the suggested 
control method, which adjusts the torque generator to 
obtain the maximum electrical power from the wind 
turbine with a fast response time. As depicted in Fig. 6,e, 
the rotational speed of the generator is constantly adapted 
to the wind velocity, so that the maximum energy is 
captured from the wind generator. 

The mechanical torque waveform is illustrated in 
Fig. 6,f, as can be observed from Fig. 6,f the torque 
generator changes according to the variation in wind 
velocity to accommodate the variations in the DC-current 
of the boost chopper. Figure 6,g displays the generator 
output power, which is well correlated to changes in wind 
speed. It can also be noted that using the recommended 
control technique, the generator output power quickly 
recovers to its maximum value according to changes in 
wind velocity. The DC-DC boost chopper can also be 
used to increase the rectified DC-voltage. 

As shown in Fig. 6,h, the optimal DC-current 
is proportional to the rectified DC-voltage, their 
relationship is in line with (14). Therefore, it can be 
better controlled to obtain the optimal rectified 
DC-voltage by using the suggested control approach. 
The simulation results demonstrate that the designed 
control method can generate the maximum wind power 
under different wind speeds by adjusting the DC-current 
of the boost chopper. 

Experimental verification of WECS control 
system based on FMMP current controller. The 5 kW 
semi-controlled WECS scheme is built in laboratory to 
prove the effectiveness of the suggested MPPT algorithm. 
In the experimental WECS, the PMSG is attached to the 
shaft of a 5 kW DC-motor to emulate the dynamic and 
static behaviors of the real wind generator. 
A conventional boost chopper is utilized to drive the 
DC-motor. The design parameters of the developed 
WECS prototype are summarized in Table 3. 

The boost chopper is built with SEMIKRON IGBT 
modules, and the driver circuit for the IGBTs modules is 
SEMIKRON SKHI61. The rectified DC-voltage and DC-
current are measured using a voltage sensor and a Hall-
effect current sensor, respectively. The proposed 
intelligent MPPT regulator is implemented using a 
dSPACEDS1104 controller board installed in a host PC 
computer, the sampling time is set as 20 kHz, and the 
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switching frequency of the IGBTs is also kept at 20 kHz. 
A portable power meter and a digital oscilloscope are 
utilized to record the experimental results. 

The schematic circuit of the complete hardware-
setup is depicted in Fig. 7, and the experimental elements 
of the developed WECS prototype are shown in Fig. 8. 

 
Table 3 

System parameters 
Parameters of the WECS for experiments 

PMSG parameters Values           PMSG parameters Values 
Rated power 5 kW Torque constant 2.39 Nm/A 
Rated voltage 380 V Mechanical time constant 2.3 ms 
Pole pairs 4           DC-motor parameters 
Rated torque 22.5 Nm Rated current 15 A 
Rated speed 2000 rpm Rated voltage 220 V 
Rated current 12 A           Grid-connected converter parameters 
Permanent magnet flux 0.39 Wb DC-bus capacitance 2200 μF 
Stator resistor 0.65 Ω Filter inductor 10 mH 
d-axis inductor 8 mH Filter resistor 0.2 Ω 
q-axis inductor 8 mH Grid voltage 220 V 
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Fig. 7. Arrangement of laboratory system 
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Fig. 8. Laboratory test rig 
 

Experimental results. In this part, the performance 
of the suggested intelligent MPPT algorithm is verified 
for different wind velocities and compared with that of a 
traditional PID regulator. In the first test, the wind 
velocity is step-function or ramp-function changed 
arbitrarily from 6-8 m/s as illustrated in Fig. 9,a.  

The Cp of the emulated wind turbine and the 
rectified DC-voltage, the output power of the PMSG 
(DC-power), and the duty ratio of the boost chopper are 
illustrated in Fig. 9,b. The obtained results show that a 
rapid MPP tracking is realized with the proposed 
intelligent MPPT algorithm.  

Despite the change in wind velocity, the real value 
of Cp closely matches its optimal value (0.478). Besides 

the rapid change in the wind velocity, the rectified DC-
voltage and the DC-power are smoothed because of the 
system inertia. 

  Wind speed  
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Fig. 9. Experimental results with step-variations in wind velocity 
 

Experiments have also been carried out with time-varying 
wind speeds. All the waveforms are given in Fig. 10,a,b. 
It can be observed, that the suggested intelligent MPPT 
regulator is constantly looking for new MPP. 
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Fig. 10. Experimental results with turbulent wind changes 
 

The functionality of the proposed FMMP current 
controller was also experimentally verified and compared 
with the typical PI regulator. The comparison has been 
done by observing the Cp, the rectified DC-voltage, the 
DC-power, and the boost duty cycle waveforms. The test 
results in Fig. 11 display the programmed switching 
between the proposed FMMP and PI current control 
methods. During the last testing scenario, the Cp and the 
optimal output power followed their peak values well by 
utilizing the suggested fuzzy MPPT control method.  

The maximum divergence of the Cp from its peak 
value is 0.02 with the suggested MPPT method. We can 
also note that there is no deviation between the real and 
optimal output powers. On the other hand, when utilizing 
the traditional PI regulator, the Cp values oscillate in a 
larger range, and deviations of electrical power from its 
peak values are also observed from moment to moment. 

Duty ratio 

Wind speed 

Power coefficient 

Rectified DC-voltage

 

FMMP mode controlPI mode control 
 

Fig. 11. Comparison of proposed FMMP current controller to 
conventional PI control method 

 
We can see in Fig. 12, that the electrical energy 

produced by the wind generator using the suggested 
intelligent MPPT controller (EFMMP) is greater than that 
produced by the traditional PI control method (EPI). 
Therefore, it proves the effectiveness of the suggested 
intelligent MPPT controller. 

Figure 13 depicts the experimental results of the 
output three-phase voltage (a) and current (b) of the 
PMSG for a wind speed of 10 m/s. 
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Fig. 12. Total generated electrical energy 
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Fig. 13. Experimental waveforms of the WECS 
with the designed grid-side regulator 

 

Figure 14 illustrates the system performances on the 
grid-side converter. From Fig. 14,a, it can be seen that all 
the injected grid currents (Iga, Igb, Igc) and grid voltages 
(Vga, Vgb, Vgc) have a sinusoidal shape of 50 Hz. Figure 14,b 
illustrates Fresnel diagram of the main current and voltage 
using the classical control of the grid-side converter. 
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Fig. 14. Experimental results of the WECS with the designed 

grid-side control algorithm 
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Finally, Fig. 15,a displays that the total harmonic 
distortion (THD) of the injected grid current and voltage 
is 2.5 %, which is below the threshold limit of 5 %. In 
addition, it meets the requirement of a power factor with a 
value of 0.996, as depicted in Fig. 15,b. 
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b)

1 2 
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Fig. 15. Experimental results of the WECS with the grid-side 

control algorithm 
 

Conclusions. 
In this article, an extension of fuzzy model based 

multivariable predictive current control strategy has been 
applied to the DC-DC boost chopper of wind energy 
conversion system to enhance the capability of capturing 
the maximum output energy based on an intelligent fuzzy 
maximum power point tracking controller. The 
considered control algorithm synthesis of the fuzzy model 
based multivariable predictive controller is based on the 
fuzzy system, optimization technique, and linear matrix 
inequalities formulation. In this approach, at every 
sampling period, a quadratic cost function with a specific 
prediction horizon and control horizon is minimized such 
that constraints on the control input are satisfied. 

