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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.

Buxonano amnaniz KoHCmMpyKmMueHO-mexHOIO0IYHUX 0COOIUBOCHEll eNeKMPOMASHIMHUX CUCTNEM MPAHCHOPMAMOpie 3 BUMUMU
Hepo3' EMHUMU MAZSHIMONPOBOOamMU i KpyeosumMu YmMEoPIIUUMU KOHMYPAMU CIMPUICHIE MA 0OMOMKOBUX 6UMKIE. 3anponoHo8ano
KOHCMPYKYIt0 0OMOMKOBOI KOMYWIKU 3 308HIUHBOIO PYXOMOK Md SHYMPIUWHBLOIO HEPYXOMOK UYACMUHAMU ONOPHO-I30AYIIHO20
Kapxacy ma 3aminy 6MOMKU 6UMKI6 HA MmexHonoe2iio Hamomku. Ilokazano, wo BUKOPUCMAHHS 3AMICb YOBHUKOBOI 8MOMAHOL
KOHCMPYKYIT 6UKOHAHHS 0OMOMKU 3 306HIUHBLOK YACMUHOIO 130JIAYIIHO20 KAPKACaA, Wo 00epmaemvcs, npu3eo0ums 00 NOJNINUEHHS
MacoeabapumHux i enepeemuiHo20 NOKA3HuKie mpancgopmamopa. bidn. 14, Tabn. 2, puc. 4.

Knrouosi cnosa: BuTnii TpanchopmarTop, Hepo3’eMHUI MarHiTONpoBix, i3oasauiinui kapkac, 00MOTKa, HAMOTKA.

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-40-74.0M5 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

O\

D,=280(155)

D,=412(335)

a
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= - 370301)
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Fig. 2. Geometric parameters of the electromagnetic system of
the transformer TSZM-40-74.0M5 with K,/= 0.177 and its
analogue with K" = 0.3 in cross section (@) and side view (b)

120°

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

4
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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).

9<

17/

<]
17

N\

104

(r__\
\

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;

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 Fp, and active
power losses Fe with dimensionless optimization
components I*m(xc, Vw) and |*e(Xc,yW,Z|) and relative
controlled variables [6]:

= (I )3/47’5(';1()(03 yer\‘/s')); M
Fe:(l )/4Vstle(xcvywsz ,K\',S"))’ (2)
where |t is the indicator of output data and
electromagnetic loads of the transformer [6]; X; is the ratio
of the diameters D, and D, of the calculated circles of the
magnetic core (Fig. 2,a); Yy is the ratio of the height h,
and the width b, of the winding window (Fig. 2,b); K ),
is the coefficient of filling of the winding window with
copper (voltage class); z is the electromagnetic controlled
variable; yg, Pg 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]:

. r o 3/4
I Yoo K )= 2,070/ [K Ok O, v %
x {K;(V") KR[(yW +1)1-0,0718%. X, — 1) +0,657(x, —
+3,482K )y, (1-0,0718%, (1= 0,0718%. )yey /yst},

ip)e

12t Y 2o K= 207K 1/ [K KK f )
{K >KR[(yW+1)(1 0,0718%. )(%. — 1) +0,657(x, 1)3]+
+3,4822,K )y, (1-0,0718x, P (1-0,071 8xc)}

f (. Vi) = V(1 = 0.0718x; ) (x 1),
where Kg 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; Ky is the coefficient of
additional losses of non-working movement; y, 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-40-74.0M5 (Fig. 1,0). 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»

15 — drive motor; 16 — base; 17 — support Variant Rated Voltage Mass of | Efficiency
power, Uy/U,, V the active

The winding of the windings on the rods is provided kw part, kg

by the rotation of the outer part of the prefabricated
o o ! TSZM-40-

winding frame. After winding the phase coils, the outer 74.0M5 40 380/230 182 0.973
cylinder is fixed. Concentric winding frames are formed
by bonding, in particular gluing, of semi-annular Analogue 40 380/230 154.15 0.976
workpieces.
Electrical Engineering & Electromechanics, 2022, no. 3 5



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]

_ KIcchuPcqu\%v _
Kist7st Pt
1,04-8900-2,4 1072 (2 106)2 ¥
_ 1,04 24 2. _ 738
1,34-76500-1,1
where K., P., 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 K4 is determined by the presence of
third harmonics of the sectional magnetic fluxes of the
magnetic core. Specific losses Pg 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

REFERENCES
1. Kostinskiy S.S. The review of the condition of branch of
transformer manufacture and tendencies of development of
the design of power transformers. lzvestiya Vysshikh
Uchebnykh Zavedenii. Problemy Energetiki, 2018, vol. 20,
no. 1-2, pp. 14-32. (Rus). doi: https://doi.org/10.30724/1998-
9903-2018-20-1-2-14-32.
2. Targosz R., Topalis F.V. Energy efficiency of distribution
transformers in Europe. 2007 9th International Conference on
Electrical Power Quality and Utilisation, 2007, pp. 1-5. doi:
https://doi.org/10.1109/EPQU.2007.4424121.
3. De Almeida A., Santos B., Martins F. Energy-efficient
distribution transformers in Europe: impact of Ecodesign
regulation. Energy Efficiency, 2016, vol. 9, no. 2, pp. 401-424.
doi: https://doi.org/10.1007/s12053-015-9365-z.
4. Charalampopoulos C., Psomopoulos C.S., loannidis G.Ch.,
Kaminaris S.D. Implementing the EcoDesign Directive in
distribution transformers: First impacts review. AIMS Energy,
2017, vol. 5, no. 1, pp- 113-124. doi:
https://doi.org/10.3934/energy.2017.1.113.
5. Innovative breakthrough in the power transformer market.
(Rus). Available at: http://www.elec.ru/articles/innovacionnyc-
proryv-na-rynke-silovyh-transformatorov (Accessed 24 March

2021).
6. Stavinskii A.A., Avdeyeva Y.A., Pal’chikov 0.0,
Stavinskii R.A. The Generalized Method for Structural-

Parametric Synthesis of the Electromagnet Systems of Electrical
Machines and Induction Apparatuses. Part 1. Results from a
Comparative Analysis of Different Versions of Three-Phase
Transformer Electromagnet Systems. Elektrichestvo, 2017, vol.
4, pp. 39-49. (Rus). doi: https://doi.org/10.24160/0013-5380-
2017-4-39-49.

7. Almen J., Breitholtz M. Performance evaluation of
amorphous hexa-core for distribution transformers. Bachelor’s
Thesis in Electric Power Engineering. Chalmers University of
Technology, Gothenburg, Sweden 2012. 50 p. Available at:
https://publications.lib.chalmers.se/records/fulltext/167013.pdf

Values of controlled
Variants variables, p.u. Efficiency
X Yw Z
TSZM-40- | 412/208=|350/170=
74.0M5 =1.98 =2.06 788 0.177
335/155=287/301=
Analogue 16 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 X, Yy of (3), (4) meet the criterion for optimizing
the minimum mass of the EMS.

Increasing the value K\, = 0.177 to a value
corresponding to the voltage class up to 1000 V
(K"y = 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
of interest.

(Accessed 20 March 2021).

8. Najafi A., Iskender I. Comparison of core loss and magnetic
flux distribution in amorphous and silicon steel core
transformers. Electrical Engineering, 2018, vol. 100, no. 2, pp.
1125-1131. doi: https://doi.org/10.1007/s00202-017-0574-7.

9. Kefalas T. Transformers Made of Composite Magnetic
Cores: An Innovative Design Approach. Recent Patents on
Electrical Engineering, 2009, vol. 2, no. 1, pp. 1-12. doi:
https://doi.org/10.2174/1874476110902010001.

10. Kefalas T.D., Kladas A.G. Development of Distribution
Transformers Assembled of Composite Wound Cores. |[EEE
Transactions on Magnetics, 2012, vol. 48, no. 2, pp. 775-778.
doi: https://doi.org/10.1109/TMAG.2011.2172976.

11. Kefalas T.D., Magdaleno-Adame S. Techno-economic
comparative evaluation of mixed and conventional magnetic
wound cores for three-phase distribution transformers. Electric
Power Systems Research, 2018, vol. 155, pp. 331-339. doi:
https://doi.org/10.1016/j.epsr.2017.11.003.

12. Hernandez 1., Olivares-Galvan J.C., Georgilakis P.S.,
Canedo J.M. A Novel Octagonal Wound Core for Distribution
Transformers Validated by Electromagnetic Field Analysis and
Comparison With Conventional Wound Core. I|EEE
Transactions on Magnetics, 2010, vol. 46, no. 5, pp. 1251-1258.
doi: https://doi.org/10.1109/TMAG.2010.2040623.

13. Avdicieva E A., Stavinskiy R.A. Mass and cost figures for
spatial axial three-phase electromagnetic systems with circular
and hexagonal forming contours of twisted magnetic core rods.
Electrical Engineering & Electromechanics, 2014, no. 1, pp. 15-
20. doi: https://doi.org/10.20998/2074-272X.2014.1.02.

Electrical Engineering & Electromechanics, 2022, no. 3



14. Avdieieva E.A., Stavinskiy R.A. Watt loss in three-phase
transformers with circular and hexagonal forming contours of
twisted spatial magnetic core rods. Electrical Engineering &

Electromechanics, 2014, no. 2, pp. 14-17. doi:
https://doi.org/10.20998/2074-272X.2014.2.02.
Received 17.01.2022
Accepted 23.03.2022

Published 01.06.2022

How to cite this article:

0.4. Avdieieva ', PhD,

L.V. Vakhonina?, PhD, Associate Professor,

0.S Sadovoy?, PhD,

R.A. Savinskiy', PhD, Associate Professor,

O.M. Tsyganov 2, PhD,

! Admiral Makarov National University of Shipbuilding,
9, Avenue Heroes of Ukraine, Mykolaiv, 54020, Ukraine,
e-mail: e.avdeeva@ukr.net

2 Mykolayiv National Agrarian University,

9, Georgiya Gongadze Str., Mykolaiv, 54020, Ukraine,
e-mail: sadovuyos@mnau.edu.ua (Corresponding author)

Avdieieva O.A., Vakhonina L.V., Sadovoy O.S., Stavinskiy R.A., Tsyganov O.M. Improving the main indicators of transformers
with twisted one-piece magnetic cores by changing the technology of circular winding turns formation. Electrical Engineering &
Electromechanics, 2022, no. 3, pp. 3-7. doi: https://doi.org/10.20998/2074-272X.2022.3.01

Electrical Engineering & Electromechanics, 2022, no. 3



UDC 621.313.33 https://doi.org/10.20998/2074-272X.2022.3.02

V.S. Malyar, O.Ye. Hamola, V.S. Maday, I.I. Vasylchyshyn

Mathematical modeling of rheostat-reactor start of wound-rotor induction motors

I ntroduction. 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 devicesin 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
inreal 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.

Po3spobneno mamemamuyni mooeni, memoou i aneopummu aHanizy nyCKOBUX peicuMis i CamuiHux XapaKkmepucmuk acuHxpOoHHUX
08U2YHIE 3 Pa3HUM POMOPOM. B po3pobeHux aneopummax MamemMamuina Mooeib 08UeyHa noOana OuphepeHyianbHuUMuU piHAHHAMU,
CKNAOeHUMU Ol eNeKMPUYHUX KOHMYPI6 6 cucmemi OpmMOOHANbHUX KoopOounam. Mamemamuunoro o0cHo8010 pO3poOIEHUX
aneopuUmMMi6 po3paxyHky CMAmMuyHUX Xapakmepucmukx € po3e A3V6aHHs HeNHIUHUX cucmem CKIHYeHHUX PIBHAHb eneKmpudHoi
pisnosazu memooom Hviomona 6 noeOHanHi 3 MemoooM HPOOOEICEHHA NO napamempy, a HYCKOBUX PelCUMIs — 4uciose
iHMe2py6anHs HeNIHIUHUX cucmem Ou@epeHyiaibHuUX pPIGHAHb eleKmpoMexaHiynoi pieHosasu. Enemenmamu mampuyi Axob6i 6
PO3POONICHUX ANCOPUMMAX € GIACHI | 83AEMHI OUpePeHYIaNbHI IHOYKIMUSHOCMI eIeKMPUYHUX KOHMYPIG, K 6USHAYAIOMbCS HA OCHOBL
XapaKxmepucmux HAMAHIYYBAHHA OCHOBHUM MASHIMHUM NOMOKOM, a4 MAKOMC NOMOKAMU PO3CIIOB8AHHA KOHMYpie pomopa i
cmamopa, wo 0ae 3mozy 30iUCHIO8amMYU PO3PAXYHOK 3 YPAXY8AHHAM HACUYEHHS MASHIMONpoeody 0eucyna. Pospobneni npoepamu i
aneopumMu Maioms BUCOKY WBUOKOOTIO | 0aioms 3M02y 30IUCHIO8AMU NPOSKMHUL CUHME3 NYCKOBUX aKMUBHUX | peaKmMUGHUX onopie
8 KO pomopa 3 Memoio 3a6e3neueHHs 3aKOHY 3MIHU eNeKMPOMASHIMHO20 MOMEHMY Ri0 Yac nycky, AKull eionogioac pobomi
cucmemu enekmponpugoody 8 3a0aHuX MexHON02IYHUX YMOBAX, d MAKONC 30TUCHIOBAMU MIKPONPOYecopHe Kepy8aHhs 8 OUHAMIYHUX
peacumax. bi6mn. 25, puc. 4.

Knrouoei crosa: acHHXpOHHHMIA IBUTYH, (ha3HMIl POTOP, peaAKTOPHMII IyCK, MATEMATHYHA MO/eJIb, CTATHYHI XapaKTePUCTHKH,
nepexiaHi npouecu, HaCHYeHHsI MArHITONPOBOAY.

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
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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 cosg [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

dyg :
— = Wy — i + Uss
dt 0¥ sy — Tslex T Usx
dy
W .
— =~y — gy + Ugy;
ddt 0¥ sx — Islsy T Ugy O
v,
— :Swol//ry_(rr "‘rp)rx;
dt
dy,
dty = —SWo¥rx _(rr + rp)ry»

where We, We Wiv, Wiy lse Iss iy iry are the flux linkages
and currents of the converted circuits of the stator
(index s) and rotor (index r); rs I, are the active
resistances of these circuits; r, is the resistance of the

rheostat phase in the rotor circuit; @, is the cyclic
frequency of the supply voltage; Sis 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 Uy = Up, and
Uy = 0.

