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A.A. Stavynskyi, O.A. Avdeeva, D.L. Koshkin, R.A. Stavynskyi, O.M. Tsyganov

Technical solutions to reduce losses in magnetic cores and material consumption
of three-phase transformer and reactor equipment

Purpose. The increase in energy costs and the need for further energy saving lead to an increase in requirements for reducing losses
in the magnetic cores of transformers and reactors. Problem. The improvement of transformer and reactor equipment is traditionally
carried out by applying the achievements of electrical materials science and new technologies to traditional designs and structures of
electromagnetic systems. The basis of modern transformers is made up of laminated and twisted magnetic cores. The disadvantage of
laminated magnetic cores is large additional losses in corner zones due to the texture of anisotropic steel. Disadvantage of twisted
three-phase three-contour magnetic cores is large additional losses caused by the lack of magnetic coupling of three separate
magnetic flux contours. The disadvantages of combined joint tape-plate magnetic cores are the unsatisfactory use of the active
volume and increased losses, which are determined by the uneven distribution of the magnetic field and the negative impact of steel
texture in the corner zones of the twisted parts. Aim. To determine the possibility of improving three-phase transformers and
reactors. Methodology. The improvement is achieved by geometrical and structural transformations of the outer contours and
elements of the varieties of magnetic cores. Results. The possibility of eliminating additional losses of a planar laminated magnetic
core by a combination of anisotropic and isotropic steels at the appropriate location in the yoke-rod and corner sections is
determined. With an octagonal outer contour of the combined magnetic core, a reduction in mass is achieved without an increase in
losses. The mutually orthogonal position of the steel layers or the elements of the joint twisted and combined three-phase planar and
spatial magnetic cores achieves magnetic coupling and elimination of additional losses of individual twisted contour sections. The
hexagonal configurations of the inner contours of the twisted yoke-corner parts and the cross-sections of the laminated rods of the
variants of the axial spatial joint magnetic core improve the magnetic flux density distribution and reduce the main losses of the
yokes, as well as reduce the complexity of manufacturing rods from identical rectangular steel layers. Originality. The paper
presents constructive and technological proposals and features of varieties of non-traditional planar and spatial, laminated, twisted
and combined tape-plate joint magnetic cores, which differ in the combination of anisotropic, isotropic and amorphous steels, as
well as the multifaceted geometric shape of contours and the spatial arrangement of elements. Based on the identity of the optimal
geometric ratios of the variants of electromagnetic systems of transformers and reactors, with joint planar and spatial twisted and
combined and tape-plate magnetic cores, the unification of the structure of transformer and reactor equipment with a capacity of I-
111 dimensions. References 29, figures 8.

Key words: three-phase transformer, reactor, laminated twisted magnet core, transformer construction.

Posenanymo cman possumky mpanc@opmamopobyoyeanns. Busmauena nedocmammua eekmueHicmb 3aCMOCYS8AHHA  SI0OMUX
€nocobig 3HUICEHHS 6MPam y MasHimonpoeooax 0jis 3a0080eHHs HOBUX BUMO2 eHepeopecypcosbepedicenis. Tlokazana modcausicms
yOocKoHanenus i yuigixayii mpughaznux mparcghopmamopie ma peaxmopié Ha OCHO8I KOMOIHAYill aHi30MPONHOI, 130MpPOnHOi i
amopghnoi cmarneil, 6a2amocpaAHHUX 2eOMEeMPUYHUX KOHpicypayiti KoHmypie ma 3MIiHU NOJOJCeHb 8 NpOCmopi wapie cmaiui, a
MAaKodic enemenmis NAAHAPHUX | NPOCHMOPOBUX WUXINOBAHUX, BUMUX MA KOMOIHOBAHUX HABUMO-NAACTMUHYACTIUX MACHIMONPOBOOIE.
Bi6mn. 29, puc. 8.

Knrouosi cnosa: Tpudasnuii rpancopmaTop, peakTop, IIUXTOBAHMIT BUTHII MarHiTonposia, Tpanc(popMaTopodyyBaHHS.

Problem definition. The increase in the cost of the development of «dry» transformers with

energy and the need for further energy conservation lead
to an increase in requirements and regulations for
increasing the efficiency of transformers. In particular, the
Standards ND 428 and ND 538 for oil and dry
transformers have been replaced by the more demanding
European Standard EN 50464-1 and the International
Standard IEC 60034-30. It is necessary to significantly
reduce idle losses, first of all, in the most mass production
range of power distribution three-phase transformers
(TTs) with power of 25-2500 kV-A and a voltage of
6-10 kV. In addition to the main contribution to the total
losses of power systems by the specified TTs, the energy
efficiency of the power supply is additionally affected by
the losses in the magnetic cores of three-phase reactors
(TRs) of a similar power range. In this regard, the
reduction of losses in magnetic cores of TTs and TRs of
sizes I-11I is an important current task [1-4].

Analysis of the latest research. For more than 20
years, in works analyzing the development of transformer
and reactor equipment, innovative structures have been
classified based on the achievements of electrical
materials science. The main innovations are reduced to

«encapsulated» and «cable» windings [5, 6]. Amorphous
electrical steels (ESs), superconducting windings, and
cryogenic technology are also used [7, 8]. Instead of toxic
oil for cooling, the use of organosilicon liquid and elegas
begins [9-11]. In addition, an important factor in
increasing the technical level of TTs and TRs is the use of
optimization methods in their design [12, 13].

About 50 % of the losses at the nominal load of the
transformers are due to losses during idle operation. The
costs of their compensation many times exceed the costs
of short-circuit losses. Due to the real partial average load
of transformers, reduction of idle losses is a priority.