Furthermore, the designed intelligent maximum 
power point tracking regulator has also been employed to 
derive the optimum DC-current corresponding to the 
maximum power point of the wind generator based on the 
changes in the DC-power and rectified DC-voltage. While 
the fuzzy model based multivariable predictive current 
regulator has been designed to follow the derived 
optimum DC-current with minimum steady-state tracking 
error, this allows the wind generator to produce the 
maximum electrical energy. 

Simulation and experimental results have affirmed 
the significant improvements in maximum electrical 
energy harvesting and mechanical stresses minimization. 
In addition, compared to the traditional proportional 
integral controller, the suggested control approach has 
greater overall control efficiency and can be utilized to 
harvest maximum wind power more efficiently. 
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A novel load shedding methodology to mitigate voltage instability in power system 
 
Aim. A novel technique for detecting imminent voltage instability is proposed in this paper, accompanied by a novel load shedding 
approach to protect the system from voltage instability. Methodology. The proposed methodology utilizes the computation of nodal 
reactive power loss to voltage sensitivities with load increments in the system. Originality. The nodal reactive power loss to voltage 
sensitivity is a novel computation and is explored to detect the likelihood of voltage instability in this work. Results. If the system is 
experiencing an unprecedented load growth and if all the measures reach their limits, then load shedding is the last resort to 
safeguard the system against instability. The sudden change in nodal reactive power loss to voltage sensitivities is utilized to devise 
the quantity of load to be cut in the system. Practical value. The time-based simulations performed in New England 39 bus test 
system (NE-39 bus), the simulated results show that nodal reactive power loss to voltage sensitivities can be used as a trusted 
indicator for early diagnosing of menacing voltage instability and the timely implementation of load shedding developed from nodal 
reactive power loss to voltage sensitivities on the system ensures voltage stability. References 29, tables 1, figures 9. 
Key words: voltage stability, sensitivity analysis, nodal reactive power losses, load shedding. 
 
Мета. У статті пропонується новий метод виявлення навислої нестабільності напруги, що супроводжується новим 
підходом до скидання навантаження для захисту системи від нестабільності напруги. Методологія. У запропонованій 
методиці використовується розрахунок вузлових втрат реактивної потужності залежно від чутливості до напруги при 
збільшенні навантаження у системі. Оригінальність. У цій роботі вузлові втрати реактивної потужності залежно від 
чутливості до напруги являють собою новий розрахунок і досліджуються визначення ймовірності нестабільності напруги. 
Результати. Якщо система відчуває безпрецедентне зростання навантаження і всі заходи досягають меж своїх 
можливостей, скидання навантаження є останнім засобом захисту від нестабільності. Раптова зміна вузлових втрат 
реактивної потужності, залежно від чутливості до напруги, використовується для визначення величини навантаження, яка 
повинна бути відсічена в системі. Практична цінність. Моделювання, засноване на часі, виконане в тестовій системі шини 
New England 39 (шина NE-39), та результати моделювання показують, що залежність вузлових втрат реактивної 
потужності від чутливості до напруги може використовуватися як надійний індикатор для ранньої діагностики загрозливої 
нестабільності напруги та своєчасного впровадження скидання навантаження, що виникає внаслідок втрати реактивної 
потужності у вузлах, до чутливості системи до напруги,а забезпечує стабільність напруги. Бібл. 29, табл. 1, рис. 9. 
Ключові слова: стабільність напруги, аналіз чутливості, вузлові втрати реактивної потужності, скидання 
навантаження. 
 

Introduction. Power system voltage stability 
maintenance is of paramount importance in practical grid. 
Power system is tremendously non-linear system and is 
continuously subjected to several disturbances. It is very 
strenuous for the system operators to monitor and operate 
such highly non-linear system stably. Early detection of 
voltage instability is a pressing concern for system 
operators. Voltage instability may lead to complete or 
partial blackout in the system. After detection, the 
immediate concern is the prevention of system from 
reaching unstable state. One of the proven preventive 
measure is load shedding. The introduction of 
deregulation along with renewable penetration due to high 
energy demand is forcing the grid to operate in a manner 
in which it is not designed to operate. The operating status 
of the systems is continuously monitored by the system 
operators to find the current state of the system. All the 
nodes in the system have to maintain acceptable voltages. 
Maintaining these acceptable voltages under highly 
stressed conditions is a major challenge for power system 
operators. According to [1] voltage stability is the ability 
of the system to maintain acceptable voltages at all the 
buses under all operating conditions. Voltage stability 
problem, in general, occurs due to [1]: 

1) severe loading in the system especially voltage 
dependent load; 

2) line or generator contingency under highly stressed; 
3) insufficient reactive power support in the system; 
4) reverse action of on load tap changer. 

To address the voltage instability issue in the power 
system, a considerable amount of research has been done 

so far. Many methodologies were developed based on 
offline study of the considered test system P-V curves and 
Q-V curves that are drawn based on the repetitive runs of 
the Newton-Raphson load flow (NR load flow) were used 
to analyse the system stability. However, since these 
methodologies were based on an offline analysis, they 
might not be appropriate for real-time detection. On the 
other hand sensitivity analysis [3] has been done to assess 
the voltage instability by neglecting real power variations. 
Such assumptions may not be valid if the system is under 
a highly stressed condition. 

Early diagnosis of voltage instability in power 
system gained much attention from the past two decades, 
as it could trigger a complete or partial blackout in the 
system. Voltage instability detection in real-time can be 
done by utilizing synchrophasor measurements [2]. 
Phasor measurement units (PMU) are the main devices 
for synchrophasor measurements. The methodologies 
developed in [4, 5] utilize the concept of tracking 
Thevenin equivalent parameters. However, it is observed 
in [6], that these methodologies do not detect the accurate 
point of instability. Moreover, accuracy of the tracking of 
Thevenin parameters depends on the window size being 
considered. This problem has been overcome in [7]. All 
these methodologies come under the category of local 
measurements where only one bus of interest can be 
monitored. Even though these methodologies give 
sufficient picture of instability but they are not suitable to 
monitor many nodes at a time that are prone to voltage 
instability. 
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Wider area measurements may be utilized for 
assessing voltage stability issues in the system at a time. 
However, it requires more number of PMUs to be 
installed. The index in [8] utilizes the rate of change of 
voltage for detecting voltage instability. The methodology 
in [9] developed a load shedding scheme to ensure both 
voltage and frequency stability. The methodology in [10] 
utilized the reduced set of measurements from PMU and 
computed the singular values of the Jacobian matrix in 
near real-time. The voltage distance collapse and the 
quantity of load to shed for ensuring voltage stability is 
proposed in [11]. Fast detection of voltage instability in 
real-time are proposed in [12, 13] by utilizing the nodal 
reactive power losses. Voltage instability for renewable 
integrated grid and the locations for reactive power 
support based on the dominant load type is presented in 
[14]. The sites that are suitable for renewable penetration 
are shown with the simulated results. 