To calculate the process of the IM start, it is
necessary to supplement the DE system (1) with the
equation of rotor dynamics:

ds_ _&G PoVedsy —Veyis)- Mc(t)j )

dt JCDO

where p, 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; M 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

Vrx =W&X+(Lo‘r + Lp)"rx5
Wry =1//5ry+(LoT + Lp)-iry,

where sy, Way are the flux linkages of the respective
rotor circuits due to the main magnetic flux; L, 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]

‘//or:‘//of(ir); ir:\[irzxﬂrzy» (3)

where L, 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 M. = 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

Q(\?(rxy)): Q) Py + Ry ~Uny. 4)

where Wy, = (l//st//wa‘//rXa‘//ry)*; Iny = (isxaisyairXairy)k >
ny = (U m,0,0,0)* are the vectors of flux linkages, circuit

currents and voltages applied to them;

s 0 0 0
0 0 0

Ry = S

Y10 0 4y 0
0 0 0 e +1p

is the matrix of active resistances of circuits;
[0 —@y O 0
wy 0 0 0
Yolo o o0 0 -sy
1 0 0 s 0

is the auxiliary matrix in which wj is the cyclic frequency
of supply voltage.

Since the flux linkage vector \i’xy is determined by a

set of circuit currents, unknown in the system of finite

equations (4) is the current vector ny, which can be used

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

Ly = 'xy(ny’S’rp"-p)'
Equation (4) makes it possible to investigate the
influence of each of these coordinates on the value of the

current vector ny, 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

v(k+) Zy() 4 Ay(k) (5)

where AYX is the increment of the vector ?k, which at
each step is determined from a linear system of equations

Ay - _(j(?(k))’ ©)
in which Q(\?(k)) is the value of the residual vector Q at

Y = V(k) ; 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 ;s and scattering flux linkages y, together with the
flux linkage y;, of the reactor

DWW sx = OO 5 + Xosi s
WY sy = O 5y + Xodl gy

WYy = Q¥ sx + (Xof + Xp)rx; @
WYy = Y 5y + (XOT + Xp)ry;
the Jacobi matrix is determined by the formula
J=Xs+Xs+Ry> (®)
where
Xsysx Xsysy Xsyrx Xsyry
X = “Xosx " Xsxsy " Xsax ~ Xsay :
SXrysx SKrysy SKryrx SKryry
—Nysx T Xixsy —HKxrx — Hrxry
Xos O 0 0
- 0 —X 0 0
Xy =
0 0 s(xoT + xop) 0
0 0 0 - S(Xof + xop)

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
re, 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 = &U,. This makes
it possible to ensure the convergence of the iterative
process at every step. The resulting value of the

components of the vector |, 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 (1 =5, Ip, L) as a
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parameter of the required characteristic. As a result, we
obtain the DE of the argument A

J dl_xy _Q ,
di o4
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, X, they
have the form

©)

0 0 0
Q | 0 aQ | 0 oQ | O
s WYty ’ a_ —irx | a_ —irx |
— Wo¥'rx —iry —lpy

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

Iyyon 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 (Py = 250 kW,
U=380V, =263 A, ny=1000 rpm).

" L]
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Fig. 2. Dependencies of current (1 *) and electromagnetic torque

(M) in relative units on the active resistance in the rotor circuit
when sliding s= 1.0
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Fig. 3. Dependencies of relative values of current (") and
electromagnetic torque (Mg ) at S= 1.0 on relative
value X, = X, / X5, 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
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Fig. 4. Static starting characteristics with three values
1 of inductance in the rotor circuit and two relative values
" of active resistances:
0 I a)-3.9; b)-117
M* E_—_—_—_— . Presented curves serve only as an illustration of the
i g Xy possibility of developed calculation algorithms. It is
10 an 30 40 obvious that, having chosen one of the parameters of the
a 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.

Conflict of interest. The authors of the paper state
that there is no conflict of interest.
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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 thisinitial 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 N‘mto
0.6 N-mwith 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.

Bcemyn. Hessaoicaiouu na 6azamo nepesaz 6e3uimkogux 0USYHI6 NOCMIUHO2O CIMPYMY 3 PAOIAIbHUM MASHIMHUM NOMOKOM, 60HU
Maiomp 6HULL HeOOIK, WO NOIS2AE Y GUCOKOMY KDYMHOMY MoMeHmi 3y6uamoi nepedaui. [IpoexmysanbHuK noGUHeH 30Cepeoumucs Ha
SHUDICEHHI KPYMHO20 MOMenny 3y6uamol nepedayi Ha emani npoekmyeantsi. Y yitl cmammi npedcmasiena MemoouKa 3¢yey MazHimy
OISl 3MEHUIeHHsl KPYMHO20 MOMEHNLy 3y0uamoi nepedaui 6e3uimko6020 08UZYHA NOCMIUHO20 CMpPYMY 3 pPAOiaibHUM NOMOKOM,
6cmanosneno2o na nogepxui. Memoodonozis. Cnouamky 6e3uwimrkosuil 08Uy nOCMItiHO20 CIMpymy 3 paoiaibHUM MASHIMHUM NOMOKOM
nomyocricnmio 200 Bm, 1000 06/xe cnpoexmosanuil i3 cumempuuHum po3mieHHAM ROCMILIHUX MA2HIMIE 6IOHOCHO 00UH 0OHO20 HA
cepoeunuxy pomopa. Po3nodin kpymnoco momenmy 3y0uamoi nepedaui yb020 NOYAMKOBO20 OBUSYHA OMPUMAHUL UWIAXOM AHANIZY
memoodom ckinuenux enemenmie (MCE). Opuzinanvuicms. L[ xoncmpykyis 6yna 600CKOHGNCHA 30 PAXYHOK 3CY8Y NOJONCCHHS.
NOCMITHUX MA2HIMIE NO BIOHOUEHHIO 00 CYCIOHIX NOCMIUHUX MacHimie. Bnaue 3¢y8y mazuimy Ha KpymHui Mmomenm 3youamoi nepedaui
oyno npoauanizogano 3a oonomoeoio ananizy MCE. Pesynemamu. /{ocniodxcerno, wo nikosuil Kpymuuii mMomeHm 3y6yamoi nepedayi
smernwuecs 3 1,1 H.m 0o 0,6 Hm, 6ionosiono, npu 3cyei nocmitinux maenimis. bioin. 19, tabn. 2, puc. 11.

Kniouogi crosa: KpyTHHH MOMeHT 3y0uaToi mepenavi, aHagi3 MeTOIOM CKiHYEHMX eJeMeHTiB, 3CyB MarHity, 0e3miTKOBUIA

JBHUTYH NOCTIi{HOr0 cTPyMY 3 NOCTIHHMMH MarHiTamm.

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 N,. 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/d6.
However, increase in air-gap length decreases the air-gap
flux @y thus lowering the magnitude of cogging torque
further. To keep @ 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

1 5, dR
Togg =—— D ——
9 2 79 4e,
where @y is the flux crossing air-gap; R is the reluctance
of gap; O, is the angular displacement of rotor.

(M

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,

o0
Teog = 2, Tik -sin(j -k-0), )
i=l
where | is the least common multiple of number of slots
(Ng) and poles (Np); i = 1, 2, 3...; Tj« is the coefficient of
Fourier series.

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

Equation (1) depicts that elimination of cogging
torque can be achieved either by forming @y zero or by
forcing dR/dé, 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 N-m.
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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
Teog, N'm
06 ,
0.4
0.2
0 [
02 (1] 5 10 15
0.4
06 Y

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 N-m.

25 “Tcog, N-m
2
15
1
0.5
0 Rotor angle, mech. degre;
0 10 20 30

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 6.

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

The cogging torque influence of each PM is given by

Teog = 2 Tpng -sin(Ns-i-0), (3)
i=1
where Tpyj is the per magnet coefficient;

[>e)
Teog = Np 'ZTPNsi 'Sin(Ns'i '0)9 “)
i=1
which is equivalent to that given by (2) and rewritten as

o8]
Teog = 2 Tg -sin(Ng-i-6). )

i=1
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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N,-1
p 0
T = 3 O Tony sinlNy--(0-k-6,). (6)
k=0 i=l
where 6, is the angle through which each PM is shifted in
comparison to adjacent PM.
The net cogging torque is reduced to

0
Teog = 2 TN, sin(Ng-N prl- 0). )
i-1

Harmonics other than multiples of th' 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

Fig. 5. Sectional view of rotor (@) reference design with regular
PMs (b) improved design with shifted PMs

0 initial Torque | 1 degree
06 ;e N 2 2d —3de
. A 0 egree 3 2gree
4 = A degree  6=——6 degree
0.4
0.2
0
[}
0.2
0.4
06 A 4 Rotor angle, mech. degree

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 N-m. 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 N-m. Cogging torque (p-p) has been
reduced from 1.1 N-m to 0.6 N-m. 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
Cogging Average
Sr. . . torque
Design details torque
no. peak to (N-m)
peak (N-m)
1 Initial design 1.10 1.91
2 Magnet shift 1° 1.00 1.89
3 Improved Magnet shift 2° 0.80 1.89
4 design Magnet shift 3° 0.60 1.89
5 Magnet shift 4° 0.68 1.88
6 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.

1
2.5 LTcog, N-m

Initial Design 2 Magnet Shift 3°

2 2

Rotor angle, mech. degree

0 5 10 15 20 25 30

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 %.

1 Initial design 2 Magnet shift 3°
& Back EMF, V
2
(1] 10 ) 20 30
2 \ 2
v Rotor angle, mech. degree

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

Shaded Plot
|B| smoothed

Fig. 10. Flux density distribution of reference 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.

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

REFERENCES
1. D. C. Hanselman, Brushless Permanent Magnet Motor
Design, New York, McGraw- Hill, 1994.
2. Akkouchi K., Rahmani L., Lebied R. New application of
artificial neural network-based direct power control for

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.

Shaded Plot
Bl smoothed
1

Fig. 11. Flux density distribution of improved design

permanent magnet synchronous generator. Electrical
Engineering & Electromechanics, 2021, no. 6, pp. 18-24. doi:
https://doi.org/10.20998/2074-272X.2021.6.03.

3. Liu Ronghui, Wang Rumei, Li Jiebao. Reduction of cogging
torque in surfacemounted permanent magnet brushless motor
based on Motorsolve. |IEEE PES Innovative Smart Grid
Technologies, 2012, pp. 1-4. doi: https://doi.org/10.1109/ISGT-
Asia.2012.6303245.

4. Liu T, Huang S., Gao J., Lu K. Cogging Torque Reduction
by Slot-Opening Shift for Permanent Magnet Machines. |EEE
Transactions on Magnetics, 2013, vol. 49, no. 7, pp. 4028-4031.
doi: https://doi.org/10.1109/TMAG.2013.2239977.

5. Seo J.-D., Yoo J.-H., Jung T.-U. Design on notch structure
of stator tooth to reduce of cogging torque of single-phase
BLDC motor. 2015 18th International Conference on Electrical
Machines and Systems (ICEMS), 2015, pp. 1475-1478. doi:
https://doi.org/10.1109/ICEMS.2015.7385273.

6. Chabchoub M., Ben Salah 1., Krebs G., Neji R., Marchand
C. PMSM cogging torque reduction: Comparison between
different shapes of magnet. 2012 First International Conference
on Renewable Energies and Vehicular Technology, 2012, pp.
206-211. doi: https://doi.org/10.1109/REVET.2012.6195272.

7. Islam M.S., Mir S., Sebastian T. Issues in reducing the
cogging torque of mass-produced permanent magnet brushless
DC motor. 38th IAS Annual Meeting on Conference Record of
the Industry Applications Conference, 2003, vol. 1, pp. 393-400.
doi: https://doi.org/10.1109/1AS.2003.1257531.

8. Yu H.-C,, Yu B.-S., Yu J., Lin C.-K. A Dual Notched
Design of Radial-Flux Permanent Magnet Motors with Low

Electrical Engineering & Electromechanics, 2022, no. 3

19



Cogging Torque and Rare Earth Material. |EEE Transactions on
Magnetics, 2014, vol. 50, no. 11, pp. 1-4. doi:
https://doi.org/10.1109/TMAG.2014.2329139.

9. Srisiriwanna T., Konghirun M. A study of cogging torque
reduction methods in brushless dc motor. 2012 Sth International
Conference on Electrical Engineering/Electronics, Computer,
Telecommunications and Information Technology, 2012, pp. 1-
4. doi: https://doi.org/10.1109/ECTICon.2012.6254191.

10. Zhang B., Wang X., Zhang R., Mou X. Cogging torque
reduction by combining teeth notching and rotor magnets
skewing in PM BLDC with concentrated windings. 2008
International Conference on Electrical Machines and Systems,
2008, pp. 3189-3192.

11. Setiabudy R., Wahab H., Putra Y.S. Reduction of cogging
torque on brushless direct current motor with segmentation of
magnet permanent. 2017 4th International Conference on
Information Technology, Computer, and Electrical Engineering
(ICITACEE), 2017, pp- 81-86. doi:
https://doi.org/10.1109/ICITACEE.2017.8257680.

12. Karnavas Y.L., Chasiotis I.D., Gkiokas A.D. An Investigation
Study Considering the Effect of Magnet Type, Slot Type and
Pole-Arc to Pole-Pitch Ratio Variation on PM Brushless DC
Motor Design. 2018 5th International Conference on Mathematics
and Computers in Sciences and Industry (MCS), 2018, pp. 7-13.
doi: https://doi.org/10.1109/MCSI1.2018.00010.

13. Ki-Jin Han, Han-Sam Cho, Dong-Hyeok Cho, Hyun-Kyo
Jung. Optimal core shape design for cogging torque reduction of
brushless DC motor using genetic algorithm. |EEE Transactions
on Magnetics, 2000, vol. 36, no. 4, pp. 1927-1931. doi:
https://doi.org/10.1109/20.877824.

14. Wang A., Ma D., Shu S. Influence of magnet pole shifting
on cogging torque for PMSG application. 2014 17th
International Conference on Electrical Machines and Systems
(ICEMS), 2014, pp. 495-499. doi:
https://doi.org/10.1109/ICEMS.2014.7013521.

15. Islam R., Husain I., Fardoun A., McLaughlin K. Permanent
Magnet Synchronous Motor Magnet Designs with Skewing for
Torque Ripple and Cogging Torque Reduction. 2007 IEEE

How to citethis article:

Industry Applications Annual Meeting, 2007, pp. 1552-1559.
doi: https://doi.org/10.1109/071AS.2007.240.