In the past decades, losses in magnetic cores have
been reduced due to the use of ESs with improved
specific characteristics. The production of cold-rolled
anisotropic and amorphous ESs has been mastered. In
general, meeting the requirements of the new Standards is
achieved by reducing electromagnetic loads or using a
strip amorphous ES, which involves an increase in
material capacity (in amorphous and anisotropic ES, the
saturation magnetic flux density is 1.6 T and above 2 T,
respectively). In addition, the filling factor of the

© A.A. Stavynskyi, O.A. Avdeeva, D.L. Koshkin, R.A. Stavynskyi, O.M. Tsyganov
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amorphous ES cross-section of the rod is 0.8-0.85 in
comparison with the similar coefficient of 0.96-0.97 when
using a crystal ES. TTs with composite windings and
«high-temperature» superconductivity are being created
[8, 9, 14]. However, distribution TTs of the main power
range with technologies of closed high-temperature
cryogenic cooling systems have no advantages over
conventional TTs, which is due to the complexity of the
cryogenic structural part. There is a need for cooling
during commissioning and return of superconductivity
after protective switching off.

In general, «amorphous» and «superconductingy
TTs differ in their increased cost. The fragility of
amorphous ES and superconducting composite «high-
temperature» windings precludes their use in transport
and other special TTs.

There are methods of comprehensive assessment of
the technical condition of functioning transformers and
recommendations for their further use [15]. However,
fines are provided for the operation of operational
transformers that do not meet the above Standards.

The structural and constructive basis of TT and TR
consists of charged and twisted magnetic cores. The
texture of the anisotropic ES creates a multiple increase in
losses in the zones of magnetic flux reversal relative to
the rolling direction of the layers of the laminated
magnetic core. The volumes of these zones are reduced by
using oblique joints in the corners and in two-frame
(divided by width into sections) magnetic cores [16, 17].
Complex equipment for the formation of oblique joints
with a change in size and a small shift of the joints of
adjacent layers during the assembly of magnetic cores
(Step-lap, Malty step-lap technologies) was created [4].
The shift is achieved by applying the initial configuration
of the smaller sides of the plates (Fig. 1,a) or by reducing
the areas of oblique joints and forming the angular
protrusions of «whiskers» (Fig. 1,b), which are actually
hidden waste.

According to [18], oblique joints are not an effective
solution for improving laminated magnetic cores of TTs
of I-II dimensions. Also, the increase in the losses of
ready-made planar laminated magnetic cores relative to
the specific losses of anisotropic ES along the rolling
stock reaches 37-58 %, regardless of the shape of the
joints. This is a well-known problematic issue of modern
TTs (TRs).

The production of magnetic cores with laminated
stacking is complemented by ES tape (roll) winding
technologies. Such technologies are used for the
manufacture of sections (contours) of three-contour
continuous and joint twisted and combined magnetic
cores [9, 16, 19-21]. The production of twisted three-
phase three-section planar and spatial magnetic cores is
increasing in connection with the expansion of the use of
amorphous ES [19, 20]. In recent times, twisted split
contact magnetic cores have been replaced by analogs
with the formation of covering layers by separation and
bending of sections of the ES tape. Conditionally oblique
connections of parts of magnetic corers are formed with a
small shift of the joints of adjacent layers. A reduction in
contact losses and magnetization current is achieved
(Unicore — magnetic cores) [20]. However, the absence of

a magnetic connection of the twisted sections determines
the vector composition of the action in the core sections
of the sectional magnetic fluxes. The consequence of the
magnetic separation of the sections is the third harmonics
of the indicated fluxes and additional 30-35 % losses,
which do not depend on the texture and brand of ES. This
is another well-known problematic issue of transformer
and reactor equipment.

On the basis of the above, the task of reducing idle
losses and losses in the magnetic cores of TTs and TRs
without increasing their mass and cost indicators is
difficult and has not yet been resolved.

The goal of the work is to reduce the losses of TTs’
and TRs’ magnetic cores while reducing their material
consumption.

Research method and results. Presented in [1-11]
as new developments, electromagnetic systems (EMSs) of
TTs and TRs are made in the same technical solutions of
magnetic cores for more than a century. These
developments in the structural and constructive sense
have reached a certain limit of development. The trends of
structural and technological inertia of electromechanical
engineering have also been preserved recently. Further
improvement of TTs and TRs with stacked and twisted
magnetic cores is possible by the methods of their
structural and geometric transformations and the use of
combinations of ES brands [18, 22, 23].

The outer «conventional» rectangular contour of a
planar laminated magnetic core [24-26] forms a
significant unevenness of the magnetic flux density
distribution in the range of 0.01-2.1 T in the corners
(Fig. 1,c). The outer sections of the corners with height
h. (Fig. l,a,b) are underloaded and are practically a
useless weight supplement of the magnetic core.

™
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Fig. 1. Schemes of variants of the rod‘s and yoke’s plate
structures with two-plane (@) and oblique (b) separations of the
steel strip and the dependence of the distribution of magnetic
flux density (c) on the height of the corner zone of the laminated
rectangular magnetic core

Unconventional proposals for reducing losses
include magnetic cores with a combination of ES brands.
To reduce losses by reducing the unevenness of the
distribution of the magnetic field in the cross section and
corners, the outer part of the two-frame laminated
magnetic core is proposed to be made with improved
magnetic properties relative to the inner part [27].

Other proposals for the improvement of the planar
laminated magnetic core are options with a combination
of isotropic and anisotropic ESs. In a magnetic core with
direct junctions (Fig. 2,a,b), the combination of the
specified ESs alternates in adjacent layers [28]. Corner
zones contain only isotropic ES, which completely
eliminates significant additional losses in corner zones.
However, approximately half of each variant of the

4
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combined magnetic core [28] contains an isotropic ES
with increased specific losses, which reduces the
efficiency of this innovation.