A methodology to shed the load based on eigen 
values is presented in [14]. The minimal eigen value of 
the power flow Jacobian matrix has adequate information 
to explore it as an indicator. The system has to be 
continually checked for this indicator before taking any 
preventive action. The main issue with this indicator is 
that the power flow Jacobian matrix is topology sensitive. 
Power system is dynamic system and topological changes 
in the network are recurrent. In such scenarios the 
computation of the singular eigenvalue of the power flow 
Jacobian matrix in real time would be a complex task. 
Under-voltage load shedding based on estimation of 
Thevenin parameters is proposed in [15]. Thevenin 
parameters are estimated by using recursive least square 
approximation techniques. Emergency load shedding 
based on minimum eigen values of power flow Jacobian 
matrix is formulated in [16]. Under-voltage relays are 
placed based on the values of applied L index [17] to the 
considered system. The amount of load to shed is decided 
based on the PQ limit curves. A combined load shedding 
method [18] is proposed by considering both frequency and 
voltage stability. For this, sensitivity analysis and center of 
inertia frequency is considered to determine the amount of 
load shedding at individual node. In the same token, 
another adaptive algorithm [19] is developed for both 
frequency and voltage stability. This algorithms works in 
three stages and the major building block is the drawing up 
of a lookup table and its update in near real-time. The 
lookup table encompasses optimal location and minimal 
load shedding along with consideration for the incidents 
that require post load shedding. 

Frequency measurement and voltage stability index 
are used in [20] for adaptive load shedding. This 
algorithm considers the PMU measurements at the bus of 
interest and voltage stability index is computed from 
those measurements. The coupling between under-
frequency and prolonged low voltage condition is 
exploited for developing the load shedding conditions. 
The sensitivity of dynamic voltage curves is explored in 
[21] to develop load shedding blueprint. The originality of 
this work is consideration of the dynamic conditions of 
the load and system to develop the minimal load shedding 
scheme. This dynamic load conditions study is very 
relevant in voltage stability investigations as the non-

intersection of load characteristic and system 
characteristic results in voltage collapse. Furthermore, the 
contingencies under stressed condition abet the likelihood 
of voltage collapse. The contingency analysis is 
rigorously studied here to obtain the minimal load 
shedding condition. 

The under frequency conjoined with voltage stability 
assessment is considered in [22] for minimal load 
shedding. It is identified that load shedding to avoid only 
the frequency instability may have adverse effect on 
voltage instability. The corrective action for under 
frequency protection may not be sufficient for the support 
of voltage stability. The supplementary arrangement is 
made in this work to support for voltage stability. The 
thermal limit of the transmission lines depend on the scale 
of loading of the lines. If loading is beyond the thermal 
limits, and the non-intersection of system curve and load 
curve initiates the voltage instability. To this end, the load 
rate of transmission is monitored in [23] to prevent the 
cascading failure that occurs due to voltage and frequency 
instability. This load shedding is based on the ranking of 
the outage sensitivity index and voltage magnitude. The 
scheme in [24] considers the under-frequency precise load 
shedding coupled with voltage stability criteria. The 
synchrophasor measurements are used to develop 
methodology by considering the load dynamics. This two 
stage load shedding is very essential for real time system 
monitoring. This scheme protects the system from both 
voltage instability and under-frequency condition. The 
minimal load shedding is however limited to a particular 
node is the main limitation of this work. An optimal load 
shedding based on PMU measurements for practical 
power system is proposed in [25]. 

Under impedance load shedding scheme is presented 
in [26] by considering the motor dynamics as they play a 
prominent role in driving the system to instability. By 
considering the load demand response and using multi-
period optimal power flow, smallest singular value of the 
Jacobian matrix is improved in [27] by shedding the load 
at suitable locations. PMU measurement based 
methodology for load shedding is proposed in. This 
method considers the multiport modelling equations to 
estimate the Thevenin parameters and an index is 
obtained therefrom. This index is used in load shedding 
algorithm to shed minimal amount of load without 
compromising the stability of the system. The power flow 
Jacobian matrix was computed using PMU data in [28]. 
Following that, the power flow Jacobian matrix was 
subjected to V-Q sensitivity analysis. Such analysis is 
useful for identifying the vulnerable nodes in the system 
from a voltage stability point of view. At the weak nodes 
a fixed amount of load i.e. 5 % load shedding is employed 
and checked for the stability condition. In this method the 
load shedding is done only at weak nodes corresponding 
to voltage instability. 

The detailed literature review shown above disclose 
that, most of the methodologies use singularity condition 
of power flow Jacobian matrix or sensitivity analysis of 
Jacobian matrix for detecting instability. In the sensitivity 
analysis of the power flow Jacobian matrix, decoupling of 
active power variations with respect to voltage is 
considered. This assumption is not a valid assumption 
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especially when the system is under stress condition. 
However, reactive power loss to voltage sensitivity may 
provide accurate and early detection of voltage collapse in 
power system. 

Goal. In this work nodal reactive power loss to 
voltage sensitivity has been used as a litmus test for 
detecting the voltage instability and a load shedding 
scheme is also derived therefrom. The main reason for 
considering nodal reactive power loss to voltage 
sensitivity is that it can be obtained in real-time. 
Moreover, the sensitivity analysis obtained from the 
reduced Jacobian matrix seems to be inaccurate especially 
when the system is under the stressed condition. This 
assumption for decoupling of active power variations and 
voltage is overcome by considering Nodal Reactive 
Power loss to Voltage Sensitivity (NRPVS). The 
following sections go into sensitivity analysis and bus 
reactive power losses calculations in greater depth. 

Nodal reactive power loss calculation. The 
reactive power loss in the power system has correlation 
with the bus voltage. Usually, the reactive power loss is 
attributed as line reactive power loss. However, it has 
been identified in the literature that bus reactive power 
loss is proposed and that bus reactive power loss trend in 
the system has significant link with the voltage trend in 
time domain simulations. The computation of nodal 
reactive power loss is as follows. Figure 1 presents the 
bus B-1 with its interconnections and a PMU. 

 
Fig. 1. Power network .showing direction of real power flow and 

line losses [11] 
 

This bus B-1 is the monitored bus. The direction of 
arrows indicates the active power flow direction in the 
lines. The load flow equation at any given node j is 
represented as: 
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where j
busS  is the apparent power at bus j; Vj is the 

voltage at bus j; Ii is the current at bus i . 
PMU measurements are utilized in bus B-1 to 

compute all the line losses and direction of active power 
flows. The bus reactive power losses are evaluated at any 
bus j by using the following equation: 
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where Iij is the current from any bus i to j; Xij is the 
reactance of the line placed between buses i and j. 

In brief, the nodal reactive power losses are the 
summation of line reactive power losses feeding the bus 
of interest. 

There are several methodologies proposed to detect 
the incipient voltage instability by considering the 
decoupling of power flow Jacobian matrix. As the name 
suggests, Jacobian matrix represents the sensitivities of 
the bus voltages and reactive power losses. The 
decoupling of the Jacobian matrix essentially means 
considering the real power load and voltage are weakly 
coupled and subsequently the terms belong to them will 
be dropped. In the same line the terms related to reactive 
power and frequency are also dropped. The details of the 
sensitivity analysis are as follows:  

Sensitivity analysis. The power balance equations 
under steady state by assuming bus numbers i = 1, 2 ... n 
for a n-bus system are given as 
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where PGi is the real power generated at bus i; PDi(Vi) is 
the load demand at bus i and this load demand is function 
of voltage; Vi, Vj ,i, j are the voltages and the 
corresponding angles at buses i and j respectively; Yij is 
the admittance between buses i and j; ij is the angle 
corresponding to Yij. 

By applying NR load flow method to (3), (4) yields 
[1]: 
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where J is the Jacobian matrix and 
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and P, Q,  and V are the incremental changes in 
real power, reactive power, bus voltage angle and bus 
voltage magnitude respectively. 