16. Boukais B., Zeroug H. Magnet Segmentation for
Commutation Torque Ripple Reduction in a Brushless DC Motor
Drive. | EEE Transactions on Magnetics, 2010, vol. 46, no. 11, pp.
3909-3919. doi: https://doi.org/10.1109/TMAG.2010.2057439.
17. Nur T., Haroen Y. Investigation the influence of magnet
slots with fixed slot opening width on the cogging torque of
Inset-PMSM. The 2nd |EEE Conference on Power Engineering
and Renewable Energy (ICPERE) 2014, pp. 195-197. doi:
https://doi.org/10.1109/ICPERE.2014.7067211.

18. Petrov 1., Ponomarev P., Alexandrova Y., Pyrhonen J. Unequal
Teeth Widths for Torque Ripple Reduction in Permanent Magnet
Synchronous Machines With Fractional-Slot Non-Overlapping
Windings. |EEE Transactions on Magnetics, 2015, vol. 51, no. 2,
pp. 1-9. doi: https:/doi.org/10.1109/TMAG.2014.2355178.

19. Dosiek L., Pillay P. (). Cogging Torque Reduction in
Permanent Magnet Machines. |IEEE Transactions on Industry
Applications, 2007, vol. 43, no. 6, pp. 1565-1571. doi:
https://doi.org/10.1109/TTA.2007.908160.

Received 26.01.2022
Accepted 25.04.2022
Published 01.06.2022

Tejas H. Panchal', Assistant Professor,
Amit N. Patel', PhD, Assistant Professor,
Rajesh M. Patel?, PhD, Professor,

! Department of Electrical Engineering,
Institute of Technology, Nirma University,
Ahmedabad, Gujarat, India,

e-mail: tejas.panchal@nirmauni.ac.in (Corresponding author),
amit.patel@nirmauni.ac.in,

? Department of Electrical Engineering,
MEFGI’s Faculty of PG Studies,

Rajkot, Gujarat, India,

e-mail: r_mpatel77@hotmail.com

Panchal T.H., Patel A.N., Patel R.M. Reduction of cogging torque of radial flux permanent magnet brushless DC motor by magnet
shifting technique. Electrical Engineering & Electromechanics, 2022, no. 3, pp. 15-20. doi: https://doi.org/10.20998/2074-

272X.2022.3.03

20

Electrical Engineering & Electromechanics, 2022, no. 3



Electrotechnical Complexes and Systems
UDC 621.3.013

https://doi.org/10.20998/2074-272X.2022.3.04

B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, O.V. Voloshko, V.V. Kolomiets, B.B. Kobylianskyi

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 possihility 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 systemis 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.

Mema. Poszensinymo numarnisi nOpieHsHHS epeKmueHOCHi 3HUNCEHHS PIGHS MAZHIMHO20 NOJsL 6 N'SMUno8epxo8omy 0omi cmapoi
3a6y008U, 2eHepyluoM020 OOHOKOHMYPHOIO NOGIMPAHOIO JIHICIO  elleKkmponepeoayi 3 MPUKYMHUM RIOBICOM Npo8odia 3
BUKOPUCTAHHAM MPbOXKOHMYPHOI ma O0BOKOHMYPHOI cucmem axkmueHO20 eKpamyeauHs, AKI 6iOnogiono micmame mpu abo 06i
Komnencayitini oomomxu. Memoouxa. Ilpu npoexmyeanni cucmemu axKmueHO20 eKPAHYBAHHA BUSHAYANUCA KOOPOUHAMU
NnpoCmMopo8o2o po3MAULy8anHsA eKpanylouux oOMomoK i Cmpymu 6 eKpaHylouux oOMOmMKAx Ha OCHOBI piuleHHs 3a0aui MaKCUMIHOT
eexmopnoi onmumizayii, 6 AKill eexkmop yinbosoi yuxyii pospaxosyemuvcs 3a 3axonom bio-Casapa. Piwenna yici 3adaui
po3paxoeano na OCHOGI aneopummie 6azamopotiogoi bacamoazenmnoi onmumizayii. Pesynvmamu. Hasedeni pezyivsmamu
meopemuunHo20 ma eKCnepUMeHmMaIbHO20 NOPIGHAHHA eHeKMUBHOCIT SHUICEHHS DIBHA MASHIMHO20 NOJA 8 N'AMUNOBEPX0BOMY 00Mi
cmapoi’ 3a6y006u, 2eHepyliomMo20 0OHOKOHMYPHOI NOSIMPSHOIO JIHIEI0 eleKmponepedayi 3 MpUKVmMHUM NIOSICOM NPOB800i6 3
BUKOPUCTNAHHAM MPbOXKOHMYPHOI ma O0BOKOHMYPHOI cucmem axkmueHO20 eKpamyeauHs, AKI MiCmaAmb ionogiono mpu abo 06i
Komnencayitini oomomku. Opuzinanvricms. Bnepuwe po3enanymo nopieHanHs eQexmueHOCMI 3HUICEHHS PIGH MASHIMHO20 NOJA 6
n'amunogepxogomy 0omi cmapoi 3a0y006u, 3a 00NOMO2010 MPLOXKOHMYPHOI Ma OB0KOHMYPHOI cucmem aKmueHo20 eKpaHy8amHs.
Ilpakmuuna yinnicms. 3 mouku 30py npakmuyHoi peanizayii NOKA3AHO MONCTUBICTNG 3HUINCEHHS PIBHA THOYKYIL MACHIMHO20 NOA 8
n'samunogepxosomy 0omi cmapoi 3a0y006u 00 canimaprux Hopm Yxpainu 01s peanvHux cmpymie nosimpanoi ainii enexkmponepeoayi
30 0ONOMO2010 CUNHINE308aHOT OBOKOHNYPHOT CUCHEMU AKMUBHO20 eKPAHYBANHS. [{BOKOHMYPHA cUCeMd aKmu6HO20 eKPaHy8aHHs 6
NOPIGHAHHI 3 MPLOXKOHMYPHOIO CUCIEMOIO AKMUBHO20 eKPANYBANHs Npu 6nposaddcenni npocmiwa. bion. 48, puc. 7.

Knouosi cnosa: moBiTpsiHa JiHisl ejiekTponepenavi, Mar"iTHe IoJie, CHCTeMa AKTHBHOIO EKPAaHYBaHHS, KOMII’IOTepHE
MO/ICJIIOBAHHS, €KCIIEPUMEHTAIbHI JOC/Ii/IZKeHHS .

Introduction. Many existing overhead power shielding, it is possible to reduce the level of the initial

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

magnetic field by 8 times from the induction level of the
initial magnetic field of 4 uT to the level of sanitary
standards of Ukraine of 0.5 uT. 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.

Arrangement of active elements

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 (@) and double-loop (b)
systems. When operating a triple-loop system, as follows
from Fig. 3,8, 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 uT, 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 pT. In general, the implementation of
sanitary standards is carried out on 90 % of the area of
five-story old building.

Zm Field after optimization |B|, uT

Fig. 3. Distributions of the resulting magnetic field
for triple-loop (@) 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 uT. 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 uT 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 (@) 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.

Electrical Engineering & Electromechanics, 2022, no. 3
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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 (@) 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 (@) 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.

Tek ol

CH1 50.0mY CH2 200mY KY Mode
a

Tek e

CH1 50.0mY CH2 200mv &Y Mode

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 uT 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 uT 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 pT 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.

Po3pobieno memood mamemamuyHo20 MOOESAHHSA 6eHMUTbHUX nepemeopiosayie yacmomu (BII9) na niocmasi ananizy npupoou
BUHUKHEHHSL [ 3AKOHOMIDHOCMEU NPOMIKAHHS [HEEPCHO20 CMPYMY 6CHMUNIE Ni0 4ac ix 3anupaHHs 3ACMOCY8AHHAM OUHAMIYHUX
napamempie eHmMuUNi8, AKUMU CY2YIOMb NOCAIO08HO 3' €OHAHT THOYKMUBHICMb MA AKMUSHULL ONIP, WO 3MIHIOIOMbCSA 8i0N0GIOHO 00
3AKOHOMIPHOCMI OUHAMIKU KOHYEHmMpayii HOCII8 enekmpuyHux 3apsaodie 6 cmpykmypax nanienposionuxie (6azax, emimepax ma p-n
nepexooax). Bpaxyeanis HAsA6HOCMI IHEEPCHO20 CIPYMY HANIGNPOGIOHUKOBUX GEHMUIIE ICMOMHO NIOBUYYE PIBeHb A0eKEAMHOCMI
Mamemamuuno2o mooemosanns BIIY 0osinbhoi cmpykmypu i npusHauenHs ma 6 OO0SLIbHUX Delcumax ix pobomu 6KMOUHO 3
HecUMempuyHUMU Ma agapiuHuMu nepexioHuMu eieKmpoMazHimHuMy npoyecamu elekmpomexuiynux xomnnexcie 3 BII9 ne auwe

HA NPOMIJHCKY uacy Komymayii (3anupauus) éenmunis, ane i 8 npodoe’c 6Cbo2o yacy mooentosants. bioim. 21, puc. 9.
Kniouogi cnosa: BeHTHIb, KOMYTallisl, iIHBePCHUIL CTPYM, PiBeHb aIeKBAaTHOCTI, MaTeMATHYHA MO/eJIb, IPOrPaMHMIl KO,

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 wused Dbasic
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 eclectromagnetic 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"*) H
and active resistance R (R=0.1-10") Q, 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=0.1-10° H and R=0.1-10* Q. 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

Lpi+Ri+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 ty 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=1ts + 1, (2)
where tg 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 ty 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
Ne-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 Ng-phase thyristor groups; the letter
M — Ng-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, ¢ — 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 ¢ — the
ordinal numbers of the potentials of the electrical circuit;
Nk — the number of phases, the maximum value of which
in the program code is limited to 24 (Np = 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 Np-phase
AC rectification system

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

PiM*+GM @M+ TM =0, 3
where the vector of currents of external branches:
iM = (iMl""’ iMNF’ _iMl’”" _iMNF); (4)

coefficient matrix:
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in which the diagonal matrix of inverse inductances of the
phases of the network:

%F{& _&} 5)

1

. 1
G = diag( T ) (6)

M, I—MNF

vector of potentials of external network nodes in which
90, =90 = 0(G=1,..,Ng:

PM = (P30 Pgoess P2 g P )3 ()

vector of free terms:

Tv = (Te, —To), 3
in which
i MN]-‘ : RMNF - eNlNF

. 9)

Lmy,

c

iM1 i RM1 B eMl
L,
In (6), (9) we indicate LMJ" RMJ,, iMj’ e are the
Mj

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

Mathematical model of Ng-phase cathode
thyristor group. The cathode thyristor group is
represented by the Ngt+l-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:

pig +Gk P +Tk =0,

where the vector of currents of external branches:

(10)

iK:(i K i K23~-~,i KNF’ i Ko):(_i T =i Tza"',_i TNF’ i Ko) ,(11)

in which
Nr
iK():iH:ZiTj’ (12)
j=I
where iTj is the current of the j-th thyristor (j = 1,..., Ng);
where the coefficient matrix:
e T, 0 0 -G T, 1
> 6rn 0 6
Gk=| o 0 _ ;3 (13)
G T, G T,
Nr
~Gr, ~Gr, Gr, 2.6t
F j:1 JJ

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

ok = (93, P4 K (14)

Py NE

vector of free terms:

GTI.RTl.i Tl
GTZ.RTZ.i TZ
(15)

Gr "Rt i
Ty N Ty

NFf
_ZG To. RTO'I TO
I i
The components of the matrix of coefficients Gk and
the vector of free terms T are: inverse inductance

Gr; =Ly (16)
where |_Tj is the inductance of the j-th thyristor;
RTJ,,iTj are the active resistance and current of the

j-th thyristor branch of the cathode valve group.

Mathematical model of Ng-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 N -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:

A-p+B=0, 17)
where the coefficient matrix:
H
A= D MGy} (18)
=M
vector of potentials of independent circuit nodes:
¢:(¢13 ¢2,7 ¢NF+2)! (19)
vector of free terms:
H
B= Y iT;: (20)
=M

and IT;, G;, Tj, 1‘[5 are the incidence matrices, coefficient

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

Logical equations of the Ng-phase rectifier
control system. The operation of the thyristor rectifier
control system will be described by logical equations,
which have the following form:

Electrical Engineering & Electromechanics, 2022, no. 3

33



Zj=ZyNZgN Ly, = true i=(,...,2°Np), (21

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

condition of opening of thyristors on voltage
(ZUj accepts true value at positive voltage on the j-th

thyristor when UTj >0); Z,. accepts true value when
J

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

Zp=Zp,"Zpy» (22)

where Zp s the condition of opening the diode by
voltage (ZDU has true value at positive voltage on the
diode Zp, 2 0); Zpy 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. Ey;, Ly, Ry, fu, Ng — amplitude
of electromotive force, inductance and active resistance of
phase branches of the network, frequency and number of
phases of the network; Ly, Ry — inductance and active
resistance for the conducting state of thyristors and
diodes; Lz, R, — inductance and active resistance for the
closed state of thyristors and diodes; Ry, Ly — active
resistance and inductance of active-inductive load; ty —
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 Ky of the state of the valves.
These vectors have the following structure:

V = (iH’iD’iTl’""iTzNFs’iMl’""iMNFat) s (23)
where t is the integration time;
K1 = (K, Ky, Ky, K,y o KD) - (24)

The elements of the vector Ky; (24) have the values:
e | — for the conductive state of the valves;
e (0 — for locked state in the case of controlled valves;
e 2 — for locked and uncontrolled valves.

The third group includes the following input data
that relate directly to the operation of program code:
tx — final integration time; At — step of DES integration in
non-switching time intervals; Aty —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 Ky; (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 ¢ (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:

PV = (Pin.pip.Pig Py, Py by D (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 At,
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 ty, and until the time when the j-th thyristor
restores its properties for the closed state, the thyristor
parameters (its inverse inductance Gr, and active

resistance Rr; 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 ty, it is
reasonable to reduce the integration step Atx by at least
one or even two orders of magnitude (Atx=A4t/100)
compared to the set integration step At for the off-

34

Electrical Engineering & Electromechanics, 2022, no. 3



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, issetto 0 ( Kr,= 0), 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 tg. If the current value of the integration time t is
equal to or exceeds the set final ¢ (t > tx) value, the DES
integration procedure is terminated, and otherwise, when
t <tgx — 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 Ng-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 iy, Uy 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 Ey = 800 V, Ly = 0.1-10° H,
Rv =0.1-107 Q, 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: Ly = 0.1:10° H,
L, = 0.1-10° H — inductance of thyristor (and diode)
branches in conductive and closed states, respectively;
Ry = 0.001 ©, R, = 1000 Q — active resistance of
thyristor (and diode) branches in the conductive and
closed states, respectively; a, = 0° — thyristor control
angle; for load: Ly = 0.075 H, Ry=1.5 Q — inductance and
active resistance; At = 10 ps — integration step; Aty = 0.1 ps
— integration step on the switching interval (locking) of
valves; tx = 0.65 s — final integration time; ty = 50 ps —
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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Fig. 2. it R EUS [ . 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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Fig. 3. iy — rectified current

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 Ly/Ry.