F 22%1@%

a b
Fig. 2. Schemes of variants of corner zones of a planar
laminated magnetic core with direct joints of adjacent layers
of the transformer (a, b) and the reactor’s magnetic core (c):
1 — anisotropic steel; 2 — isotropic steel; 3 — insulating gasket

A general drawback of traditional TTs’ and TRs’
structures is the disunification of internal structures, i.e.,
connections of rod’s and yoke’s sections of planar
magnetic corers. With the general identity of the variants
of the external configuration, the TTs’ magnetic cores are
stacked with shift of oblique (Fig. 1,a,b) or straight
(Fig. 2,a,b) joints, and the TRs’ magnetic cores contain
structural gaps between the rods with insulating gaskets
(Fig. 2,¢).

The further development of the offer of non-
conventional combinations of elements of the laminated
magnetic core is the installation of plates of anisotropic
ES in the zones of orthogonal change of the flux direction
relative to the texture. Plates of chevron-shaped isotropic
ETS with opposite sides of different widths are used. In
the side corners of the planar magnetic core, these plates
are installed in adjacent layers with the opposite direction.
In the opposite middle corners (T-shaped sections),
chevron plates are installed with the orthogonal position
of the middle corners (Fig. 3,a). The chevron plates of the
anisotropic ES of the side sections can be made with
rounding of the axial corners to reduce the uneven
distribution of the field. The rounding radius corresponds
to the insulating gap #4; between the magnetic core and the
winding (Fig. 3,b).

T
S
\\( s { 4
7 hl‘
|
1 N/
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5[//; \\‘ )%%‘5
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a b

Fig. 3. Scheme of (a) three-phase with rounded corners (b)
magnetic core with plates 1-4 of anisotropic and plates 5, 6
of isotropic electrical steels

Inseparable connection of anisotropic and isotropic
sections of chevron plates in the joints by welding reduces
the current and losses of idle. Eliminating the significant
complication of the production of magnetic cores with the
connection of the joints of isotropic and anisotropic ESs is
possible by integral welding and transverse separation of
strip blanks.

ES tandem blanks for cross-sectioning into
combined plates (Fig. 4) are formed by combining and
connecting along the lines of joints of anisotropic
(Fig. 4,a) and isotropic (Fig. 4,b) ES strips. One, two or
more fragments of isotropic ETC strips can be welded to
the fragment(s) of the anisotropic ETC strip. Before
connecting the fragments, the anisotropic components are
located with the direction of the texture, which is parallel
to the lines of separation (Fig. 4,c). Separated sections of
fragments with two or several seams are cut at given
angles into plates (Fig. 4,d,e) with a combination of ESs
[29]. Fragments can be connected by one of the methods
of welding (laser, electron beam, diffusion, etc.).
Determining the method and process of such welding is a
separate research task.

Fig. 4. Schematic diagrams of cutting and connecting components
of the combined magnetic core: transverse divisions of the
package of anisotropic (<€) (@) and isotropic (- ) (D)
ESs into fragments; welding fragments along the lines of

joints to the blank and its division into sections (c);
separation of fragments into combined plates (d, e)

One of the directions of structural and geometric
transformations of static EMSs is the replacement of
conventional rectangular and circular forming contours of
active elements with non-conventional ones, in particular
octagonal and hexagonal contours [22, 23, 29].
In addition to the proposals for designs and methods
(Fig. 3, 4), reducing the mass of isotropic components
relative to analogs [27, 28] while reducing the total mass
and losses is possible by replacing the rectangular outer
contour of the planar magnetic core with an octagonal
one. Rod and yoke areas (Fig. 5,a) are formed by plates of
trapezoidal anisotropic ES.

Fig. 5. Schemes of the structure (a) and the side corner zone (b)
of a planar rod magnetic core of reduced mass with plates 1-7
of anisotropic and plates 8-10 of isotropic steels

Trapezoidal plates of adjacent layers differ in length
and angles. The short bases of the long plates are equal to
the long bases of the short plates and these bases are
opposite. The sides of the anisotropic plates connect to the
plates of the isotropic ES located in the side corners
(Fig. 5,a). In this way, an octagonal external contour of
the magnetic core is formed. At the same time, the
uniformity of the field distribution increases and the

Electrical Engineering & Electromechanics, 2024, no. 2
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unused mass of the corner zones is removed (Fig. 5,b).
The middle angular (T-shaped) sections are divided by
smaller and larger sides of the parallelogram plates of the
isotropic ES, which are oppositely located in the middle
layers. Trapezoidal or parallelogram plates of the
anisotropic ES are installed on the axis of the central rod
part of the magnetic corer (Fig. 5,a). In the corners, in the
absence of an insulating gap b, (Fig. 5,b), triangular plates
can also be installed between trapezoidal plates.

It is possible to eliminate losses from the third
contour harmonics of the magnetic field of a three-phase
planar three-section magnetic core with twisted
components in a structure with an orthogonal position of
the layers of the middle and side elements (Fig. 6,a).
Lateral C-shaped elements are made by cutting a twisted
blank or of curved strips of anisotropic ES. The middle
element for extracting additional losses of orthogonal
rotation of the flux and reducing additional losses of
phase asymmetry can be made of the best brands of
isotropic ES. The transverse section of the strip (Fig. 6,b)
makes it possible to form oblique joints of the middle and
side elements.

f

a b
Fig. 6. Structural scheme (a) of a planar joint
magnetic corer with twisted side 1 and laminated 2
middle elements and separation of the strip (b) of steel
on the plates of the middle element

Sectioning of the magnetic core by width (Fig. 6,a)
in addition to oblique connections, reduces the magnetic
resistance of the joints by reversing the sections in each
pair of adjacent middle and side elements.