If real power variations are assumed to be zero then 
(5) can be simplified as 
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where JR is the diminished Jacobian matrix.  

The diagonal elements of JR represent the Q-V 
sensitivities at any node. 

Sensitivity analysis is obtained from the assumption 
that active power variations are decoupled from voltage 
variations. This is not a valid assumption if the system is 
under high stress. By applying Schur decomposition to 
the Jacobian matrix in (6), the gravity of the active power 
dissimilarity under stressed conditions can be deduced. 



66 Electrical Engineering & Electromechanics, 2022, no. 3 

Suggested methodology. The development in 
synchrophasor measurements leads to the accurate 
measurement of voltage magnitudes, branch currents, and 
phasor angles. These measurements are used to compute 
nodal reactive power losses. It has been observed that 
nodal reactive power loss along with voltage magnitudes 
at any node has suitable information to detect imminent 
voltage instability. In addition to that, the critical aspect 
of Q-V sensitivity analysis may be overcome by 
considering nodal reactive power to voltage sensitivity 
analysis. When a system is subjected to continuous load 
increments, then reactive power loss in the branches also 
increases continuously. If the system is stressed with 
excessive loading, then line losses will increase, 
especially the reactive power losses. This has effect on 
voltage magnitude at the buses. 

At the stroke of voltage instability branch reactive 
power losses increase abruptly and voltage magnitudes 
rapidly reduce to unacceptably low values. The power 
system perceives this condition as non-intersection of 
system characteristic with load characteristic. The type 
load and the magnitude of load are essentially accountable 
for this condition. The voltage instability condition can be 
identified using the reactive power losses and voltage 
magnitudes from the PMU measurements. It has been 
identified that nodal reactive power loss trajectory can 
detect the voltage instability accurately as opposed to 
voltage magnitude. In the case of overcompensated 
systems voltage collapse takes place at voltage 
magnitudes close to nominal values. So voltage 
magnitude alone is not a suitable criterion for voltage 
instability detection. 

As the bus reactive power losses are obtained from 
line reactive powers losses, the trend of these losses along 
with voltage magnitudes at any node gives reliable 
information to detect voltage instability. It has also been 
discerned that the bus power losses shoots up at high load 
conditions but much before loadings corresponding to 
voltage collapse. This property of the trend of nodal 
power losses (reactive) has been exploited here to detect 
the voltage instability. 

Under normal operating conditions with nominal 
loadings on the system NRPVS trend is smooth but if the 
system is sufficiently stressed then its trend varies 
abruptly and will progress in the direction of sharp 
change. At the collapse point, a large sudden change in 
NRPVS occurs. The point where the first sharp change in 
NRPVS occurs is the detection point and the time at 
which it occurs is known as instability detection time. 

After early detection of voltage instability from 
NRPVS, its values are used to determine the quantity of 
load to cut in each bus to ensure both voltage stability and 
acceptable voltage magnitudes. 

Load shedding at any load busy J can be computed as 

 


nlJ j
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where Jnl means the bus j corresponds only to the load 
buses; Loadshedj is the load shedding at load bus j and 
NRPVSj is the nodal reactive power loss to voltage 
sensitivity at bus j. 

The flowchart of the algorithm is given Fig. 2. 

 
Fig. 2. Proposed methodology 

 

They steps of the algorithm to implement in real 
time are as follows: 

1) Obtain the PMU measurements at all the load buses. 
2) With these measurements compute the bus reactive 

power losses by considering the direction of active power 
flows and branch reactive power losses. 

3) As PMU data may contain noise signals, these are 
filtered by using moving average filter. 

Moving average filter. It contains a sliding window 
of suitable size of our choice. The output of this filter at 
any time k is given as: 
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where M is the window size.

 

4) Evaluate rate change in bus l reactive power losses 
and rate change in voltage magnitudes in all the load 
buses. 

5) Then normalize the computed rate change in bus 
reactive power losses and rate change in voltage 
magnitudes with its base values. Base values are the 
values obtained under base load condition of the system. 
This normalization is done only for computational 
simplicity. 
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6) Divide normalized rate change of bus reactive losses 
with normalized rate change of voltage magnitude and 
name it as NRPVS. 

7) Monitor NRPVS under real time and find any 
sudden change. 

8) Compute the value of NRPVS at the instant of 
sudden change. 

9) Compute load shedding in each node by using the 
values in previous step. 

Simulation results. The proposed methodology has 
been tested in New England 39 bus test system with all 
the dynamic components responsible for voltage stability 
issues. All the synchronous generators are considered 
with two-axis flux decay model with enforced excitation 
limits. The equations governing the model are as follows: 
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where all parameters are described in Table 1. 
The load is considered as the composite ZIP load 

with 20 % constant impedance load, 20 % constant 
current load, and 60 % constant power load. The ZIP load 
model mimics the practical load and therefore such model 
is being considered. The simulations are performed in 
PSAT [29] toolbox in MATLAB environment. The data 
obtained from PSAT simulations were treated as the data 
from PMU measurements. All of the load buses are 
loaded with (0.001+j0.001) pu/s. This load increment is 
applied simultaneously to all the load nodes. Such load 
increment is known as stress in the system. The authors 
believe that any index should detect the unforeseen event 
with accuracy for the concomitant load variations in the 

system. This work proposed for long term voltage 
stability and therefore such a pattern of load increment is 
chosen for simulations. This pattern of load increment 
plunge the system from a stable operating state to an 
unstable state. 

Table 1 
Description of parameters 

No. Parameters Description 
1  Rotor angle 
2 b Base speed 
3  Rotor speed in p.u. 
4 Pmi Mechanical power input 
5 Pei Electrical power input 
6 D Damping coefficient 
7 M Mechanical starting time 
8 eqi q-axis transient voltage 
9 edi d-axis transient voltage 

10 xqi Synchronous reactance in q-axis 
11 xqi Transient reactance in q-axis 
12 xdi Synchronous reactance in d-axis 
13 xdi Transient reactance in d-axis 
14 iq Quadrature axis current 
15 id Direct axis current 
16 Td0 Open circuit transient time constant in d-axis 
17 Tq0 Open circuit transient time constant in q-axis 
18 vqi q-axis voltage 
19 vdi d-axis voltage 
20 ra Armature resistance 
21 xli Leakage reactance 
22 vf Field voltage 
23 vmi Transducer 
24 Tr Transducer time constant 
25 Kf Stabilizer gain 
26 Tf Stabilizer time constant 
27 Ka Amplifier gain 
28 vr Regulator voltage 
29 vref Reference voltage 
30 vrmaxi Regulator maximum voltage 
31 vrmini Regulator minimum voltage 
32 vr1 Saturation voltage point 1 
33 vr2 Saturation voltage point 2 
34 se(vf) Saturation function 
35 Tei Field circuit time constant 
36 V Terminal voltage 

 

The proposed methodology detects the early 
occurrence of voltage instability. The voltage magnitude 
plot is shown in Fig. 3 delineate that voltage magnitude 
drops as load increases. This is due to the fact that the 
transmission line acting drain to reactive power. This 
causes insufficient reactive power support at load buses. 
The insufficient reactive power support is reflected as 
drop in voltage magnitude. The incessant drop in voltage 
against time is regarded as voltage instability problem. 
The voltage plot depicts that voltage instability occurred 
at 182 s. 