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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Fig. 4. iTl — inverse current of the first thyristor (linear law)
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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
it = —4.19 A), and then — its decrease to the steady-state

value, which is equal to it = -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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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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Fig. 7. i, — inverse current of the first thyristor (parabolic law)
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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 it, = -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
EMYVS 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.

3.1t 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 wvalves 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.

Ha niocmaei nocniooeno-napanenvnoi HenimiliHOi cxemu 3aMiujeHHs HANIBNPOGIOHUX NOKpUmMmie ma JiHIUHOI eNeKmpuyHoOi
noaimepHoi i30aayii y wupoxomy OianazoHi 4acmomu 6U3HAYEHO epeKmusHi napamempu OieleKmpuuroi abcopbyii cunosux
BUCOKOBOTbMHUX KADENi8 OOHONMCUNLHO20 6UKOHAHHSA. 30 pe3yTbmamami MOOe08anH s, 3 YPaXy8anHam oucnepcii enekmpo@izuunux
Xapakmepucmuk HAanienpoGioHux NOKpUmMmie, 008e0eHO, W0 epeKmusHa eieKmpuiyna €MHICIMb MPUMAapo8oi KoMNO3UMHOT
BOAAYIUHOI cucmemu BU3HAYAEMbCS EMHICMIO NONIMepHOI i301ayii. Bcmanoeneno xapaxkmep wacmomuux 3anedjicHocmeti ma
MAKCUMANbHI 3HAYEHHS. eeKMUBHO20 MAH2EHCY KVMa OieleKMPUYHUX GMPAMm 6 3AAeNHCHOCI Gi0 CRIBGIOHOWEHHS MIJC NUMOMOIO
eNeKMPONPOBIOHICIIO HA NOCMIUHOMY | 3MIHHOMY CMpyMi ma moSWUHOI0 HANIBNPOGIOHUX eKkpaHie. OmpumaHi cnie8iOHOWEHHS €
niocmaeolo O po3poONeHHs NPAKMUYHUX DPEKOMeHOayili Wooo OOIDYHMYBAHHA MOSWUHU MA eleKMmPO@IBUUHUX Napamempie
HanignposioHux NOKpUMMmie ONid 3MEHWeHHs iX 6nIuey Ha egekmuenuil manzeHc Kyma OieleKmpUudHux empam mpuuiapogoi
KOMRO3UMHOI e1eKmpoi30ayiliHOi cucmemu CUno8ux 6UCOK08oIbmuux kabeaig. bioim. 23, puc. 6.

Kniouosi cnosa: HamiBOpoBiIHI NMOKPUTTS, NoJdiMepHa i30/sLisl, CHIOBUI BHCOKOBOJIbTHHI Kaldeiab, HeJiHiliHa cXxema
3aMillleHHs, KOMILIEKCHA JieJJeKTPHYHA NMPOHUKHICTh, AKTHBHA NMHTOMA NPOBiIHiCTh, e(eKTHBHA eJeKTPHUYHA €MHICTb,
e()eKTHBHMII TAHIeHC KYyTa JieJIeCKTPHYHUX BTPAT.

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 2: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 y is equal to (107" — 107'*) 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 &'(w) and,
accordingly, the dielectric losses tangent tgd 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.

£,Qm I i 11
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Fig. 1. Influence of soot content on the specific conductivity
of semiconductor coating of power cables
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In this case, the specific volumetric conductivity y
differs little from the specific volumetric conductivity y4c
at DC. The tangent of the dielectric losses angle tgde due
to electrical conductivity decreases inversely proportional
to the circular frequency @ and the real part &'(w) of the
complex dielectric permittivity & of the semiconductor
coating material (Fig. 2,a) [21]

Y dc

tgle=—7-——,
80 ®-gy-&'(w)

(1)
where & = 8.85-10 "2 F/m is the dielectric constant.

The total tangent of the dielectric losses angle tgdsemi
of the semiconductor coating takes into account the losses
on the electrical conductivity tgde and polarization tgdyg
[16, 21]

ydC, +8,((()) , (2)
w-&-&'(w) &)
where £’(w) is the frequency-dependent imaginary part of
the complex dielectric permittivity (Fig. 2,b).

Taking into account that the active specific volume
conductivity y,(w) at the alternating voltage of the
circular frequency @ is determined by the imaginary part
£'(w) of the complex dielectric permittivity (Fig. 2,C)

Yac(@)=w-gy -&"(®), (3)
the frequency dependence of the tangent of the dielectric
losses angle of semiconductor coatings is defined as

{8 semi = 180 + 180 ol =

Y semi (@) (4)

tgOsemi (@)= —,
w-&y-&'(w)

where yeani() = yae + Yad @).

Under the condition (@) >> y4, 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]

Yac(®)
w-gy-&' ()

190 semi (@)= &)
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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: Cips, Ci(@), Cx(®)
— capacitances and Gy, Gi(®), Gy(w) - active
conductivities of layers of polymer insulation and
semiconductor coatings on the conductive core and
insulation according to the parallel substitution circuit,
respectively

g(®)e-S

Ci(0)=—"-—~""—"—; Cmszm;
A Ains (6)
Cz(a,):fz(a))A'—g()'Sz;
2
Gl(a))zysemil(a))'i; Gins:7ins'i;
A Ains %)

N
where &ins, €1(®), &,(w) are the real parts of the complex
dielectric permittivities of insulation, semiconductor
coatings on the core and insulation; yj,s is the volumetric
specific conductivity of insulation; yemi, Ysem2 are the
total volumetric specific conductivities taking into
account the frequency dependence of the active
conductivity of semiconductor coatings on the core and
insulation; Sps, S;, $ are the cross sections and Ajns, A, Ay
are the thicknesses of insulation and semiconductor
coatings on the core and insulation, respectively.

C/((U G/(LU)

Gs(@) Gl

Cin\'

C_; (LU) G_?(UJ)

a

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:

tgdi(e) I—G)Gléf()g)) ;

Co(@) =Gy (@)- ((Htgaf(w)) ®)
®-Cig a))

Ol ol

— for cable insulation:
2
Cinss=Cins- (1 + tgé}ns)a
_ 0 Cipss . ©)

nss = >
t2dins
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— for semiconductor coating on insulation:

and determine the effective electrical parameters

tgd. (@—M. (Fig. 3,b) of the three-layer composite system under the
o @ Cy(0)’ given frequency electrophysical characteristics and
( 2 ) (10) thickness of semiconductor coatings and insulation:
Cas(@)=C(@) L+ ighr (@) — electrical capacitance Cey @):
o-Chs(w
Gy (@) =2 C25(@),
tgo ()
Cis-Cins ' C
Ces(®)= 1s " Cinss - Cos _
Cis*Cinss + Cis Cas + Cinss - Cos (11)

271"A1

A ins‘A 2’D l'D ins'D 2

@ &0 [A - Ans - £5(@)- 8D

and the tangent of the angle of the dielectric losses tgded(®)

Dins+ A" A - &ins " Ains D1 - Dy + Aps- A '51,(0))'A1 ‘Dips- Dz]

_ a"cﬁ(a)) _ “)'Ces(a’)'(Gls( ) GII’ISS+GIS( ) st(cu) |nss'G25(a’)) _
tg56(w)_ G%(a’) - Gls( ) inss GZS(W -
w-&n-D Ai A‘ ((1)) +A‘ Az 5|ns AII’]S +A A2 glz(a)) ﬁ (12)
0Bt Bins- ns 7’sem|2(0)) D2 Zins Dins " 7’semi1(a)) D,

a’z'50'[A1'Ans’gé(w)'A2'Dl'Dins+A1'A2'gi'ns’Ains'Dl'D2+Ains‘A2'gi(w)'Al'Dins'Dz]’

where
A =(0? -2 £](0)+ (o))
Ans :(a’z 'g(% 'gi,ns+7i%1$ >

Ay =(0? 63 -c3(0)+ 7o )
are the dimensional coefficients (S*/m?), which take into
account the frequency dependencies of the electrophysical
characteristics of semiconductor shields and polymer
insulation;
Dy =(rg +4,/2),

Dins =(rg + A1 +Ains/2),
Dy =(rg + A +Ajns + 4, /2)

are the geometric factors depending on the radius of the
core I'g, the thickness of the semiconductor coating on the
core A, the insulation thickness Aj,s and the thickness of
the semiconductor coating on the insulation A,,
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 mm? 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 tgdin=1-10"* 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 yg = 107 S/m,
vz = 1 S/m, respectively. For polyethylene insulation —
Vins =10"" S/m. The active specific volume conductivities
of semiconductor screens y(@) 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]

270 Ens - €0 F/m.

108D /D,)’
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

(13)
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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 tgdins 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).

102 ‘Ce:S(fU:)’ F/m: H

10° 10° 10* 10° 10°

f,Hz 10

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. 5ab 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 —
A; = 0.6 mm and A, = 1.2 mm with specific conductivity
at DC y4 = 10* S/m, ya = 107 S/m, respectively;
curves 3, 4 — A; = 0.6 mm and A, = 1.2 mm with
Yaer = 10 S/m, yg = 10* S/m (curve 3) and yg; = 102 S/m,
Y2 = 10* S/m (curve 4); curve 5 — A; = 1.2 mm and
A = 0.6 mm with yge; = 1072 S/m, yge = 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) Ay > Ay and Yac1 > Yael, a2 ® Yde (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 tgdes 3-3.3 times
higher than tgdins;

2) Ay < Ay and yaci > Ydei, Yac2 > Va2 (curve 3) there is
one maximum of tgdes at frequency of 5 kHz with a value
exceeding 4.5 times;

3) A1 > A and yact ® Ydet, Va2 ¥ Vdeo (curve S) there is
one maximum of tgdes near the frequency of 50 MHz with
values of tgdes 6 times higher than tgdins.

10" Ced), F/m
T

2.5 ey
— 2
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2.3 22
2.2
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)
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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 (1/0). 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.

Bemyn. V' cmammi npononyemucs 600CKOHANEHA CUCHEMA KePYBAHHA MA ONMUMI3AYIl eHepeoCcnodICUBants 3 I[HMeNeKmyaibHoIO
EeKOHOMIYHOI0 CIMpamezi€io, 3acHO8an0I0 Ha MemoOi HewimKoi 102iKu 3 0eKinbKkoma exooamu ma euxooamu. Bona euxopucmogyemocs ons
Kepy8aHHs 2IOpUOHUMU Odcepenamu eleKmMPUYHol enepeii, noOYOOSaHUMU HA OCHOGI (hOMOeNIeKMPUYHUX COHAYHUX NAaHenell, 8impogux
mypbin ma cucmemu 36epicanus erekmpuiHoi enepzii 3a donomooio erekmpuunoi mepedici. Hogusna pobomu nonsicac 6 momy, wo
COHAUHI  (homoenekmpuuni, impsui mypOiHU ma Odcepena eHepeii cucmemu 30epicaHHs eHepeil maiomv  npiopumem  HAO
eNeKmpomepedtcelo, KA 3aNUNyEMbCsl Tuue 34 HECHPUAIMIUBUX NO2OOHUX YMO8, W00 3abe3newysami munoge OOMAaumHe 20Cno0apcmeo
0o 4000 Bm =200 na oenv. Kpim moeo, naonuwiku 6i0HO61I06aHOI eHepeil, Wo UpoOIAEMbC Y CRPUAMAUGUX KIIMAMUYHUX YMOBAX,
BUKOPUCTOBYIOMbCSL OIS BUPOOHUYMBA BOOHIO, NPUOAMHO20 OIS ONANEHHA MA NPUSOMYBANHS IJICI 30 00NOMO2010 enekmponizepa. Mema.
Pospobra edockonanenoi cucmemu Kepysamnis ma OnNMuMizayii eHep2oCnoNiCUBAHHSA 3 iHMENEKMYAIbHOI0 eKOHOMIUHOI CIPAamezi€io, o
3acnoeana Ha memooi newimkoi nociku. Ln cucmema 66ydosana 6 mezamixpoxonmponep Arduino 2560, na sikomy peanizoéana 2onosna
npocpama Hevimkoi 10eiku ma po3nooiny nooiti 3 YCiMa MONCIUBUMU CYCHAPIAMU 3 DIIOK-CXEMOI0, WO 00360J5€ Kepysamu 2IopuoHoIo
cucmemoio. 3aznaveni MEmoOu, a MaxKodIc NapamempuHuLl NOWYK ma MoOeno8aHHs 0N XapaKmepucmuKy CUCmeMu peanizyiomscs Ol
moeo, wob 3acmocysamu 3anponoHo8aHi Memoou 0is 3abesneyents besnepepeno2o npodicusanis y 6younxy. Pesynemamu. Pesynomamu
peanizayii 3anponoHo8anoi cucmemu niOmeepoHCYIOmy X eqheKmueHicmy 8I3yani3ayicio GUXIOHUX CUSHATIE KePYBAHHS 610 eNeKMPOHHUX
nepemukauyie. Ilpaxmuune 3nauenna nonseac y nepedaui NOMYNCHOCMI uepe3 OOHOQA3HUL NepPemeoplosay NOCMINHO20 CIMPYMY y
SMIHHULL OJ151 HCUBTICHHS. HABAHMAICEHHS SMIHHO20 CIPYMY 0151 dcumniosux npumingens. biomn. 20, puc. 9.

Kniouogi cnoea. ridpuaHa eHepreTM4Ha CHCTeMa, BiHOBJIIOBAHA eHepris, akymyJsTOpHa Oarapes, HeuiTka .Jorika,
iHTeIeKTyaJbHe KepyBaHHSI.

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.