In addition to the combined strip-plate one, it is
possible to manufacture a twisted variant of the scheme of
the magnetic core (Fig. 6,a). It is possible to make two
identical twisted magnetic cores from sections of two
twisted cut blanks. The blanks with the same heights £,
and identical cross-sections differ in the lengths /; and /,
of the internal rectangular contours:

L =h,+2b,+2b; LL=2b,+b,
where b, and b, are the width of the winding window and
the thickness of the technological waste layer of the ES
(cutting disc).

The winding coils are wound on insulating frames
covering the side and middle elements of the magnetic
core (Fig. 6,a). Such frames make up the supporting base
of EMS with fragile amorphous ES. Mutually orthogonal
layers of ES of butt joints of the middle and side sections
of the magnetic core of TTs’ schemes (Fig. 6,a) should be
insulated by applying a thin, durable heat-resistant
coating.

Another variant of the technical solution containing
C-shaped parts of twisted blanks is a T-shaped EMS
spatial design (Fig. 7,a). For the coincidence of the

directions of the ES layers, under the condition that the
joints are coplanar, one of the C-shaped sections of the
magnetic core is connected to the other two with the
arrangement of the side surfaces in orthogonal planes
(Fig. 7,b).

Losses from the third harmonics of the contour
fluxes are also absent in the variants of the spatial EMS
mentioned above with a common magnetic connection of
the rods and yoke parts of the contact magnetic core when
the primary winding is connected by a triangle. However,
such EMSs are made in traditional circular forming
contours of winding coils and rods. The circular contours
of the rods of the specified options are filled, if there are
central technological holes, with concentric turns of
isotropic or involutely curved sheets of anisotropic ES.
Rods made of ES packages of different widths are also
used (Fig. 8,a). The indicated types of sections and
structures of the rods fill the contour circles by 80-90 %
and are installed between twisted jugular-angled end parts
with triangular internal contours.

X

;.bt
)

\\\
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&
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Fig. 7. Design scheme (@) and magnet core ()
of spatial EMS with T-shaped orthogonal
location of twisted areas

The indicated circular and triangular contours of parts
of the magnetic core have a negative effect on the use of
the active volume of the EMS and increase losses in ES of
TTs (TRs) with a magnetic core (Fig. 8,a). There is a
significant uneven distribution of the magnetic field along
the radial length /, of a rectangular cross-sectional yokes
with zero values of magnetic flux density on the inner and
outer winding layers of the ES. This increases the magnetic
flux density in the middle parts of the yokes and corners
and causes an increase in losses, which is taken into
account depending on the magnetic flux density by the
corresponding coefficients. At the same time, the increase
in losses when using anisotropic ES is also caused by the
mismatch of the directions of the field lines in the corners
with the direction of the texture of the twisted parts.
Therefore, it is advisable to make the yoke-corner and rod
parts of the combined butt-wound-plate magnetic core of
isotropic or amorphous and anisotropic ES.

Improvement of the EMS with a tape/roll-plate
magnetic core is possible by replacing the circular and
triangular contours of parts of the magnetic core with
hexagonal ones (Fig. 8,b,). The mentioned
transformations lead to a decrease in the unevenness of
the field in the radial direction of the yoke, that is, along
the length [, (Fig. 8,a,b). At the given average value of the
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amplitude of the magnetic flux density of the yoke B,,,
distribution 1 changes to distribution 2 (Fig. 8,d). In this
way, the magnetic flux densities in the main average
volumes of the ES of the yokes and corners are reduced
and the losses are reduced.

YLN:
¥ A=

\
7

N
/|
\\

o~ 2
Bm,_-.7£-_-__-_- -
/ N\

la

Fig. 8. Structural and geometrical features of three-phase tape-
plate magnetic core variants with circular and triangular (@) and
hexagonal (b, ¢) contours of rods and yoke-cirner parts and
options for distribution of the magnetic flux density in yokes (d)
with triangular (1) and hexagonal (2) internal contours

Identical rectangular plates of ES of rods (Fig. 8,b)
almost completely fill ES hexagonal contours and fill the
circumscribed circle with a coefficient of 0.826.

In connection with the ratio of the lengths of the circle of
the radius ¢ (Fig. 8,b) and the inscribed hexagon 1.047,
by replacing the circular configurations of the turns with
the hexagonal ones, some reduction in the mass and losses
of the winding is achieved for a given cross-sectional area
of the rod. The presence of the central holes of the
hexagonal rods reduces the mass and losses of the magnetic
core using double-contour joint-corner parts and the
structure of the rods from identical ES plates (Fig. 8,c).

Reasoned selection of a certain technical solution
from the available options for new design or proof of the
advantages of newly created innovations requires solving
the problem of structural or structural-parametric
optimization. Mathematical models of the specified
problems must satisfy the conditions of invariance. The
first is the availability of mathematical models with
objective functions of a universal type and assembly order
with the same set of controlled variables for any known
and new proposals of a technical object. The second is the
compliance of mathematical models with the
requirements of comparison of measurement units, that is,
the results of calculations of optimization criteria must be
determined in dimensionless or specific (relative) units.

Such conditions are met by the method of universal
target functions of dimensionless indicators of the
technical level and relative geometric and electromagnetic
controlled variables [22-24]. When applying the specified
method, the identity of the general type of target functions
of transformers, reactors and induction machines [22, 23]
was revealed which corresponds to the general
electromagnetic principle of their action. Objective
functions k — the individual optimization criteria (masses
k=1, costs k = 2, losses k = 3), ij — the EMS option of
TTs and TRs are determined by the equations:

3/4 %
Frrrij = KMK(HTT)/ I grry

3/4 %
Frrrij :KMK(HTR)/ I gij s

where Kk is the component of the specific characteristics
of one of the EMS active materials; /7rrrz) and H*KTT(TR),-J-
is the indicator of output data and electromagnetic loads
and dimensionless optimization component ij — variant of
the EMS of the TTs (TRs), which corresponds to k& — the
optimization criterion.