The plot of nodal reactive losses at the cogitated 
buses is shown in Fig. 4. This figure depicts reactive 
losses in the nodes with time-based load increments. As 
mentioned earlier and from the reactive power loss 
equations the nodal reactive power losses trend has 
something noteworthy. If the load variations are less and 
continual, the nodal reactive power loss trend shows a 
small variation. The line reactive power loss seems to be 
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linear till a particular load increment and any load 
increment beyond that limit causes the reactive power loss 
to shoot up. As the nodal reactive power loss is the 
summation of all the incoming line reactive power losses 
and therefore nodal reactive power losses also increase 
abruptly. The point at which such abrupt change occurs 
has some information to report the stability status of the 
system. However, if the stress on the system is continuous 
and reaches the point instability, the nodal reactive power 
losses increase abruptly. It has been observed that voltage 
magnitude and nodal reactive power loss has a direct 
relationship and this is explored in this work. 
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Fig. 3. Plot of voltages in p.u. 
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Fig. 4. Bus reactive power losses in p.u. 

 

The reactive power loss to voltage sensitivity plot is 
evinced in Fig. 5. It has been noticed from Fig. 5 that, sudden 
change in reactive power loss to voltage occurs at 147 s. At 
this instant NRPVS is computed at all the nodes and the 
values are shown in Fig. 6. From this figure, it is observed 
that buses 2, 16 and 24 have the maximum change and 
therefore the plots of these buses are shown in this paper. 

The quantity of load to cut at the load buses are 
computed using the above computed NRPVS. The plot in 
Fig. 7 shows the quantity of load to cut in the load buses 
to safeguard the system from the occurrence of voltage 
instability. The above-computed amount of load for load 
shedding has been applied on all the load buses at 148 s 
and it is observed that voltage magnitudes of all the nodes 
improved and the system is stable. The improved voltages 
after application of load shedding strategy are shown in 
Fig. 8. The comparison of voltages before and after the 
application of load shedding strategy is shown in Fig. 9. 
For this plot only 16 bus has been considered. However, it 
is obvious that at other nodes also voltage magnitudes 
will improve and system reaches stable state. 
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Fig. 5. Curves of NRPVS for buses 2, 16 and 24 

 

Bus number 

M
ax

im
um

 c
ha

ng
e 

in
 N

R
P

V
S

, p
.u

. 

 
Fig. 6. NRPVS of load buses at 146 s 
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Fig. 7. Load to be shed in all nodes 
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Fig. 8. Voltages plot after load shedding 
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Fig. 9. Comparison of voltages with and without load shedding 

 
Conclusions. 
In this work, a novel methodology for voltage 

instability detection and its prevention through load 
shedding has been proposed. Nodal reactive power loss to 
voltage sensitivity has been developed and the trend of it 
is used for voltage instability detection. The value of the 
sudden change in nodal reactive power loss to voltage 
sensitivity is used to devise the load shedding scheme. 
The nodes at which this sudden change occurs are 
considered here to show the simulation results. This 
methodology while applied to New England 39 bus test 
system, detected voltage instability at time close to 150 s 
where the actual voltage instability occurred at 182 s. This 
is leaving a margin of 32 s for the system operator to 
respond. Load shedding, which is a means for preserving 
the voltage instability, when applied at 150 s, the system 
reached to stable state. The simulated results show that 
this methodology could detect the voltage instability in 
good time and the load shedding can bring back the 
voltages to acceptable values. 
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Modelling and performance testing of a digital over-current relay enhanced designed model 
 
Introduction. The over-current relay is widely used to protect distribution and transmission electrical systems against excessive currents 
occurring due to short circuit or overload conditions. Many works have been carried out in the field of models simulation design of 
digital over-current relays in the literature, but unfortunately many of them are more complex design models, have very slow execution 
time and only work in simple faults cases. Purpose. The purpose of this work is to present the performance of a modified and improved 
model of a digital over-current relay designed in Simulink/MATLAB environment with more simplified design, faster execution time, and 
able to operate under more complex fault conditions. Methodology. Before starting tests, modelling of over-current relay is presented in 
details, of which the basic logics of the proposed model to implement inverse and instantaneous characteristics are well explained. 
Afterwards, various tests are carried out for the performance analysis of the enhanced designed relay model in terms of: operating speed 
for eliminating faults that has arisen, ability to distinguish between a fault current and load starting current, capacity distinguish 
between real and temporary fault currents, the way to manage variable faults over time, and the degree of harmony between primary 
protection relay and back-up protection relay. Originality. The originality of our proposed work consists in the development and 
improvement of a digital over-current relay model designed in Simulink/MATLAB environment in such way that it becomes able to 
operate under new harsh test conditions. This developed designed model is implemented and applied in a 400V radial distribution power 
system with a load that causes a starting current. Results. The obtained values of simulation are compared with the theoretically 
calculated values and known existing models. The obtained results after various tests validate the good performance of our enhanced 
designed model. References 18, tables 3, figures 18. 
Key words: digital over-current relay, inverse and instantaneous characteristics, load starting current, primary protection, 
back-up protection. 
 
Вступ. Реле надструму широко використовується для захисту електричних систем розподілу та передачі від надмірних 
струмів, що виникають внаслідок короткого замикання або перевантаження. У літературі було виконано багато робіт у 
галузі моделювання цифрового реле надструму, але, на жаль, багато з них є більш складними моделями конструкції, з дуже 
повільним часом виконання, і вони працюють лише у випадках простих несправностей. Метою даної роботи є 
представлення продуктивності модифікованої та вдосконаленої моделі цифрового реле надструму, розробленої в середовищі 
Simulink/MATLAB, з більш спрощеною конструкцією, швидшим часом виконання та здатністю працювати в більш складних 
умовах несправностей. Методологія. Перед початком випробувань детально представлено моделювання реле надструму, з 
якої добре пояснено основні логіки запропонованої моделі для реалізації зворотних і миттєвих характеристик. Після цього 
проводяться різноманітні випробування для аналізу продуктивності вдосконаленої розробленої моделі реле з точки зору: 
швидкості роботи для усунення виниклих несправностей, здатності розрізняти струм несправності та пусковий струм 
навантаження, можливості розрізняти реальні та тимчасові струми несправності, спосіб управління змінними 
несправностями в часі та ступінь відповідності реле первинного захисту та реле резервного захисту. Оригінальність 
запропонованої нами роботи полягає в розробці та вдосконаленні моделі цифрового реле надструму, розробленої в 
середовищі Simulink/MATLAB таким чином, щоб вона стала здатною працювати в нових жорстких умовах випробувань. Ця 
розроблена модель реалізована та застосована у радіальної розподільчої енергосистемі 400 В з навантаженням, що викликає 
пусковий струм. Результати. Отримані результати моделювання порівнюються з теоретично розрахованими значеннями. 
Результати, отримані після різноманітних випробувань, підтверджують хорошу продуктивність нашої покращеної 
розробленої моделі. Бібл. 18, табл. 3, рис. 18. 
Ключові слова: цифрове реле надструму, зворотні та миттєві характеристики, пусковий струм навантаження, 
первинний захист, резервний захист. 
 