AC bus

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

DC bus

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:

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

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

e 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)

=

Read Fpv, Pw, Batt charge and Load
Evaliate baluree of Load= Load-(PpveFw)

Ballunce Load He
=0
Yes
Check Batt Check Batt
SOC s0C
Heo Ho
S0C=2084 SOCe 8084
¢ Yes
Load supply B i B
i batt with PV« PW sapply is PV+Fw
Load sapply Gud chaging
b Gud Batt

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 aresult, 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.

800 T T
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-
3 200p
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-

Wind power (W)

g
g
Tirne freurs)
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.
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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 0of 2000 W — Low L — level 1,
wind turbine: 70 W of 1000 W — Low L — level 1,
battery: 1273 W-h of 2400 W-h — 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; LLLM.L.LLL.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.LM; LLLM.LLL.L.L]

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

[System]
Name='FLSC49-15mars’
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Version=2.0
NumInputs=4
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NumRules=80
AndMethod="min"
OrMethod="max'
ImpMethod="min"'
AggMethod="max"'

NafuroMathnd=1rant ranidl

Rules

o =

(i) :
(1) :
(1) =
(1) :

’

’

[ [

es]
11
12,
13
1

I
S I S
I I
PRSI [ I
EETI N [N
I I
ES I )
R I (%)
I I
P I
BN =

’

2
Fig. 7. FLSC Fuzzy Inference System file screenshot
(codification of rule no. 2)
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Fig. 8. PWM signals from FLSC-Arduino. From Top to Bottom:
the multiple outputs are G2L, PV2L, W2L, BAT2L, PV2B,
W2B, G2B, PV2E, W2E
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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.

Bcemyn. Cucmema nepemeopenns enepeii 6impy nompeoOye ancopummy 6iOCMeNCeHHA MOUKU MAKCUMANbHOI nomyscHocmi. Y
Jimepamypi € Kitbka pooim, NpUCeA4eHUx NOUWYKy cUcmemuy nepemeopeHHs eHepaii 6impy i3 MOYKor MAKCUMATbHOL nomyscHocmi. Ak
npasuno, ix Memoro € OnMUMI3ayis. MexaniuHo2o 06epmanHa abo MOMEHMY, Wo Kpymums, 2eHepamopa i nepemuxaiie nocmitino2o
cmpymy abo pobouozo yuxay. Buxiona nomysicnicme cucmemu nepemeopents enepeii gimpy 3anexcums 8i0 MoyHOCHi KOHMpoaepa
CMedICeH s 3a MAKCUMATLHOIO ROMYICHICMIO, OCKIIbKY WBUOKICMb 8impy NOCMILIHO 3MIHIOEMbCSL npomseom OHsA. Cucmemu cmediceHHs
30 MOYKAMU 3 MAKCUMATILHOIO ROMYNHCHICIIO, SIKUM He NOMPIOHI MeXaHIUHI 0amuuKy OJisk 6UMIPIOGAHHS WEUOKOCIE GiMpYy, MarOms Psio
nepesaz y NOPIGHAHHI 3 CUCMEMAMU, WO SUKOPUCMOBYIOMb Mexaniuni damyuxu. Hoeusna. IIpononosana poboma npedcmasnsie
iHmMeneKmyanbHuli  Memoo  GIOCMedNCeHHs  MOYKU — MAKCUMANbHOI  NOMYHCHOCMI, 3ACHO8AHUN HA  HeuwimkKiil Mmoldeni ma
bazamonapamempuiHoMy NPOSHO3VIOUOMY KOHMpORepi, Ol OMPUMAHHA MAKCUMANLHOI eHepeli 0N Manomacumadnoi cucmemu
nepemeopents enepeii 6impy, nioknoyenoi 00 erekmpuyroi mepesxci. I[IponoHosanutl aneopumm He 8UMAa2Ae SUMIPIOBAHHI WUBUOKOCHI
6impy abo 3nanna napamempie mypoOinu. Mema. Ilo6yoosa inmenekmyansnHo2o aneopummy GiOCMedtCeHHsT MOUYKU MAKCUMANbHOL
NOMYACHOCMI, KU He GUKOPUCIMOBYE MeXAHIUHI 0amuuKy O GUMIPIOBANHS WEUOKOCMI GiIMpY ma GUMAZYE MAKCUMATLHO MOICTUBY
NnOmysICHicMb 3 8impozenepamopa, a makodic npocmuti ma 3pyynuil y peanizayii. Memoou. V yvbomy nioxooi 00 ynpaguinms Heuimxa
cucmema 8 OCHOBHOMY SUKOPUCHIOBYEMbCA OJisl 2EHEPYBAHHSA eMANOHHO20 NOCMITIHO20 CIMPYMY, WO GION08I0ac MouYyi MAKCUMATLHOT
NOMYJICHOCMI, HA OCHOBI 3MIH NOMYJCHOCMI NOCMIUHO20 CcmpymMy ma nocmiunoi eunpsmaenoi Hanpyeu. Haenaku,
bazamonapamempuyHull nPoSHO3YIOUUL pe2yNiamop HA OCHOGI HeWimKoi Moleni cnidye 3a pe3yibmylouuM emaioOHHUM CIMpyMoOM 3
MIHIMANLHOIO NOMUTKOI0, WO Gcmanosunaca. lemomui npobiemu 3anponoHo6aHo20 Memooy 6i0CMedCceHHs MOUKU MAKCUMANbHOT
NOMYACHOCME, MAKi AK Npoyec OemdalbHO20 NPOEKMYBAHHA MdA peanizayisi 080X KOHMpOJepis, OVau pemenvbHo O00CHiodiceHi ma
npedcmasneri. Poseasauymuil nioxio 00 6i0CMedCeH sl MOYKU MAKCUMATbHOI NOMYMHCHOCI 0)8 3aCmOoco8anuti 00 8imposoi cucmemi,
wWo npueooumsv y 00 CUHXPOHHULL 2eHEPAmop 3 NOCMIUHUMU MacHimamu nomyosichicmio 5 kBm y peowcumi 3minHoi weuoxkocmi 3a
donomoeoio mooentosanns. Ilpakmuuna yinnicms. J[ns niomeeposicens pe3yibmamis MoO0emo8ants Oy10 6UKOHAHO NPAKMUYHY
peanizayiio Ha 6unpobY8aIbHoMy cmenOl nomydcnicmio 5 kBm, wo ckradacmucsi 3 naamu konmpoaepa ASPACEAS1104, cunxponnozo
2eHepamopa 3 NOCMIUHUMU MAZHIMAMU Ma eleKmponpusoodis 3 08usyHamu nocmiinozo cmpymy. [lopisHsAnbHI excnepumeHmanvhi
pe3yabmamu npu pisHii weuoKocmi 6impy niomeepouny 3HaA4Hi NONNUeHHA NPOOYKMUSHOCMT 3 MAKCUMATLHO20 BUPOOIEHHA eHepeii
8impy i 3a2anbHO20 6I02YKY cucmemu Npu 6UKOPUCTIAHHI 3aNPONOHO8AHO20 MemOoOy YNPAGNiHHA 6 NOPIGHAHMI 3 MPAOUYIUHUM
NPONOPYILHO-IHMESPATLHUM KOHMPOIEPOM CHOCIEPENCEHHSA 30 TOUKOI0 MAKCUMATbHOI nomyscHocmi. biom. 24, tabmn. 3, puc. 15.

Knrouosi cnosa: majioraGapuTHMii BiTporeHepaTrop, BiICTeKeHHSI TOYKH MAaKCUMAJIBHOI NOTY:KHOCTi, HeWiTka cucTeMa,
fararonapaMeTpHy4He IPOrHOCTHYHE YNPABIiHHSA HA OCHOBI HeuiTKoi Moae i, MeTO/ JIIHIfHUX MATPHYHUX HePiBHOCTEH.

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&0O) 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

Rectifier

Boost Converter

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.

VSI .
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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 (Vg), 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 (V) 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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1
Rn=5pACMLﬂw%, (1)

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

A general form is utilized for modeling C,. The
equation is derived from the characteristics of the wind
turbines [19]:

21

116 oy
Cp :0.5176(7—0.4ﬂ—5je A 40.00684;  (2)

1 1 _ 0.055

A& A+0.088 i1’
where A is the ratio of the linear turbine rotation to the
wind velocity, which is stated as:

2= nR @)

Dw
where @y and R are the turbine rotational speed and
radius, respectively.
Figure 2 displays the C, against A graph obtained by
(2). It's worth noting, that there is a unique optimum value
of the Agp at which the Cj, is at its highest value C;™ [20].
G

3)

C"=0.47

f/iomzs.os
0 L b J
0 5 10 A
Fig. 2. C, =f (4) 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 (Ao, Cy™) = (8.08, 0.47).
The optimum mechanical power (Py,,x) can be established
by replacing (4) into (1), as shown in:

3
Phax = I(p“)miopt > (5)
where @m on represents the optimum mechanical angular
speed of the wind generator for a given wind velocity;
ks, is the power control coefficient calculated as follows:
P ﬂRSCglax

Wy

From (1), (5) the approximate relationship is obtained:
3 3
Phax % Uw € ®m_opt » (7

where symbol oc 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:

(6)

p

E =keopm, ®)
where ke is the back-EMF coefficient of the wind
generator.

The phase terminal AC voltage V. in the root-mean
square (RMS) for a three-phase PMSG is defined as:

Vac =E—- Iac(Rs + jwe'—s)a ©)
with:

We = PO, (10)
where |, Rs, Ls are the line-current in RMS, the line-
resistor, and the line inductance, respectively; we 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 (Vq) is related to the phase-voltage of the
PMSG, therefore can be calculated as:

36

Vge=—Vac- an
T

Assuming no power losses, the electrical DC-power
(Pgc) can be expressed as:

Pac=3Vaclac = Vacl dc (12)
where |4 represents the rectified DC-current, which can
be determined by replacing (11) in (12):

Vid
lge =—— 1l oc - (13)
dc JE ac
Equations (8)—(10) can then be used to get the
following equation:

346 J6
Ve = _(ke 6 pLs! acjwm;
(14)
36 J6
Vci:pt = . [ke_? pl—slac]a)r%pta

where Vg is the optimum rectified DC-voltage at the MPP.
Substituting (5) into (14) gives:
Vge ¢ @y and VI oc o (15)
From (5), (14) at the MPP,
relationship is valid:

the following

opt
Vyc € oy and By o dcp )3

(16)
Meanwhile, the optimum DC-power can be
described as:
t t | opt
P> = 1Pmax =V I 7, (17)

where # is the conversion coefficient from the PMSG to

the DC-side, which is considered constant; l4*™ is the

optimum DC-current or the reference DC-current (lgc ).
Mixing (16), (17) gives:

1P oc c;f‘)z. (18)
Substituting (18) into (17) yields:
2
1 (P (19)

As indicated in (18), (19), 14> is proportional to the
square of Vg™, and is directly related to Pg™. As a
result, when |4 is kept close to its optimal (reference Idc*)
value 4™, the wind generator may produce the
maximum amount of electrical power Pg™.

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 14>, So that, if the DC-
current |y is being equal to 14> 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 Py and Vy variations are selected as the two input
parameters for the fuzzy MPPT system. At the K"
sampling period, both variables are calibrated by the
scaling gains K;, K,, and updated using the following
equations:

APyo[K] = K (APgc[K] - APglk=11):  (20)

AVgel K1 = K3 (AVgolk] - AVge[k -11), (1)
where APy[K] and AV [K] are the DC-power and the DC-
voltage variations, respectively; PgK], Vg[K], Pgdk-1]
and Vgo[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:
FaclK]=VaclK]- laclK], (22)

where 14[K] and Vy[K] are the DC-current and the DC-
voltage at the time interval k.

The change in the optimum DC-current Alg[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. APg[K], AVg[K]
and Alg™[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:

R: IF APg4[K] is A and AVy[K] is B;, THEN
AlgPK] is C, where i, j =1, 2,....,7; k=1, 2, 3,...,49,
where A and B; indicate the antecedents and Cy 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
AVyc

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
PB | NB|NB|NB|ZE| PM | PB | PB

Al

APy

The output level Alg®[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:

w; = min{ap, (APw[K]) tay,, (AVaclK])),  (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 Alg®[K] is calculated according to the
following relationship:

> E k)

n opt ,:
> E D)
The output of the fuzzy MPPT system is Al K],

which is converted to the optimum DC-current, |4 >P[K]
by:

Al D K] = (24)

| 0 k] = 1 2O Tk 11+ Al B [K] . (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 (Ic). 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 (l¢), 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:

dg] [, G-u]
dt | _ L dc —

RS IR o T
dt c R.C

where |4 is the input inductor current or DC-current; U is
the equivalent control signal that takes values in the
domain {0, 1}; R=Vy/I, is the total equivalent resistance;
V, is the output DC-voltage; |, 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:

L
lgc(K+1) | Lo |t
Vok+1) | 7| Ts T_j Vo(K)
C R.C o)
L
" _ Idc(k)Ts b®.
c

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 i rule of the
discrete T-S fuzzy model is written as follows:

Fuzzy rules r;:

IF w(t) is Fj; and ... and wy(t) is Fg, THEN x(k+1) =
= Ax(KK) + Bruk); where i = 1, 2,...kk A € R™,
B, € R™™, k values denote the number of fuzzy rules; wi,
W,...,Wy are the premise variables; Fj(j = 1,2,...,0) are
the fuzzy sets; X(K) € R" are the system variables; U(K) are
the control input signal; A, B; 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:

xk+1)= 3 (o)A +Buk},  @8)

where:

H?:l F'J (Wj (k))
STy o)

The term Fij(wj(k)) is the grad of membership of
w;(t) in Fjj. 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:

Wi (K) = 1K), Wy (K) =V, (K).

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:

max (1 g (k)) = Dy, min(l4.(k))=d;;
max (Vo (K))=D,, min(V,(k))=d,.
From the above, the corresponding MFs of the T-S
system can be written as:

21 (W(k)) =

(29)

l gc(K)—dy
Fi=——"—"—, Fp=1-F
=7 g, 12 11
Vo(k)—d,
Fp =2 , Fo=1-F.
2175 "4, 22 21
These membership functions are considered
triangular shape as demonstrated in Fig. 4.
1
t1(lae(K) - pa(lac(K))
0
dl Dl
1
(Vo(K)  pa(Vo(K))
0
d, D,

Fig. 4. Picture MFs of the T-S fuzzy model

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

lac(K) = F 1Dy + Fypdy, Vo(K) = Fy Dy + Fypd,

As a result, the complete fuzzy boost chopper model
is equivalent to:

kD)= AG+( T 416600008 Jdk) . 30)

where A and B; are the local sub-models matrices given
by (fori=1,2,..., 4):

5

L

A‘=A2:A_;,=A4:A=£ - Ts
C R C
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and:
(Vdc — dz)Ts (Vdc — dz)Ts
_ L _ L
B = _diTs B = DTy
C C

It can be seen that (30) corresponds with the system
(27) inside the polytope area [d;, D] % [d,, D;]. This
operating space is shown in Fig. 5.