The components H*KTT(TR)U are nonlinear equations
with relative controlled variables. Their extrema IY*TT(TR)e
represent indicators of technical level of ij — EMS variants
[22-24].

When applying the mentioned method, the identity
of the indicators of the technical level and, accordingly,
the optimal geometric ratios of the same constructions and
structures of TTs and TRs were revealed [22]. This makes
it possible to manufacture on the basis of the same twisted
or combined butt magnetic cores schemes (Fig. 6,a;
Fig. 8,b,c) of unified optimized EMS of TTs and TRs,
which differ in the number of winding coils in the
winding window. Such unification will lead to a
significant effect in the production of TTs and TRs of I-111
dimensions.

Conclusions.

1. Oblique and double-contour (frame) connections of
corner, rod and yoke sections, respectively, used in

Electrical Engineering & Electromechanics, 2024, no. 2
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laminated textured magnetic cores do not provide a
significant reduction in additional losses during idle
operation of conventional variants of three-phase
transformers (TTs) and reactors (TRs).

2. Utilization instead of anisotropic one of strip
amorphous electrical steel (ES) is limited by the
technological limit of the power of TTs (TRs) with
twisted magnetic cores and significantly worsens their
mass and cost performance. At the same time, the issue of
reducing significant additional losses of twisted three-
phase three-contour magnetic cores remains problematic.

3. The improvement of TTs (TRs) with laminated
textured planar magnetic cores is ensured by the location
in the zones of change in the flow direction of the
fragments of the isotropic ES with the rounding of right
angles or the octagonal configuration of the external
contours.

4. Elimination of losses from the third harmonics of
contour currents is achieved by replacing twisted three-
phase magnetic cores with separate cores with planar and
spatial ~ butt-joint magnetic cores with magnetic
connection of rod and yoke-corner parts.

5. On the basis of the identity of the optimal geometric
ratios of the same general structures of TTs and TRs, it
seems  appropriate to  develop their  unified
electromagnetic systems with variants of joint planar and
spatial twisted and strip-plate magnetic cores, which
differ, respectively, in the orthogonal arrangement of the
ES layers or the position in space of the middle and side
sections and hexagonal configurations of rod contours and
internal yoke contours.

6. The construction of spatial strip-plate contact
magnetic cores should be based on a combination of
brands of isotropic and anisotropic ESs in yoke-corner
parts and rods.

Conflict of interest. The authors declare no conflict
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Intelligent fuzzy back-stepping observer design based induction motor robust nonlinear
sensorless control

Introduction. The control algorithm of Induction Motor (IM) is massively dependent on its parameters, so, any variation in these
parameters (especially in rotor resistance) gives unavoidably error propagates. To avoid this problem, researches give more than
solution, they have proposed Variable Structure Control (VSC), adaptive observers such as Model Reference Adaptive System, Extended
Luenberger Observer (ELO) and the Extended Kalman Filter (EKF), these solutions reduce the estimated errors in flux and speed. As
novelty in this paper, the model speed observer uses the estimated currents and voltages as state variables; we develop this one by an
error feedback corrector. The Indirect Rotor Field Oriented Control (IRFOC) uses the correct observed value of speed, in our research,
we improve the observer’s labour by using back-stepping Sliding Mode (SM) control. Purpose. To generate the pulse-width modulation
inverter pulses which reduce the error due of parameters variations in very fast way. Methods. We develop for reach this goal an
exploration of two different linear observers used for a high performance VSC IM drive that is robust against speed and load torque
variations. Firstly, we present a three levels inverter chosen to supply the IM; we present its modelling and method of control, ending by
an experiment platform to show its output signal. A block diagram of IRFOC was presented; we analyse with mathematic equations the
deferent stages of modelling, showed clearly the decoupling theory and the sensorless technique of control. The study described two
kinds of observers, ELO and EKF, to estimate IM speed and torque. By the next of that, we optimize the step response using the fuzzy
logic, which helps the system to generate the PI controller gains. Both of the two observers are forward by SM current controller, the
convergence of SM-ELO and SM-EKF structures is guaranteed by minimizing the error between actual and observed currents to zero.
Results. Several results are given to show the effectiveness of proposed schemes. References 25, table 2, figures 9.

Key words: induction motor, indirect rotor field oriented control, extended Kalman filter observer, extended Luenberger
observer, fuzzy logic control, sliding mode control.