Introduction. According to the International 
Electrotechnical Commission (IEC), the protection of 
electrical networks is the set of monitoring devices 
intended for the detection of faults and abnormal 
situations such as short-circuits, variation in voltage, 
machine faults, etc. and ensuring the stability of an 
electrical network with the aim of ensuring an 
uninterrupted power supply and avoids the destruction of 
expensive equipment. Generally, this protection is 
provided by relays which are devices that continuously 
compare electrical variables such as: current, voltage, 
frequency, etc. with predetermined values, and when the 
monitored value exceeds the threshold they automatically 
give opening orders to its associated circuit breakers [1]. 
Many types of relays have been employed by electric 
power utilities such as over- and under-voltage, over- and 
under-frequency and over-current relays (OCR), etc. 
However, this latter is the most commonly used, and they 
can be applied in any zone in the power system for both 
primary and back-up protection [2, 3].  

Currently, in view of growing demand for precise, 
selective and reliable OCR due to the increasing 
complexity and capacity of power systems on the one 
hand, and the development of logic, communication, 
information storage and processing capacities of modern 
microprocessors on the other hand, traditional 
electromechanical and solid state relays are replaced by 
digital relays which are faster, more compact, more 
reliable in operation, ensuring minimal power outage in 
case of fault and has advantages in terms of data logging 
and adaptive functionality, etc. [2, 4, 5].  

The goal of the paper is to present the performance 
of a modified and improved model of a digital over-
current relay designed in Simulink/MATLAB 
environment for some new cases. 

The performance of the proposed digital OCR is 
sought and tested on a line between two buses of a 400 V 
radial distribution power system where the objectives of 
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this work are summarized in testing the following 
characteristics: operating speed, ability to distinguish 
between a fault current and load pickup current, capacity 
distinguish between real and temporary fault currents, the 
way to manage variable faults, degree of harmony 
between primary protection and back-up protection. 

The remainder of the paper is organized as follows. 
First, the current-time characteristic of an OCR is 
explained. Then, the OCR modelling is presented on 
details. Next, the enhanced designed digital OCR is 
implemented in a 400 V radial network to carry out a 
different test. Finally, we conclude our paper with some 
remarks, and a prospect. 

Current-time characteristic of an OCR. OCR has 
the function of detecting single-phase, two-phase or three-
phase over-currents. The protection can be time-delayed 
and will only be activated if one, two or three phases of 
the monitored current exceed the specified setting 
threshold for a period at least equal to the selected time 
delay also called «operating time», and is calculated 
based on the protection algorithm incorporated in the 
relay microprocessor [1, 6]. According to this delay the 
current-time characteristic of a typical OCR shown in 
Fig. 1 can be one of two as follows. 
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Fig. 1. Current-time characteristic of an OCR 

 
Inverse characteristic. This characteristic means 

that the operating time of the relay is inversely 
proportional to the fault current i.e. the higher the current, 
the shorter the operating time (see curve AB in Fig. 1). 
This characteristic is used for the protection of electrical 
installations against excessive fault currents below severe 
fault levels but able enough that they will damage such 
installations if maintained for a certain period [2, 6, 7]. 

On the other hand, inverse characteristic of a relay 
may have to be modified depending on the characteristics 
and the required operating time of other protection 
devices used in the electrical network. This is why IEC 
defines several types of inverse delay protection which 
are distinguished by the gradient of their curves: Standard 
Inverse (SI), Very Inverse (VI), Extremely Inverse (EI) 
and Long Inverse (LI) [7, 8]. 

The operating time in inverse characteristic of OCR 
(noted T) is depicted as per IEEE standard by the 
following general expression [3]: 

  1


n
pf II

K
T ,                              (1) 

where K is the constant for relay characteristic; If is the 
actual fault current; Ip is the pre-set current setting 
threshold; n is the constant representing inverse-time type. 

By selecting suitable values of n and K any desired 
relay curve can be obtained. Equation (1) can be modified 
in terms of actual faults as: 

n
fI

K
T  ,                                 (2) 

with Ip < If < Is, where Is is the short circuit current. 
It is important to note that the fault current If 

detected by the relay is implicitly assumed constant. 
Otherwise, during a transient or a variable fault current 
this will lead to an inaccurate operating time by the relay. 

Instantaneous characteristic. This characteristic 
(shown in curve BCD of Fig. 1) means that the relay 
operates in the fastest possible time i.e. as soon as the 
fault current becomes greater than the value of the short 
circuit current Is. In this case the operating time is only of 
the order of a few milliseconds: 

T = Ts ,                                    (3) 
with If > Is, where Ts is the instantaneous operating time. 

Relays with instantaneous characteristic are graded 
by a time interval of Definite Time (DT sec) between 
them, e.g. the relay R3 imposed at the end of the network 
of Fig. 2 is set to operate as fast as possible with an 
instantaneous operating time Ts3, while its upstream relay 
R2 is set to a higher independent operating time 
(Ts2=Ts3+DT). The instantaneous operating times of the 
remaining relays increase sequentially at DT sec on each 
section, moving back up to the source [9]. 

G 

R1 R2 R3 

 
Fig. 2. Graded relays in radial network [9] 

 
Modelling of OCR. Digital relays also called 

«programmable relays» based on microprocessors are of 
great importance in the protection field, especially in 
industry in view of their ability to protect against various 
faults (over-currents, over-voltages, thermal overloads, 
etc.) [10, 11]. The general functional diagram of a 
microprocessor-based OCR implemented in a power 
system is shown in Fig. 3. 

fÎ Calculation of peak 

fault current fÎ  

Power system CB 

Current
transformer CT

Data 

Trip (0, 1) 

Analog 
signals to 
digital 

Filtering 

-processor 
(relay logic) 

Conversion 

Ip Ip 

 
Fig. 3. General block diagram of a microprocessor-based OCR 

implemented in a power system 
 

The digital relay operation is based on continuous 
data sampling [10]. Firstly, it takes the signal during run 
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time via an analog-to-digital converter. Then, the digital 
signal is filtered from any harmonics which can cause the 
relay to malfunction as well as to avoid the operating time 
reduction of the relay which causes coordination 
problems [12]. After that, the relay calculates the peak 

value of the measured fault current ( fÎ ) (also noted If), 

then the data (If, Ip, Is) entered into the relay logic 
(-processor) which finally gives the opening (0) or 
closing (1) order to its associated circuit breaker (CB). 

The global output of the digital OCR is the logical 
multiplication (AND) of the outputs of inverse and 
instantaneous characteristics elements [13]. 

Modelling of inverse characteristic. The basic 
logic for implementing the inverse characteristic is 
summarized as follows. 

Measuring fault current peak value If. To detect 
the fault current, it must firstly compare the alternating 
current value (I) of frequency (f) entering the OCR with 
the pre-set current constant value of the latter. For this, it 
is mandatory to convert the fundamental sinusoidal 
filtered signal of the current into DC form [14, 15], and 
by measuring its slope (S) at zero crossing we obtain its 
peak value (If) as follows. 

The instantaneous equation of the sinusoidal current is: 
    tfItI f  2sin . (4) 

The derivative of (I) as a function of time is: 

 
   tffI
t

tI
f   2cos2

d

d
. (5) 

The slope «S» at zero crossing is taken from (5) such 
that t = 0: 

 
 

fI
t

I
S f  2

d

0d
. (6) 

From (6) we extract: 

 
f

S
I f 


2

. (7) 

The designed block diagram of the peak current 
measurement If calculated by (7) in Simulink is shown in 
Fig. 4 in which the peak obtained at each zero crossing is 
held constant by the sample and hold the block until the 
next zero crossing. 