= R;
> R W ° o
B D
o X(ld: Vi)
s
B @ o
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i D, .
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1
Fiiwi(lae)), Frz(wWi(lac))

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 (14>™) 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:

: H T U
mind=>" "% (r(ke+ )= k) Qrik+ ) —tke+ K+
= (31

H . . .
+y jzul(u(k+j D' +Auk+j-1)" SAuk+ 1|—1)

Subject to the following constraints:
Xmin < )A((k"‘ j|k)S Xmaxs  Ymin < y(k+ j|k)S Ymax >
Unpin < 0K+ J[K)< Unaxs Almin < Au(k + j|K) < AUy,
where K is the current sampling instant; H, indicates the
control cost horizon; H,, denotes the start point of the
prediction horizon; H, signifies the end point of the
prediction horizon; H, < Hp, and Au(k + j — 1) represents
the control increments vector, r(k + j) is the future
reference trajectory, Y(k + jlk|) is the j step-ahead

prediction of the system; Q is the weighting matrix of the
tracking error; R and Sare the weighting matrices.

max >

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]:

- \T'
J(AU ) = I +2[(r+®uk,1 - ) QAJAU, +

(32)
+AUTTATQA + R+ SJAU,
where
Jnmin = Yrg QYrer +TTQr—2Y, Qr+0, . ST + )

+ LT|;r_1 RU_J_I .
where J,;, 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:

I ULnax
-1 _Umin
L
AU, < U max (34)
-L ~Uin
A Ymax -I
L™ A_ L~ Yinax + r_
and
1 0 ... 0]
2| © 1 : 0 < RHuXH
00 ... 1]
10 ... 0]
Lo 1 1 = 0 e RHu e+
1 .. 1]
where the predicted output may be written as:
Y =T+ AAU, (35)

where YeR™, re R e RIPOxHPT  and AU, e R,
Ny and n; are the total number of system outputs and
inputs; /" is the unconstrained output response; 4AU, 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 AU (k)" HAU (k) - PT AU, (K) . (36)

The Hessien matrix H is positive-definite if it
satisfies the following condition:

rank(A)=H,. 37

Thus, the restrictions (34) can be expressed in one

form that can be simply exploited later by the proposed

optimization method:

AUL(K)<B. (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:
minimize CTX;
subject to: F(X) >0,
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 c'x [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(AU;) can be achieved by the following
equivalent minimization algorithm:

Minimize y and finding an acceptable AU, that
satisfies the following condition:

J(AU,)< 7. (39)

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

Given: Q(X) = Q()', R(X) = R(X)", and S(X) depend
affinely on x. Then LMI (41) is equivalent to the
inequalities (39):

Qx Sx]
D{&xf R(x)}o’ (40)
) R(X) < 0; 41
) Q(¥)— SR 'S(0)" <0. 1)

Although the inequality (39) is strict but not in linear
form. Thus, it must be converted by Schur complement
theorem into LMI conditions:

minyeR
subject to (42)
2[(F+®Uk-1 —aner)TQ/qAUn Hmin—7 AUy 0
1 [<0.
AU, —[ATQA+R+84L

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:

minyeR"
subject to: (43)
2[(1"+®ka1 _anef)TQA]AUn Hmin=7 AUJ -0
11<0.
AU, —[AT QA+R+qF
I Uglax
=1 ~Uin
L
AU, < Unax ; (44)
-L ~Uin
A Ymax -
L™ A_ L~ Ymax + F_

diag(1AU, —U 1oy ) < 0;
diag(-1AU, +U i, ) < 0;
diag(LAU , U 0 ) < 0;

diag(~LAU , +U ) <O;
diag(AAU, — Y + 1) £0;
diag(AAU [, + Y — 1) <0.

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 Hy = 2, and the prediction horizon is
Hp=20. The limitations are selected as:

0<1lg<10A and 0<V,<600V .

An additional restriction on the boost duty cycle is
imposed as follow:
0<d(k)<0.98.
The values of the weighting matrices in (31) are:
Q=eye(H p),
S=0.5-eye((Hy,+1Dn;), R=0.1-eye((Hy+1n;).
where eye returns an (Nx M) matrix with ones on the main
diagonal and zeros elsewhere.

Table 2
System parameters
Parameters of the PMSG
. L . Values
utilized in simulation
Nominal power SkW
Nominal voltage 380 V

Pole pairs 4
Nominal torque 9.5 N-m
Nominal speed 3000 rpm
Nominal current 8A

Back-EMF coefficient 150 V/K-rpm
Stator resistor 0.245Q
d-axis inductor 5SmH
g-axis inductor SmH
Inertia 5 kg-m’

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
C,, 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 6,9 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 PMSQG 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

58

Electrical Engineering & Electromechanics, 2022, no. 3



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 5kW |Torque constant 239 Nm/A
Rated voltage 380 V  [Mechanical time constant 2.3 ms
Pole pairs 4 DC-motor parameters
Rated torque 22.5 N-m |Rated current 15 A
Rated speed 2000 rpm |Rated voltage 220V
Rated current 12 A Grid-connected converter parameters
Permanent magnet flux 0.39 Wb |DC-bus capacitance 2200 pF
Stator resistor 0.65 Q |Filter inductor 10 mH
d-axis inductor 8 mH  |Filter resistor 029Q
g-axis inductor 8 mH |Grid voltage 220V
Loe B Lac
X X X XK 1
cT
Gf =Cdc _,Sjg— :%Cdc ®. ié— “*Cd:' ® m
3-phase suppi = \ Grid
X % % Dc-Motor PMSG & % & _"‘-—EI‘ —E|_ =
D;[ D] DCIC] D7| Ds| De] [CT Ma’-|\ My| M. E
| ] i T W |
| \ 1 |IGBT diver board |
v ¥ [ NN’ y

dSPACE DS1104 controller board

=

Fig. 7. Arrangement of laboratory system

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 C, 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 C, 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.

a)

b)

Duty ratlo

.................................................

M

Fig. 9. Expen'mental 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,ab.
It can be observed, that the suggested intelligent MPPT
regulator is constantly looking for new MPP.
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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 C,, 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 C, and the
optimal output power followed their peak values well by
utilizing the suggested fuzzy MPPT control method.

The maximum divergence of the C, 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 C, values oscillate in a
larger range, and deviations of electrical power from its
peak values are also observed from moment to moment.

Power coefticient

- -R-ectiﬁed -DC:avo:lta-g 2

5+u-+n|-+o+u.

o|'4l~+ rerie .ﬁ I}-n.u l;qJ L [ .“ &J‘t!!-‘-"{' J.).
i W
A\ o -Wlnd speed

\U,U

:Pl mode corrtrol_

: FMMP 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 (Epymp) is greater than that
produced by the traditional PI control method (Ep).
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. 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. 14,3, it can be seen that all
the injected grid currents (lg, Ign, lgc) and grid voltages
(Vgar Vgb, Vo) 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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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.

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

Acknowledgment. The authors express their
gratitude to Taif University Researchers Supporting
Project Number TURSP-2020/34), Taif, Saudi Arabia.

REFERENCES
1. Babes B., Rahmani L., Chaoui A., Hamouda N. Design and
Experimental Validation of a Digital Predictive Controller for
Variable-Speed Wind Turbine Systems. Journal of Power
Electronics, 2017, vol. 17, no. 1, pp. 232-241. doi:
https://doi.org/10.6113/JPE.2017.17.1.232.
2. Amrane F., Chaiba A., Francois B., Babes B. Experimental
design of stand-alone field oriented control for WECS in
variable speed DFIG-based on hysteresis current controller.
2017 15th International Conference on Electrical Machines,
Drives and Power Systems (ELMA), 2017, pp. 304-308. doi:
https://doi.org/10.1109/ELMA.2017.7955453.
3. Lee J, Kim Y. Sensorless fuzzy-logic-based maximum
power point tracking control for a small-scale wind power
generation systems with a switched-mode rectifier. IET
Renewable Power Generation, 2016, vol. 10, no. 2, pp. 194-202.
doi: https://doi.org/10.1049/iet-rpg.2015.0250.
4. Hamouda N., Babes B., Kahla S., Soufi Y. Real time
implementation of grid connected wind energy systems:
predictive current controller. 2019 1st International Conference
on Sustainable Renewable Energy Systems and Applications
(ICSREA), 2019. pp- 1-6. doi:
https://doi.org/10.1109/ICSRESA49121.2019.9182526.
5. Kesraoui M., Korichi N., Belkadi A. Maximum power point
tracker of wind energy conversion system. Renewable Energy,
2011, wvol. 36, no. 10, pp. 2655-2662. doi:
https://doi.org/10.1016/j.renene.2010.04.028.
6. Zhu Y., Cheng M., Hua W., Wang W. A novel maximum
power point tracking control for permanent magnet direct drive
wind energy conversion systems. Energies, 2012, vol. 5, no. 5,
pp- 1398-1412. doi: https://doi.org/10.3390/en5051398.
7. Kazmi S.M.R., Goto H., Guo H., Ichinokura O. A Novel
Algorithm for Fast and Efficient Speed-Sensorless Maximum
Power Point Tracking in Wind Energy Conversion Systems.
IEEE Transactions on Industrial Electronics, 2011, vol. 58, no.
1, pp. 29-36. doi: https://doi.org/10.1109/TIE.2010.2044732.
8. Xia Y., Ahmed K.H., Williams B.W. A New Maximum
Power Point Tracking Technique for Permanent Magnet
Synchronous Generator Based Wind Energy Conversion System.
IEEE Transactions on Power Electronics, 2011, vol. 26, no. 12,
pp- 3609-3620. doi: https://doi.org/10.1109/TPEL.2011.2162251.
9. Ching-Tsai Pan, Yu-Ling Juan. A Novel Sensorless MPPT
Controller for a High-Efficiency Microscale Wind Power
Generation System. |EEE Transactions on Energy Conversion,
2010, vol. 25, no. 1, pp- 207-216. doi:
https://doi.org/10.1109/TEC.2009.2032604.
10. Agarwal V., Aggarwal R.K., Patidar P., Patki C. A Novel
Scheme for Rapid Tracking of Maximum Power Point in Wind
Energy Generation Systems. |[EEE Transactions on Energy
Conversion, 2010, vol. 25, no. 1, pp. 228-236. doi:
https://doi.org/10.1109/TEC.2009.2032613.
11. Lin W.-M., Hong C.-M. Intelligent approach to maximum
power point tracking control strategy for variable-speed wind
turbine generation system. Energy, 2010, vol. 35, no. 6, pp.
2440-2447. doi: https://doi.org/10.1016/j.energy.2010.02.033.
12. Kazmi S.M.R., Goto H., Guo H.-J., Ichinokura O. A Novel
Algorithm for Fast and Efficient Speed-Sensorless Maximum
Power Point Tracking in Wind Energy Conversion Systems.
|IEEE Transactions on Industrial Electronics, 2011, vol. 58, no.
1, pp. 29-36. doi: https://doi.org/10.1109/TIE.2010.2044732.
13. Galdi V., Piccolo A., Siano P. Designing an Adaptive Fuzzy
Controller for Maximum Wind Energy Extraction. |IEEE
Transactions on Energy Conversion, 2008, vol. 23, no. 2, pp.
559-569. doi: https://doi.org/10.1109/TEC.2007.914164.

Electrical Engineering & Electromechanics, 2022, no. 3

61



14. Pucci M., Cirrincione M. Neural MPPT Control of Wind
Generators With Induction Machines Without Speed Sensors.
|EEE Transactions on Industrial Electronics, 2011, vol. 58, no.
1, pp. 37-47. doi: https://doi.org/10.1109/TTE.2010.2043043.

15. Cardenas R., Pena R. Sensorless Vector Control of Induction
Machines for Variable-Speed Wind Energy Applications. |EEE
Transactions on Energy Conversion, 2004, vol. 19, no. 1, pp. 196-
205. doi: https://doi.org/10.1109/TEC.2003.821863.

16. Chedid R., Mrad F., Basma M. Intelligent control of a class
of wind energy conversion systems. |EEE Transactions on
Energy Conversion, 1999, vol. 14, no. 4, pp. 1597-1604. doi:
https://doi.org/10.1109/60.815111.

17. Chiang H., Tsai H. Design and implementation of a grid-tied
wind power micro-inverter. |[ET Renewable Power Generation,
2013, vol. 7, no. 5, pp. 493-503. doi: https://doi.org/10.1049/iet-

21. Bose B.K. Expert system, fuzzy logic, and neural network
applications in power electronics and motion control.
Proceedings of the IEEE, 1994, vol. 82, no. 8, pp. 1303-1323.
doi: https://doi.org/10.1109/5.301690.

22. Mamdani E.H., Assilian S. An Experiment in Linguistic
Synthesis with a Fuzzy Logic Controller. International Journal
of Human-Computer Sudies, 1999, vol. 51, no. 2, pp. 135-147.
doi: https://doi.org/10.1006/ijhc.1973.0303.

23. Takagi T., Sugeno M. Fuzzy identification of systems and
its applications to modeling and control. |EEE Transactions on
Systems, Man, and Cybernetics, 1985, vol. SMC-15, no. 1, pp.
116-132. doi: https://doi.org/10.1109/TSMC.1985.6313399.

24. Wang L. Model predictive control system design and
implementation using MATLAB. Springer London, 2009. doi:
https://doi.org/10.1007/978-1-84882-331-0.

rpg.2012.0342.
18. Hamouda N., Benalla H., Hemsas K., Babes B., Petzoldt J.,

Ellinger T., Hamouda C. Type-2 Fuzzy Logic Predictive Control
of a Grid Connected Wind Power Systems with Integrated
Active Power Filter Capabilities. Journal of Power Electronics,
2017,  vol. 17, no. 6,  pp. 1587-1599. doi:
https://doi.org/10.6113/JPE.2017.17.6.1587.