Bemyn. Ancopumm kepysanns acunxponnum osueynom (A1) 6azamo 6 womy 3anedxicums 6i0 1020 napamempis; momy 0yob-saKa 3mind
yux napamempie (0co6IUBO ONOPY POMOPA) HeMuHyye Npu3eo0ums 00 nowiupenns nomunox. LLJo6 ywuxmymu yiei npobremu,
O00CNIOHUKU NPONOHYIOMb WOCL Olblie, HIdC NPOCMO PIleHHA: GOHU 3anponoHyeanu ynpaeninusa sminnoro cmpykmyporo (VSC),
adanmusHi cnocmepieayi, maxki AK a0anmMueéHa cucmema emaioHHoi moodeni, poswupenuil cnocmepizau Jloendepeepa (ELO) ma
posuupenuil pinemp Kammana (EKF); yi piwenus smeHuyoms nepeddauysani noMuaku 3a nomokom ma weuokicmio. Hoeusnoro yiei
cmammi € me, wo cnocmepieay WEUOKOCI MOOei BUKOPUCMOBYE OYIHEH] CIPYMU Md HAnpyau K 3MIHHI CIAaHU; MU po3pOoOIsIEMo
11020 30 OONOMO20I0 KOPEKmopa 360pomnoco 363Ky nomunku. Henpsme ynpagninma 3 nomo pomopa (IRFOC) suxopucmosye
npaguibHe 3HAYeHHS WBUOKOCMI; Y HAWOMY OOCTIONCeHHI MU NOKPAWyeEMO pobomy cnocmepizayd, GUKOPUCMOBYIOYU KepyBaHHS
Ko63HuM pesicumom (SM) 3i 36opomuum kpoxom. Mema. [enepysamu imnynbcu iH8epmopa WUpPOMHO-IMINYAbCHOI MOOYIAYLl, sKi
WBUOKO 3MEHULYIOMb NOMUIKY, BUKIUKAHY 3MiHamu napamempis. Memoou. /s docsenenms yici memu mMu po3pooasieMo 00CiONCeHH s
060X pIi3HUX JIHIIHUX CHOCMEpieayis, Wo GUKOPUCHOBYIOMbCA ONsl 8UCOKONPOOYKkmugHozo npueody VSC AJl, cmitikoeo 0o 3miH
weuokocmi ma Momenmy Hasawmadcenus. Ilo-nepute, mu npedcmagiiemo mpupisHesuil ineepmop, eudpanuil ona scusienus A/, mu
npeocmasiaeEmMo 1020 MOOeNI08aHHA MA Memoo YNPaGIinHA, 3aKiHUYIOUU eKCHePUMEHMANbHOI NAam@OpMOIOo, Wo OeMOHCHPYE 1020
suxionuti cueran. Ilpeocmaenena 6nox-cxema IRFOC; mu aHamizyemo 3a OONOMO20I0 MAMEMAMUYHUX DPIGHAHb DI3HI emanu
MOOeTI08aHH s, HAOUHO OEMOHCMPYIOUU Meopiio po36's3Ku ma Oe3cencopruti Memoo KepysauHs. Y docniodcenmi onucani 06a munu
cnocmepieauis, ELO ma EKF, ons oyinku weuoxocmi ma xpymnozo momeumy AJ. [ani mu onmumizyemo nepexiony peaxyiro,
BUKOPUCIIOBYIOWU HEYImKY JN02IKY, AKA 0onomazae cucmemi cenepysamu Koegpiyienmu nocunenns I1l-pecynamopa. Obudea 3 060x
cnocmepieauie nepedaiomucs kKonmpoaepom cmpymy SM, 36nusicenns cmpykmyp SM-ELO ma SM-EKF eapanmyemscs 3a paxyHok
36€0€HHA 00 HYISL NOMUAKU MIdXC akmuunum ma cnocmepesxcysanum cmpymamy. Pesynvmamu. Haseoeno pesynomamu, o
noxaszyrome egekmueHicms 3anpononoganux cxem. biomn. 25, Tabm. 2, puc. 9.

Kniouogi cnosa: aCHHXpOHHHI IBUTYH, HellpsiMe KepyBaHHs 10 MOJII0 POTOpPa, po3mMpeHuii cnocrepiray ¢iastpa Kanmana,
po3mmpeHuii cniocrepiray Jlroenoeprepa, kepyBaHHs1 HEYiTKOIO JIOTiKO0I0, KepYBAHHSI KOB3HHUM PeKHMMOM.

Introduction. Recently, in the literature researches
develop Induction Motor (IM) control in modern
methods, taking in consideration IM parameters variations
as inputs and signal behaviors as wishes outputs, the
implantation of modern observers in control schemes is
more than necessary.

In several structures and families, observers take
places in linear and non-linear configurations systems as
important solution can deals with motors states variations
in good manner; for example, in the case when IM
parameters was changed, we can see in [1-7] that the
researches use adaptive observer as solution to get a speed
convergence, in [8-11] researches deal with this problem
by using back-stepping control, which gives better results.

We can see also in [12-24] the using of fuzzy logic
technique to observe the controller parameters. In [22] the
writer gives a model of Sliding Mode (SM) observer
powered by fuzzy logic technique in goal of minimizing

the error surface. In [22, 24], they use fuzzy logic to
esteem the PI or PID parameters (K, and K;) which vary
with the IM parameters variation during system operation.

Purpose. In our work, we take a new reasoning
method to preserve the system divergence when changing
motor parameters (rotor resistance in our case). We
propose the using of a Variable Structure Control (VSC)
methodology in order to improve the system robustness,
the application runs by the implementation of SM in two
observers structures combining by Extended Luenberger
Observer (ELO) and Extended Kalman Filter (EKF) is
shown in [12-17] the system is vector-controlled by
indirect rotor field control scheme.

Not only the control of parameters variations is
reached in our proposed method; but the robustness is
also ameliorated by using SM, which we can observe in
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lateral conditions of speed and torque variations during
system operation.

In addition, in our paper, we made a comparison
between SM control and fuzzy logic technique, this
comparison allowed us to select our prefer method which
plays a role in the improvement of the IM nonlinear
sensorless control.

The simulation results, in the end of work, are given
to show the effectiveness of proposed control approach.
Those results are obtained from a drive control algorithms
in the laboratory, with the help of MATLAB tool.