I(t)=Ic * sin(2*pi*f*t)
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Fig. 4. Designed block diagram of peak current measurement 

 
Frequency measurement and block design. The 

fundamental signal frequency entering the relay is 
determined by measuring the time between two 
consecutive zero crossings (T1 and T2), which gives half 
the time period (T) [2]: 

T/2 = T2 – T1.                                 (8) 
From (8), frequency is determined by: 

 122

11

TTT
f


 .                        (9) 

Figure 5 depicts the frequency measurement block 
designed in Simulink. Firstly, the signal enters the «Hit 
Crossing» block which transmits it only at its zero 
crossings to the «If» block, and the latter sends the value 
of the ramp signal at that instant to the output. The 
duration of the generated ramp can be calculated and 
saved in a variable «A». By temporarily storing «A» in 
another variable «B» using the «Transport Delay» block, 
«B» is therefore can be subtracted from the instant of the 
next zero crossing «A» at any time and this will give half 
of the period of time whose value is retained by the 
«Sample and Hold» block, until the next zero crossing. 
After having carried out the calculations according to (9), 
on the value retained, we obtain the instantaneous 
frequency [2]. 
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Fig. 5. Designed block diagram of frequency measurement 

 
Measuring and design of the remainder basic 

logic of the inverse characteristic. After measuring the 
frequency and peak value of current If, the latter must be 
compared with the constant preset value of pickup current 
Ip of the relay using the comparator block «Relational 
Operator». If If>Ip the value of If is raised to an 
appropriate power n to reach the desired relay curve, then 
integrated in the «Integrator» block [2]. 

As long as If>Ip, the integrator output continues to 
increase until it becomes equal to the pre-set value of 
constant K, causing the relay to send a trip signal («0»). If 
the excess current is temporary (due to load starting, or 
any switching action, etc.) and when it dies out to below 
Ip before reaching K, the rising integrator output is reset 
by the feedback reset logic to prevent any relay 
malfunction [2]. 

If the fault current is permanent and has a constant 
level, the value of If

n will also remain constant and 
therefore the output of the integrator will be: 

  
t

n
f

n
fst ItIC

0

d . (10) 

Equation (10) is the equation of a straight line with 
slope If

n. On the other hand, the greater the fault current 
magnitude, the greater the rate of rise of integrator output 
and therefore a shorter time to reach the value of the 
constant K. 

Modelling of instantaneous characteristic. As 
mentioned previously, when If is greater than short-circuit 
current Is, OCR operates in instantaneous characteristic 
mode and sends a «0» trip signal to its associated circuit 
breaker after a shorter fixed delay of «Ts» seconds. The 
logic for implementing the instantaneous characteristic is 
shown in Fig. 6 below. 
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Is 

Trip
Ts  

If 
If If > Is 

 

 
Fig. 6. Block diagram for implementing instantaneous 

characteristics of a digital OCR 
 

Simulation and performance testing. In order to 
test the performances of the enhanced digital OCR model, 
the considered power system is a radial distribution 
network (see Fig. 7), with a load causing a starting 
current. It is worth to mentioning that the considered 
network is supposed without losses. Further, the electrical 
network parameters are summarized in Table 1, where 
U is the network voltage; P is the active power; Q is the 
reactive power; PF is the power factor; Tacc is the 
accelerating period of the load; Iisc is the initial starting 
current; Ir is the nominal (rated) current. 

~ Load 

R1 

A B

F

CB1 CB2 

R2 

CT CT 

 
Fig. 7. Single line diagram of the proposed radial power network 

with coordination of relays (primary and backup protection) 
 

Table 1 
Electrical network parameters 

U, V P, kW Q, kVAr PF f, Hz Tacc, s Iisc, A 
400 100 61.97 0.85 60 2 3Ir 

 

Parameters calculation and relays settings choice. 
In this sub-section, before starting to carry out the tests, it 
is firstly essential to calculate some necessary parameters 
and to make an adequate choice for relay setting of 
primary protection as well as for relay of backup 
protection. This choice is based on the parameters given 
in previous Table 1 and those calculated. 

Calculation of the rated current at full load and 
the initial starting current. The rated current Ir at full 
load is calculated as follows: 

  A81.169
85.04003

10100

cos3

3










U

P
rmsIr .   (11) 

From (11), the peak value of Ir is: 

A15.2402ˆ  rr II .                        (12) 

From Table 1 the initial starting current is Iisc: 
  A43.5093  risc IrmsI .                    (13) 

 

The peak value of Iisc is: 

A44.7202ˆ  iscisc II .                        (14) 

Relays settings choice. The pickup current Ip (peak 
value) must be set to a value greater than the rated current 
Ir. We therefore choose a value somewhat close 
(Ip = 250 A) and similar for both primary (R2) and 
emergency (R1) protection relays. On the other hand, 
severe fault current setting Is (as a peak value) must be 

greater than the initial starting current ( iscÎ 720.44 A). 

Consequently, a relatively close value (Is = 800 A) is 
chosen for the relay R2. In addition, the instantaneous 
operating time is chosen as TsR2 = 0.1 s, and the constant 
K is selected such that it does not cause false tripping 
during start-up and transient conditions (KR2 = 900). 

Furthermore, for a good relays coordination, R1 must 
have a higher setting of Is, K and Ts than that of R2. 
Therefore, the setting of these parameters is maintained 
as: IsR1 = 1000 A, KR1 = 1000 and TsR1 = 0.2 s. The 
parameters settings of R1 and R2 relays chosen in this sub-
section are collected and tabulated in Table 2. 

Moreover, in this work the constant representing 
inverse-time type is chosen as n = 0.9, the total simulation 
time is t = 10 s and the contact operating time of circuit 
breakers is assumed to be zero. 

Table 2 
Selected parameters settings of R1 and R2 relays 

 Ip, A (peak) Is, A (peak) K Ts, s 
R2 250 800 900 0.1 
R1 250 1000 1000 0.2 

 

Test 1: Start-up, temporary fault and permanent 
fault test. To see and verify the enhanced designed relay 
behavior, it is considered three different situations: 
starting period [0-2 s], temporary fault period [3-4 s] and 
permanent fault period [5-end] whose fault current value 
is If = 400 A. The models of [2], [16], [17] and [18] were 
invested so that the inverse characteristic was added to the 
last three models and the first model was developed and 
improved and then the four models were combined to 
obtain a final modified and improved model that 
illustrated in Fig. 8 to be able to operate under hard 
conditions tests. 

Start-up period. From Fig. 9 below, during the 
acceleration period, the initial starting current Iisc (peak 
value) is greater than the pickup current Ip of R2, which 
increases the output of its integrator. At t = 2 s, when 
Iisc<Ip, the integrator output being less than K setting and 
drops to zero, and R2 is reset.  
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Fig. 8. Overall developed simulation model of the two OCRs implemented in the power system 
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The R2's K value is deliberately set above its 
maximum integrator output during the acceleration period 
to avoid any false tripping of relays R1 and R2. 

On the other hand, it can be seen also that the line 
representing R2 integrator output in the load acceleration 
period is not straight seeing that the starting current is 
nonlinear (decreasing current). It is noted that if we 
drawing slopes in some points of this line (see Fig. 9) we 
notice that a large amplitude of the starting current 
(beginning of the current) results in a higher rate of rise of 
the integrator output and therefore a shorter time to reach 
the value of the constant K. Consequently, this remark 
applies to all other fault currents. 
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Fig. 9. Relay performance for test 1 

 
Temporary fault period. In this case, it is clear 

from Fig. 9 above, that the R2 integrator output is straight-
shaped seeing that the fault current in this case is constant 
during this period. 