19. Beddar A., Bouzekri H., Babes B., Afghoul H. Real time
implementation of improved fractional order proportional-
integral controller for grid connected wind energy conversion
system. Revue Roumaine Des Sciences Techniques Serie
Electrotechnique et Energetique, 2016, vol. 61, no. 4, pp. 402-
407. Available at:
http://revue.elth.pub.ro/upload/89285817 ABeddar RRST 4 2

016_pp_402-407.pdf (Accessed 12 June March 2021).

20. Kahla S., Bechouat M., Amieur T., Sedraoui M., Babes B.,
Hamouda N. Maximum power extraction framework using robust
fractional-order feedback linearization control and GM-CPSO for
PMSG-based WECS. Wind Engineering, 2021, vol. 45, no. 4, pp.
1040-1054. doi: https://doi.org/10.1177/0309524X20948263.

How to citethis article:

Received 08.02.2022
Accepted 23.03.2022
Published 01.06.2022

Badreddine Babes!, Senior Researcher A,

Noureddine Hamouda', Senior Researcher A,

Sami Kahla!, Senior Researcher A,

Hichem Amar?, Senior Researcher B,

Sherif SM. Ghonein?, PhD, Associate Professor,
!'Research Center in Industrial Technologies CRTI,
P.O. Box 64, Cheraga 16014 Algiers, Algeria,

e-mail: elect babes@yahoo.fr (Corresponding author),
n.hamouda@crti.dz, s.kahla@crti.dz, h.amar@crti.dz,
2 Department of Electrical Engineering,

College of Engineering, Taif University,

Taif 21944, Saudi Arabia,

e-mail: s.ghoneim@tu.edu.sa

Babes B., Hamouda N., Kahla S., Amar H., Ghoneim S.S.M. Fuzzy model based multivariable predictive control design for rapid and
efficient speed-sensorless maximum power extraction of renewable wind generators. Electrical Engineering & Electromechanics,
2022, no. 3, pp. 51-62. doi: https://doi.org/10.20998/2074-272X.2022.3.08

62

Electrical Engineering & Electromechanics, 2022, no. 3



UDC 621.3 https://doi.org/10.20998/2074-272X.2022.3.09
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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 systemis
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 10ss 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.

Mema. Y cmammi RpOnOHYEMbCS HOBUU MEMOO GUSGIEHHS HABUCTOI HeCMAOLIbHOCMI HANpyeu, wjo CYNPOBOOIICYEMbCS HOBUM
nioXo00oM 00 CKUOAHHA HABAHMAMICEHHs O 3AXUCmy cucmemu 6i0 HecmabinbHocmi Hanpyeu. Memoodonozia. Y 3anpononosaniil
MemoOUuYi BUKOPUCIOBYEMbCS PO3PAXYHOK GY3N06UX GMPAN PEAKMUBHOI NOMYICHOCI 3ANENHCHO GI0 Yymaueocmi 00 Hanpyeu npu
30UIbWeNHHI Haganmadicenusi y cucmemi. Opuzinanvuicms. Y yiti pobomi 6y3106i empamu peakmueHOi NOMYHCHOCMI 3aNEHCHO 8i0
YYmMaUGOCmi 00 Hanpyeu A61sI0Mmsb co0010 HOBULL POPAXYHOK I OOCTIONCYIOMbCS BUHAUEHHS UMOBIPHOCMI HeCmAbIIbHOCMI Hanpyau.
Pesynomamu. frxwo cucmema e6iouysac OesnpeyedeHmue 3pOCMAHHA HABAHMANCEHHA [ 6CI 3aX00u 00CA2AIOMb MENC CB0IX
Moodkcnueocmetl, CKUOAHHA HABAHMANCEHHS € OCMAHHIM 3acobom 3axucmy 6i0 Hecmabinvnocmi. Panmosa 3mina eysnoseux empam
PEaAKMUBHOT NOMYHCHOCTI, 3ATIEHCHO 10 YYMAUBOCT OO HANPY2U, BUKOPUCTOBYEMCS OIS GUSHAYEHHS BeTUYUHU HABAHMANCEHHS, KA
nogunna 6ymu eiocivena ¢ cucmemi. Ilpakmuyuna yinnicms. Mooenosanns, 3acHO6aHe HA YACT, BUKOHAHE 8 MECMOBI CUCeM] WUHU
New England 39 (wuna NE-39), ma pezynomamu MmoOenio8antsi NOKa3yioms, wo 3ALeJCHICMb GY3106UX 6Mpam peakmueHoi
NOMYACHOCI IO YYMIUBOCE 00 HANPYSU MOJICE SUKOPUCTIOBY8AMUCS SIK HAOIUHULL IHOUKAMOP OISl PAHHbOI OlA2HOCMUKU 3A2PO3IUBOT
HecmadinbHOCMI Hanpyeu ma C80EHACHO20 6NPOBAOIICEHHS] CKUOAHHS! HABAHMADIICEHHS, WO BUHUKAE BHACAIOOK 8MPAMU PeaKmusHol

NoOMysIcHOCMi y 8y31ax, 00 YymMAUGOCMI cucmemu 00 Hanpyau,a 3abesneuye cmabinonicms Hanpyau. bioin. 29, tabm. 1, puc. 9.

Kniouoei cnosa: cTadiibHiCTH HaNpyru, aHagi3 4YyTJIHBOCTI,
HABAHTAKeHHs.
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]:

I)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

BY3JI0Bi BTPATH pPEAKTHBHOI NOTY:KHOCTi, CKH/IAHHS

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 wvoltage 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:

Sguszvizli*' (1)
i=1

where Sojus is the apparent power at bus j; Vj is the

voltage at bus ; |; 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:

) n
Qbss = 21 Xij @)

i=l, i%]

where ljj is the current from any bus i to j; X 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

n
Pi —Poi (Vi)=Y ViV, Y| cos(6) —0) — ;| Jco: @
j=1

n
QDi(Vi)_ZViVjYijSin(Hi -0 —aij)=0- 4)

j=1
where Pg; is the real power generated at bus i; Ppi(V;) is
the load demand at bus i and this load demand is function
of voltage; Vi, V, ,8, 8 are the voltages and the
corresponding angles at buses i and j respectively; Yj; is
the admittance between buses i and j; o is the angle

corresponding to Yj;.
By applying NR load flow method to (3), (4) yields

1]:

AP | 1Jpe Jpy [[AO]| )
AQ| [Joo Joe ||AV ]

AP A®
=[J] . (6)

AQ AV

where J is the Jacobian matrix and
oP oP oQ oQ

Jpo=—=. Ipy ==, Joo ===, Jov ===, (7
Po =59 IV =y Jeo 5o Jav =gy (D

and AP, AQ, A® and AV 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

AO=—[Ipy [ Ipy AV ; (8)
AQ:[JQV ~[Ipo] " Ipv JQ&JAV ; )
AQ=JRAV ; (10)
AV=Jg'AQ, (11)

where Jg 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.
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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 wvaries
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

NRPVS;
Loadshed | = ,

= (12)
> NRPVS;
Jenl J

where Jenl means the bus j corresponds only to the load
buses; Loadshed, is the load shedding at load bus j and
NRPVS is the nodal reactive power loss to voltage
sensitivity at bus j.

The flowchart of the algorithm is given Fig. 2.

Obtamn PMU Measurements

v )

Compute Nodal Obtain voltage
reactive power loss magnitudes
using equation (2)
h
Moving average Moving average
filter filter

v v

av
Compute DQ=J?T*»= ComputeDV=E

Do
inau - .MRPI"S - Q.S.m

dav DV

Vi

Compute change

mn
NRPTE

l

__\rPYS
Loadshed SRS

=

t=ttkr

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:

1 k
Yi=or DY,
j=k—M +1

(13)

where M is the window size.

4) Evaluate rate change in bus 1 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.

66

Electrical Engineering & Electromechanics, 2022, no. 3



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:

8 =Qp (o1 ~1); (14)
_Pni-Pi-Di(o-1),
= ; (15)
M;
L, - fsi(%i )_(Xdi — X )-igi +V§
& = - ; (16)
Tdoi
—€ely +\Xgi —Xgi Jigi
& = €di (q: QI) g : (17)
qoi
Pei Z(ti +lg g )'iqi +(Vgi + T -igi )'igi s (18)
Vg +Tai ig G + (X6 —%i )-ia =05 (19)
Vai + T -l — € +(X£u _Xli)'iqi =0; (20
; Vi =V
Vi =——1; (21)
Tri
Kii
Kai *| Vrefi —Vmi —Vr2i _ﬁ'vfi =Vryi
. |
Vi = — ; (22)
al
Vrii if Vr mini SVrli £Vrmaxi;
Vi =9 Vr maxi if Vrti > Vi maxi s ;0 (23)
Vr mini if Vi < Vr mini s
i Vi +V,
B LI RVFRFRVIS
- Tfl 1 r2i . (24)
" T ’
—Vs \l+SalVs Vi
\./ﬁ _ fi ( Se( fi )) ri ’ (25)
Tei

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 Qp Base speed
3 0 Rotor speed in p.u.
4 P Mechanical power input
5 Pqi Electrical power input
6 D Damping coefficient
7 M Mechanical starting time
8 =M g-axis transient voltage
9 € i d-axis transient voltage
10 Xgi Synchronous reactance in g-axis
11 X Transient reactance in q-axis
12 Xgi Synchronous reactance in d-axis

13 X g Transient reactance in d-axis

14 iq Quadrature axis current

15 ig Direct axis current

16 Tao Open circuit transient time constant in d-axis

17 T Open circuit transient time constant in q-axis
18 Vgi g-axis voltage

19 Vi d-axis voltage

20 ra Armature resistance

21 Xii Leakage reactance

22 V¢ Field voltage

23 Vi Transducer

24 T, Transducer time constant

25 Kt Stabilizer gain

26 T¢ Stabilizer time constant

27 Ka Amplifier gain

28 Vy Regulator voltage

29 Viet Reference voltage

30 Vimaxi |Regulator maximum voltage
31 Vimini|Regulator minimum voltage
32 Vi1 Saturation voltage point 1
33 Vio Saturation voltage point 2
34 S(Vp)  |Saturation function

35 Ty 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.

L L L L

= Bus16
—==Bus24

Bus reactive power loss, p.u.
-

0 50 100 150 200
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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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

I ntroduction. The over-current relay iswidely 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 relaysin the literature, but unfortunately many of them are more complex design models, have very dow 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 Smulink/ 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 Smulink/ MATLAB environment in such way that it becomes able to
operate under new harsh test conditions. This developed designed model isimplemented 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.

Bcmyn. Pene nadcmpymy wiupoko 8UKOPUCMOBYEMbCA O 3AXUCTITY eIeKMPUYHUX CUcmeM pO3Nooiny ma nepeoadi 6i0 HAOMIpHUX
Cmpymie, wo 8UHUKAIOMb GHACTIOOK KOPOMKO20 3AMUKAHHA a00 nepesanmasicenus. Y nimepamypi Oyno euxonano 6azamo pooim y
2any3i MOOemOBAHHs YUPPoeo2o pere Ha0Cmpymy, die, Ha JHcalb, 6aeamo 3 HUX € OUlb CKIAOHUMU MOOCTSMU KOHCMPYKYIL, 3 0yice
NOBINHUM YACOM BUKOHAHHA, I B6OHU NPAYIOIOMb Julle y UNAOKAX Npocmux HecnpasHocmel. Memow Oanoi pobomu €
npeocmaegients NPOOYKMUGHOCMI MOOUDIKOBAHOT Ma 800CKOHAIEHOT MO0 Yuhpoeo2o peie Ha0Cmpymy, po3podaeHOl 8 cepedosuilyi
Smulink/MATLAB, 3 6inbu cnpoujenoo KOHCMPYKYIEHO, WeUOUWUM YACOM GUKOHAHHS MA 30amHIiCmIo npayiogamu 6 Oilblid CKIAOHUX
ymogax necnpasiocmeii. Memooonozia. Ileped nouamxom sunpodysans 0emanbHO NPeOCmAasieHo MOOETIO8ANHS pelie HAOCMPYMY, 3
KO 00Ope NOSICHEHO OCHOBHI JIO2IKU 3anPONOHO8AHOT MOOeNi 05 peanizayii 360pomuux i mummesux xapaxkmepucmuk. Ilicis yvboeo
NPOBOOSMbCS PIZHOMAHIMHI UNPOOYBAHHS OISl AHANIZY NPOOYKMUBHOCMI 800CKOHANEHOL pO3P0OONIeHOI MOOeni pele 3 MOYKU 30pY.
WBUOKOCMI pobomu 0N YCYHEHHA GUHUKIUX HeCcnpasHocmell, 30AMHOCMI PO3PI3HAMU CMPYM HECNPAGHOCMI Ma NYCKOGUU CMpPYM
HABAHMAICEHHS, MOJICIUBOCMI PO3PIHAMU PealbHi Mad MUMYACO8] CMPYMU HECHPABHOCMI, CNOCiO YNpaeuiHHg 3MIHHUMU
HeCnpagHoCmAMU 6 4aci ma CmyniHb 8iONo8IOHOCMI pelie NeP8UHHO20 3aXUCHY ma peie pe3epeHozo 3axucmy. Opuczinansnicmo
3anpPoOnoOHOBaHOT Hamu pobomu nonaeae 8 po3pobyi ma B0OCKOHANEHHI MoOoeli yugposozo peie HAOCMPYMY, pPO3POOIeHOI 8
cepedosunyi SMUlink/MATLAB makum wurnom, ujo6 6ona cmana 30amuol0 npayloeamu 8 HOGUX JCOPCMKUX YMOBAX 6unpodyeans. L
PO3pObIEHA MOOeTb Pedniz08ana ma 3aCMoco8ana y paoiansHoi po3nodinbuoi enepeocucmemi 400 B 3 naganmasicenHam, o GUKIUKAE
nyckoguti cmpym. Pezynomamu. Ompumani pesynomamu MoOen08aHHs NOPIGHIOIOMbCS 3 MEOPEMUHO PO3PAXOBAHUMU 3HAYEHHMU.
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Kniouosi cnosa: uudppose pese HaICTPyMy, 3BOPOTHI Ta MHUTTEBI XapaKTepPHCTHKH, IYCKOBHIl CTPYM HABAHTAKeHHS,
NEePBUHHMUIA 3aXMCT, pe3epBHMIi 3aXHCT.

Introduction. According to the International
Electrotechnical Commission (IEC), the protection of

Currently, in view of growing demand for precise,
selective and reliable OCR due to the increasing

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].