Three levels voltage inverter. We can create Three
Levels Inverter (3LI) voltages in complete bridges by
collecting three half-bridges using capacitive divider
structure (Fig. 1).

s
1 :H; T21 :'f? T31 —ﬁ@
T =
DnT:z _ﬁ@ D21 'ru —E{'fg D31 TJZ —‘El@
- T T T T
B _A_£ e _‘,E_Eés ] PR
D1z T13 _ﬁ@ Du T23 —{"\'3 032 T33 —||':3
r= X X
T LR i L
.o 3] A
T 1 -1

Fig. 1. Three Levels inverter Neutral Point Clamped (3LI-NPC)

1. Inverter’s command strategy. The output
voltages of 3LI are given in:

b b
v, 2 -1 -1] || 8n Big
1 b b
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where Bg; is the transistor’s base command Tk

Researchers have controlled the 3LI with deferent
pulse-width modulation (PWM) strategies; in the next
(Fig. 2 and Table 1) we present simulation and
experimentation comparison between three strategies
methods, we found that saw tooth-sinusoidal command is
the better one to use; we use it, in this research, with two
identical carriers. The experimental results in [18] were
raised by using the acquisition card AT-MIO-16X
through a current and voltage sensor card.

AL ) Al Al 07T m
V.V o1 i il v,V | il
w01 SO I ST 11 b (LU R,
Wi gy 1 11 .|
oL cored 1T el N L
i e 1111 1 a Ol NN W b
1. 11 1 T A 1
200 Il 2olh0 RN TR
S 1l LI |11 N
_agl 1 58 ol I Iz, s|
) K 70T 004 00
V, Vi1 \R:f Cam'er—‘ V, V1 [sz—Cam’eri—*i
s \ MR
N
0 \ 0 d
as[\ kc os|AATTATIATHY
1 s ¥ \ /
R e | R G S A A L
285c88¢8 3388383

A0 is
@001 0.02 0.030.64 0.05
Fig. 2. Output voltage ¥, as a function of time:
- triangular-sinusoidal command with one carrier simulation
result in (a) and experimentation result in (b);

- principle of saw tooth-sinusoidal command with two carriers:
reference voltage and saw tooth carrier 1 in (¢) and reference
voltage and saw tooth carrier 2 in (d);

- saw tooth-sinusoidal command with two carriers simulation
result in (e) and experimentation result in (f);

- vector modulation strategy simulation result in (g)
and experimentation result in (/)

Table 1

Comparison between harmonics of the various command types

Command strategy THD max | THD min
Triangular-sinusoidal with one carrier 0.671 0.669
Saw-tooth-sinusoidal with two carriers 0.421 0.420
Vector modulation 0.498 0.497

2. Power stage. The IGBT transistor characteristics
are: IRFBC40, 3 to 8 kHz, Vg = 600 V, I = 49 A,
VCE (sat) <2 V, ETS <9 ml.
The commutation diode characteristics: BYT30PI
1000, VRRM: 1 kV, IF =30 A, t,= 55 ns, VS =147 V.
Command stage:
o PIA card (Parallel Interface Adapter);

e a galvanic insulation card for the PC and card PIA
protection;

e an interface card.
Sample of experimental installation is shown in Fig. 3.

PC + PIA Card

Fig. 3. Experimental installation constituents

Field oriented control structure. This plan uses a
more robust strategy (Fig. 4), which exclude all kind of
sensors in its algorithm.
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The Indirect Rotor Field Oriented Control (IRFOC)
proposes:

. k ]
digs -7 o, — p-N-k
dt Tr -
] 1l
dlqs 0 -y —p-N-k x .ds
dr | _ Ty lgs +
d L 1 .
iz Im _— w,—p-N Yar
dgt 75 (= KZ%
r L 1
1 0 ™ _(w,—p-N) -— 2)
dr ] L Tr o
1 0 where iy, i, are the d-g axis stator
ol ~ currents; Vg, V4 are the d-g axis
o 1 Vs , stator applied voltages; @, ¢, are
oL, | Vgs | the d-q rotor flux linkages; 7. is the
0 0 rotor time constant, 7. = L,/R,; @, 1S
0 0 the synchronous angular speed;

k = M/oLL,; y, k are the simplifying constants; =1 - M
YL.L,: N is the estimated speed; L,, L, are the stator and rotor
inductances; L,, is the mutual inductance; R,, R, are the stator
and rotor winding resistances; M is the mutual magnetizing
inductance; o is the leakage coefficient; p is the number of
pole pairs.

The decoupling between d and g axes can be
realized by: @, = 0; d@,,/d¢t = 0, and @, = @,, where @,
is the rated flux. So:
v=0L%+R+RM—2i WpOLgi KR@'

ds S s T L,z, ds ~ slqs 2 €

v

ot P95y ot +R+RM2' Y N,
Vgs = OLg——+ @,0Ll, —= ligg ——> P ;
qs s eOLstqs s T8y L% ds ~ 2 (3)
do,
7, —r~
Mi
we=pN+—£
7. D,

The mechanical equations, electromagnetic torque
and motor speed are related by:
dnv
SN =TT 4)
t
where T,, T; are the electromagnetic and load torques; f'is

the friction coefficient; J is the total inertia.

The expression of electromagnetic torque is:
T, = pﬂdiri g (%)
L
The decoupled system is given by:
*

Vds =Vds1 ~€ds>
: ©)

Voo =V —e

qs gsl qs>

where
s lqs ) Rr (Dr >
r

€ —a)O'L

) (1)

~ . M _ .
O L_ 0D, + lgs»

- L.t

€ys

.

where «™» is the estimated value; «*» is the reference value.
Sensorless speed control design. The estimation of

synchronous angular speed is calculated by using the row 4 in (3):

M i
=pN+——L—, ®)
7 di +&

where @, is the estimate flux; £= 0.01 is the constant to

avoid the mathematical divergence when @,. ~0.
From the row 3 of (3) we estimate:
~ M
@, =
l+z,.p

tds "
Speed control. From the synchronous angular
speed, we obtained 6, = [@,dt . To estimate the speed, we

establish following function:
1
T, -T, )
= f( 1)
Closed loop Luenberger observer implantation.
Several researches use ELO in sensorless control of IM
[14, 16, 17], the goal is to remove all mechanical sensors.