As the fault is of a short duration (1 s in the interval 
[3-4 s]), this can’t allow the output of the rising integrator 
of R2 to reach the value of K = 900; so it goes back to 
zero. Relay R2 stops counting its inverse characteristic 
operating time: 

s1.4
400

900
9.0


n
fI

K
T .                (15) 

As the fault time (1 s) is less than R2 relay operating 
time (4.1 s), the latter therefore does not send any trip 
signal to its associated CB and ensures continuity of 
service at rated current Ir. 

Permanent fault period. Contrary to the previous 
case, R2 relay integrator output in this situation has 
sufficient time to reach the value of K = 900 after the 
same operating time of inverse characteristic calculated in 
(15) (T = 4.1 s) counted from instant t = 5 s. 

Relay R2 therefore sends its trip signal to its 
associated CB at the instant: t = 5 s + 4.1 s = 9.1 s, while 
the backup protection relay R1 remains inactive, as shown 
in Fig. 10, 11. 
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Fig. 10. R2 status for test 1 
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Fig. 11. R1 status for test 1, 2, and 3 

 

Test 2: Variable fault test. In this 2nd test, we will 
create a variable fault current for a relatively long 
duration of 3 s in the interval [3-6 s]. The considered 
variable fault current starts from If = 270 A at t = 3 s until 
If = 960 A at t = 6 s. From Fig. 12, it can be seen that 
unlike the falling starting current whose rising integrator 
output has the convex parabola shape, the rising variable 
fault current is also having a rising integrator output but in 
a concave parabola form. In addition, it is clear from the 
Figure that before the R2 relay integrator output reaches 
the predefined value K = 900 (fixed only at 694.4 at 
t = 5.35 s) so that R2 gives its tripping order in order to 
eliminate the fault current which is located in its inverse 
operating zone, the fault current reaches the severe 
current level (If = 810.5 A > Is = 800 A) despite the long 
fault duration and enter in the instantaneous operating 
zone at t = 5.25 s. Therefore, R2 relay switches from 
inverse mode to instantaneous mode and interrupts the fault 
current after the pre-set instantaneous delay Ts = 0.1 s, i.e. 
at t = 5.35 s (see Fig. 13). On the other hand, R1 backup 
protection relay remains inactive because there is no 
reason to make it work (the same of Fig. 11). 

The conclusion of this test is that the relay R2 has 
eliminated the variable fault in instantaneous operating 
mode (Ts = 0.1 s, [5.25-5.35 s]), but after a certain period 
of inverse operating time (Tinv = 2.25 s [3-5.25 s]), so after 
a total time of T = 2.35 s. 
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Fig. 12. Relay performance for test 2 
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Fig. 13. R2 status for test 2 

 

Test 3: Testing of a fault during the acceleration 
period. In this 3rd test, a permanent fault current of 
constant value If = 780 A is considered, appeared at the 
instant t = 1 s during the acceleration period [0-2 s]. In the 
normal state, theoretical operating time of R2 in inverse 
characteristic is: 

s25.2
780

900
9.0


n
fI

K
T .                (16) 

Hence, the fault theoretical interruption instant 
counting from their appearance instant (t = 1 s) is: 
1 s + 2.25 s = 3.25 s whereas according to Fig. 14 it can 
be seen that the fault is eliminated in advance at 
t= 2.44 s. i.e. 0.81 s ahead. This is explained by the fact 
that R2 integrator output began to rising from the initial 
start-up instant (t = 0 s), and at the fault appearance 
instant (t = 1 s) it has reached the value 319.25; therefore, 
it needs only a little time to reach the pre-set value 
K = 900. It should be noted that R2 integrator output in 
this case is a line composed of two parts of which the first 
is a convex parabola in the interval [0-1 s] due to the 
starting current, and the second is a straight line in the 
interval [1-2.44 s] due to the constant value of the fault 
current. 
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Fig. 14. Relay performance for test 3 

 

The status of R1 and R2 are shown respectively in 
Fig. 11 (the same status of previous cases) and Fig. 15. 
The performance presented by the relay according of this 
test resides in that it has the ability to distinguish between 
starting current which must let it to pass and fault current 
which must eliminate it. 
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Fig. 15. R2 status for test 3 

 

Test 4: Fault test with broken down primary 
protection. In this test, it is assumed that R2 relay of 
primary protection is broken down (cannot give its 
tripping order to its associated CB). At t = 3 s, a fault 
current which exceeds the severe current threshold of R2 
(If = 840 A> IsR2 = 800 A) is appeared. Thus, it was 
supposed that R2 must eliminate this fault after an 
instantaneous operating time (Ts = 0.1 s), but in view of it 
is in break-down, the fault current still remains present. 
Consequently, the back-up protection is activated to 
operate through the R1 relay; and since (Ip < If < IsR2) the 
fault current is therefore in the inverse operating zone of 
R1, whose the operating time is: 

s33.2
840

1000
9.0


n
fI

K
T .                (17) 

According to Fig. 16-18, it appears that R1 relay 
gives its tripping order at t = 5.33 s counted from the fault 
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appearance instant (t = 3 s) i.e. after 2.33 s; it is exactly 
the theoretically calculated value in (17). 
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Fig. 16. Relay performance for test 4 
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Fig. 17. R2 status for test 4 
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Fig. 18. R1 status for test 4 

 

From this test, it appears the service continuity 
performance guaranteed by both relays: R2 of primary 
protection at the receiving end of the network, and R1 of 
backup protection at the sending end to avoid any break-down 
problem and ensure a good protection of the power system. 

On the other hand, some numerical data on 
improving operating speed (operating time T) of inverse 
characteristic of OCRs used for eliminating faults that has 
arisen are provided in the Table3. 

Through the comparison table above, it is clear that 
the operating time value obtained in our test 4 is exactly 
the theoretically calculated value, as well as the higher 
accuracy of the inverse characteristic of our modified 
model compared to the results of other models. 

 

Table 3 
Operating time comparison with known existing models 

Source 
Simulation 
value T, s 

Theoretically calculated value 

[2] 
(case 1) 

0.8 77.0
26540

3600
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2
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[13] 
(case 3) 

1.25 11.1
24580
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;3600
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Our result 
(test 4) 

2.33 33.2
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;9.0

;1000

9.0














T

I

n

K

f

 

*as a reminder: K is the constant for relay characteristic; 
If is the actual fault current; n is the constant representing 
inverse-time type. 

Conclusions. 
In this paper, an enhanced designed model in 

Simulink/MATLAB of a digital over-current relay used as 
a primary protection and backup protection is presented 
on details. The proposed model is tested in a radial 400 V 
distribution network to carry out a various tests under 
new harsh test conditions. The simulation results proves 
the good and the high performance of the improved 
designed over-current relay on terms of: operating speed 
(time) for eliminating faults that has arisen, ability to 
distinguish between a fault current and load starting 
current, capacity distinguish between a real (permanent) 
and a temporary fault currents, the way to manage 
variable faults over time, and the degree of harmony 
(coordination) between primary relay and back-up relay. 
Finally, the enhanced designed digital over-current relay 
can be extended to design a directional over-current relay 
for a possible work in the future. 
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