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

© H. Sekhane, D. Labed, M.A. Labed

Electrical Engineering & Electromechanics, 2022, no. 3

71



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]:

K

T= : 1
(I /1, -1 .

where K is the constant for relay characteristic; |; is the
actual fault current; |, 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:

K
I
with I, < I < I, where I is the short circuit current.

It is important to note that the fault current I¢
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 ls. In this case the operating time is only of
the order of a few milliseconds:

T = TS > (3 )
with I¢ > |, where Ty 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 R; imposed at the end of the network
of Fig. 2 is set to operate as fast as possible with an
instantaneous operating time Ts;, while its upstream relay
R, is set to a higher independent operating time
(Tsy=Ts;+DT). The instantaneous operating times of the
remaining relays increase sequentially at DT sec on each
section, moving back up to the source [9]

Lo
@_FEL'R] I[ I

Fig. 2. Graded relays in radlal network

T=—, 2

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.

Power system
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DataT T L
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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 ( ff ) (also noted Iy),

then the data (I, Ip, ls) entered into the relay logic
(u-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 I;. To detect
the fault current, it must firstly compare the alternating
current value (l) 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:

1(t)=1¢-sin(2-7--t). 4)

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

I
dd—?)=lf-2~7r~f~cos(2-7r~f~t). Q)
The slope «S» at zero crossing is taken from (5) such
that t = 0:

di(0)

S=——2=1I¢-2-z-f. 6
at f27 (6)
From (6) we extract:
S
ls = . 7
f =7 (7

The designed block diagram of the peak current
measurement |; 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.
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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 (T, and T,), which gives half
the time period (T) [2]:

T2=T,-T. (8)
From (8), frequency is determined by:
T N )
T 2(L-T)

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 I, the latter must be
compared with the constant preset value of pickup current
lp of the relay using the comparator block «Relational
Operator». If I>1, the value of Iy is raised to an
appropriate power n to reach the desired relay curve, then
integrated in the «Integrator» block [2].

As long as I¢>1p, 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 («O»). If
the excess current is temporary (due to load starting, or
any switching action, etc.) and when it dies out to below
I, 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 I{" will also remain constant and
therefore the output of the integrator will be:

t
Cq =[1dt=17. (10)
0

Equation (10) is the equation of a straight line with
slope I{". 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 It is greater than short-circuit
current |, 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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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; Pg is the power factor; Ty is the
accelerating period of the load; |y is the initial starting
current; |, is the nominal (rated) current.
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Fig. 7. Single line diagram of the proposed radial power network
with coordination of relays (primary and backup protection)

Load

Table 1
Electrical network parameters
UV | PkW | QkVAr | P |fHz | Taes | lisw A
400 100 61.97 0.85| 60 2 31

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 I, at full
load is calculated as follows:

P 100.10°
V3-U-cosp +/3-400-0.85
From (11), the peak value of I, is:

1 (rms)=

~16981A. (11)

[ =+2-1, =24015A . (12)
From Table 1 the initial starting current is ljg:
lie(rms)=3-1, 250943 A . (13)
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The peak value of lig is:
fi =2 lig 272044 A . (14)
Relays settings choice. The pickup current I, (peak
value) must be set to a value greater than the rated current
l,. We therefore choose a value somewhat close
(Ip = 250 A) and similar for both primary (R,) and
emergency (R;) protection relays. On the other hand,
severe fault current setting |5 (as a peak value) must be

greater than the initial starting current (fiscg720.44 A).

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

Furthermore, for a good relays coordination, R; must
have a higher setting of |, K and Tg than that of R,.
Therefore, the setting of these parameters is maintained
as: Il = 1000 A, Kg; = 1000 and TSy, = 0.2 s. The
parameters settings of R; and R, 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

I, A (peak) Iy, A (peak) K Ts s
R, 250 800 900 | 0.1
R 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 It =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 lig; (peak
value) is greater than the pickup current I, of R,, which
increases the output of its integrator. At t = 2 s, when
li<lp, the integrator output being less than K setting and
drops to zero, and R, 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 R,'s K value is deliberately set above its
maximum integrator output during the acceleration period
to avoid any false tripping of relays R, and R,.

On the other hand, it can be seen also that the line
representing R, 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.

ww 7777777777

200 |

200 H‘

400 M

“ \ﬂ ,,,,,,,,,,
H el i I H li w i
\
‘wm ‘“ | ‘ MH il \‘ ‘ ‘W‘M \\H H ‘MH \ h‘ ‘ “ ‘
1 HH H\ \HU | \HH ! u I \ lil
‘ M\H Iif) \MH\ I
Jw ‘ WW‘ “ \ “
| HH H HH \H M HH HH \H HH H\ MH HH\ il H\ m il
i \ \ y Mm uu Wil m
Mdmmhw‘mmwﬂ \
\ 4—» <
H‘ ‘ Temporary fault
,,,,,,,,,LEe["’,d‘,,,,:,,,i,,,‘,,,,‘ ,,,,,,,,
tamqg period : : : Load current :
| | R, integrator output | |
o1 2 s 4 5 & 1 s 9 1

Fig. 9. Relay performance for test 1

Temporary fault period. In this case, it is clear
from Fig. 9 above, that the R, 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 R, to reach the value of K = 900; so it goes back to
zero. Relay R, stops counting its inverse characteristic
operating time:

T= £ = =4.1s.
17 400%°

(15)

As the fault time (1 s) is less than R, 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 |,.

Permanent fault period. Contrary to the previous
case, R, 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 R, 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 R; remains inactive, as shown
in Fig. 10, 11.
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Fig. 10. R, status for test 1
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Fig. 11. R 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 lf =270 A att =3 s until
lf =960 A att = 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 R, relay integrator output reaches
the predefined value K = 900 (fixed only at 694.4 at
t = 5.35 s) so that R, 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 (Ir = 810.5 A > Is= 800 A) despite the long
fault duration and enter in the instantaneous operating
zone at t = 525 s. Therefore, R, 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, R, 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 R, 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 (Tjn, = 2.25 s [3-5.25 s]), so after
a total time of T=2.35s.
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Fig. 13. R, 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 |y = 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 R, in inverse
characteristic is:

ﬁz 900 =2.25s.

T= ~
17 78007

(16)

Hence, the fault theoretical interruption instant
counting from their appearance instant (t = 1 s) is:
1 s+2.25s=23.25s 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 R, 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 R, 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

The status of R; and R, 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. R, status for test 3

Test 4: Fault test with broken down primary
protection. In this test, it is assumed that R, 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 R,
(It = 840 A> I, = 800 A) is appeared. Thus, it was
supposed that R, 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 R, relay; and since (Ip < |t < ) the
fault current is therefore in the inverse operating zone of
R;, whose the operating time is:

T K __ 1000

1" 84007

=233s (17)

According to Fig. 16-18, it appears that R; 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
the theoretically calculated value in (17).

s; it is exactly
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Fig. 18. R status for test 4

From this test, it appears the service continuity
performance guaranteed by both relays: R, of primary
protection at the receiving end of the network, and R, 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 Theoretically calculated value
value T, s
K =3600;
| 6540 6540/~/2
f=—7=
V2
K =3600;
N IR =736‘;‘3f —111
. 4580 4580/+/2
f \/5 >
K =1000; 1000
O?tz;fi“;“ 2.3 n=09; =T=— =233
| =840; 840

*as a reminder: K is the constant for relay characteristic;
l¢ 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.

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

REFERENCES
1. Prévé C. Protection of Electrical Networks. ISTE Publ.,
2006. 508 p. doi: https://doi.org/10.1002/9780470612224.
2. Aman M.M.,, Khan M.Q.A., Qazi S.A., Digital Directional
and Non-Directional Over-Current Relays (Modeling and
Performance Analysis), NED University Journal of Research,
2011, wvol. VII, no. 2, pp. 70-85. Available at:
https://www.neduet.edu.pk/NED-
Journal/previous_vol/pdf/11vol2paper7.pdf
March 2021).

(Accessed 12

Electrical Engineering & Electromechanics, 2022, no. 3

77



3. Jhanwar V., Pradhan A.K. Accurate Overcurrent Relay
Algorithm using Fundamental Component. 2008 Joint
International Conference on Power System Technology and
IEEE Power India Conference, 2008 pp. 1-4. doi:
https://doi.org/10.1109/ICPST.2008.4745367.

4. Sidhu T.S., Sachdev M.S., Wood H.C. Design of a
microprocessor-based  overcurrent  relay.  [Proceedings]
WESCANEX '91, 1991, pp- 41-46, doi:
https://doi.org/10.1109/WESCAN.1991.160517.

5. Shah K.R., Detjen E.D., Phadke A.G. Feasibility of adaptive
distribution protection system using computer overcurrent
relaying concept. |EEE Transactions on Industry Applications,
1988, vol. 24, no. 5, pp- 792-797. doi:
https://doi.org/10.1109/28.8981.

6. Almas M.S., Leelaruji R., Vanfretti L. Over-current relay
model implementation for real time simulation & Hardware-in-
the-Loop (HIL) validation. IECON 2012 - 38th Annual
Conference on |EEE Industrial Electronics Society, 2012, pp.
4789-4796. doi: https://doi.org/10.1109/IECON.2012.6389585.
7. Yacine A.A., Noureddine A.A., Hamid B., Farid H.
Implementation of a Numerical Over-current Relay Using
LabVIEW and Acquisition Card. 2018 International Conference on
Electrical Sciences and Technologies in Maghreb (CISTEM), 2018,
pp. 1-5, doi: https://doi.org/10.1109/CISTEM.2018.8613455.

8. Alstom Grid. Network Protection & Automation Guide. May
2011. 508 p. Available at: https:/rpa.energy.mn/wp-
content/uploads/2016/07/network-protection-and-automation-
guide-book.pdf (Accessed 12 March 2021).

9. Atwa O.S.E. Practical Power System and Protective Relays
Commissioning. Elsevier, Academic Press, 2019. 398 p. doi:
https://doi.org/10.1016/C2018-0-00911-1.

10. Saleem A., Igbal A., Mehmood K., Samad M.A., Hayat
M.A., Manzoor U. Modelling and Implementation of
Microprocessor Based Numerical Relay for Protection Against
Over/Under Current, Over/Under Voltage. Journal of
Computational and Theoretical Nanoscience, 2020, vol. 17, no.
2, pp- 1332-1338. doi: https://doi.org/10.1166/jctn.2020.8809.
11. Verzosa Q., Lee W.A. Testing Microprocessor-Based
Numerical Transformer Differential Protection. |EEE
Transactions on Industry Applications, 2017, vol. 53, no. 1, pp.
56-64. doi: https://doi.org/10.1109/TTA.2016.2609402.

12. Donohue P.M., Islam S. The Effect of Non-Sinusoidal
Current Waveforms on Electro-Mechanical & Solid State
Overcurrent Relay Operation. 2009 |EEE Industry Applications
Society  Annual Meeting, 2009, pp. 1-6. doi:
https://doi.org/10.1109/T1AS.2009.5324811.

13. Naga Sujatha K., DurgaRao R., Shalini V.B. Performance
analysis of digital over current relays under different fault

How to citethis article:

conditions in radial and parallel feeders. International Journal of
Science and Technology, 2017, vol. 3, no. 1, pp. 146-158. doi:
https://doi.org/10.20319/Mijst.2017.s31.146158.

14. Suliman M.Y., Ghazal M. Design and Implementation of
Overcurrent Protection Relay. Journal of Electrical Engineering
& Technology, 2020, vol. 15, no. 4, pp. 1595-1605. doi:
https://doi.org/10.1007/s42835-020-00447-0.

15. Pan Y., Steurer M., Baldwin T.L., McLaren P.G. Impact of
Waveform Distorting Fault Current Limiters on Previously
Installed Overcurrent Relays. |IEEE Transactions on Power
Delivery, 2008, vol. 23, no. 3, pp. 1310-1318. doi:
https://doi.org/10.1109/TPWRD.2008.919170.

16. Maji P., Ghosh G. Designing Over-Current Relay Logic in
MATLAB. International Journal of Scientific & Engineering
Research, 2017, vol. 8, no. 3, pp. 40-43. Available at:
https://www.ijser.org/researchpaper/Designing-Over-Current-
Relay-Logic-in-MATLAB.pdf (Accessed 12 March 2021).

17. Idris M.H., Adzman M.R., Tajuddin M.F.N., Amirruddin
M., Ismail M.A. Auto-reclose Relay Simulation for Research
and Education. 2018 4th International Conference on Electrical,
Electronics and System Engineering (ICEESE), 2018, pp. 29-33.
doi: https://doi.org/10.1109/ICEESE.2018.8703542.

18. Ibrahim M.A., Ibrahim W.K., Hamoodi A.N. Design and
Implementation of Overcurrent Relay to Protect the
Transmission Line. International Journal of Engineering
Research and Technology, 2020, vol. 13, no. 11, pp. 3783-3789.
doi: https://doi.org/10.37624/1JERT/13.11.2020.3783-3789.

Received 01.02.2022
Accepted 27.03.2022
Published 01.06.2022

Hocine Sekhane'*, Doctor of Electrical Engineering,

Djamel Labed**, Doctor of Electrical Engineering, Professor,
Mohamed Amir Labed >, PhD Student,

!Electrical Engineering Department,

20 August 1955 University of Skikda,

B.P.26 route d’El-Hadaiek, Skikda, 21000, Algeria.

? Electrical Engineering Department,

Constantine 1 University,

p-o. box, 325 Ain El Bey Way, Constantine, 25017, Algeria.

3 Laboratory of Electrical Engineering of Constantine (LGEC),
Constantine 1 University,

p.o. box, 325 Ain El Bey Way, Constantine, 25000, Algeria.
e-mail: docsekhoc@gmail.com (Corresponding author);
Djamel labed@yahoo.fr;
mohamedamir.labed@student.umc.edu.dz

Sekhane H., Labed D., Labed M.A. Modelling and performance testing of a digital over-current relay enhanced designed model.
Electrical Engineering & Electromechanics, 2022, no. 3, pp. 71-78. doi: https://doi.org/10.20998/2074-272X.2022.3.10

78

Electrical Engineering & Electromechanics, 2022, no. 3



=1

MarepiannnpnimaroTbca’3a’ajjpecolo:

KameapayEnexTpnni anaparn; JHTV Xl BynIKipnniesa 2, \m.
EneKTpoHHi BapianTn MaTepianis|nole-mail:la!m.grechko@gmail.com

Nlogigkn’3atenethonamn:+38 067,359/46 96 Ipeyxo’Onekcangp’ MuxannoBny