From (4) and (5) we have:
N __ S, PMOy iqs_iTl' (10)
dt J JL,

The 2™ order ELO is given by: {){ ZCA);( +BU+L(Y=Y);

where ¥ = { Nobs },L = {ll } , and we have finally:
Tl — obs 12
dN s —-f 1
dr | |:Nobs :|
=l J J +
97— obs. -1, 0 Ti—obs
dr (11)

pMD,
Lt 4
+| UL, (’qs){l ]N,
2

where N, is the observed speed; T; .5 is the observed
load torque. We put /; = 250, [,= —600 to fix the observer
dynamics.

Control with extended Kalman filter observer.
EKF offers the estimation of the systems states [12, 13].
The forward approximation is used to discretize (2):

{x(k +1)= £ (xlk) )+ gulkc) k)
Y

(k)= hlxlk). k),
where

Sx(k), k) + g(u(k), k) = Agx(k) + Bau(k);
Ay=1+A.T; By=B.Ty:

(12)
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4= 'B=| 0o — (13
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0 0

where T, = (t, — t;_1) is the sampling time.
The stochastic model of the disturbances is
established by adding noise vectors as below:

{f(k +1) = f(x(k), k) + g(u(k), k) + w(k);
y(k) = h(x(k), k) + v(k),

where u(k), y(k) are the input and output signals; w(k) is
the process noise; v(k) is the measurement one; x(k) is the
state vector, which can be observed by the EKF as:

X(k+1) = f(x(k), k) + g(u(k), k) + K [y(k) - h(x(k), k)] (15)
By using Riccati difference equation, we can
establish the Kalman gain K, and we can simplify it as:

Ke:{ 0 0 0 }T{ co.séi Sinﬁ:e}’ (16)
ket key kez| |—sind, cosé,
where k.1, k.», k.3 are the adjustable parameters, and:
h(x(k)) = [eos B, (k) sind,(b)]"
The output variables of the EKF may be chosen as:
1), 2(0)] =@, P, (17)

where @, @ are the a-f stator flux linkages.

(14)

S T . .
When x = [6’6 W, w'] are the state variables with

w' as the double integration of noise.
When we put u(k) = 0, the model (14) can be written as:

{2(1{ +1) = F(x(k)) + w(k); a18)
y(k) = h(x(k)) +v(k),
where
1 7, 0
F={0 1 1
0 0 1
So, W, and 6, can be observed by:
() = el O 2‘ OB )+ kie); (19)
W, (k +1) —w, (k) = w' (k) + kye(k) ; (20)
W (k+1)—w (k) = ke (k) ; Q1)
e(k) = yy(k)cos8,(k)— y (k)sin§,(k) - (22)

The block diagram of the EKF used is shown in Fig. 5.

Fig. 5. Simplified EKF observer block diagram

SM current and flux observer design. The
application of SM control to IMs has been widespread in
[8-11, 22]; we implant it to estimate the speed and rotor
time constant, our method guarantees the convergence of
the current during control time and produces, as well,
fluxes along the d and ¢ axes. From (2) we can write:

iy

|, fas | [ Far |1 |vas |, (23)
Olgs Iys Yor] oL |ves]
ot
aczA)dr
Qt :ﬂ Ids _ iy (24)
0P | 7, lgs ] [¥ar ]
ot
where
Vg = —uggsign(syg) ; yr = —ugssign(sys) ;
- ¢d
Ugs == Nds _k(T_r+pN¢qr >
' (25)
- ¢qr
Ugs = _qu_k T + PNy, |,
r
where iy =45 gy lgs = lgs —igs
1 .
— PNk -
{Tdr}_ % {dfdr} (26)
'4 ~
ar | |- pNk L
T}"

and Sds =gy —ldss Sgs = iqs _iqs ’

So, speed and real value of the rotor time constant
can be calculated by:

1 A A
g :AL{ q:)dr qur:|{:dr} (27)
o] 1AL P Par | Yar
where |q>r| - (_q>§r _¢§r) )

Fuzzy-PI controller architecture. It has been
developed recently in [19-24], we use fuzzy logic
algorithm, as a smart attitude, to reconstruct the rotor
resistance and load time constant, after their variations. The
fuzzy part in the controller adjusts the PI gains, which
planned to enhance the step feedback; the improvement of
PI observers has been developed in other way by [25].

The speed error and its rate of change are the
controller inputs, the K; and K, are its outputs,

e(k)=N— N and Ae(k) = e(k)—e(k—1)

The program uses such linguistic tags: NL (Negative
Large), NM (Negative Medium), NS (Negative Short), ZE
(Zero), PS (Positive Short), PM (Positive Medium), PL
(Positive Large). Every fuzzy tag has a related membership
function. «Set if then» is the logic sentence, which
represents the fuzzy control rules, these rules are formulated
as follows: If e(k) is NL and Ae(k) is N then 7, (k) is ZE.
Results for speed control are shown in Table 2 with E is the
error, CE is the convergence of error.

Table 2
Control rule base

JCE/E—> |NL|NM |NS|ZE |PS|PM | PL
N ZE S M| L | M| S |ZE

ZE ZE S M| L|M| S |ZE

P ZE | M L|JL|L|M|ZE

To produce the inference mechanism, we use
Mamdani Max-Min method (Fig. 6). We apply the center
of gravity process to crisp the output value in the
defuzzification stage:
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Fig. 6. Synoptic model of fuzzy controller for IM

Results and analysis. We consider the IM as
continuous model. The IGBT based inverter is a 3LI-NPC,
controlled by an 18 kHz PWM. The robustness of sensorless
speed control is verified, in the first, we apply varied load
torque values as: +10 N-min 1 s, —10 Nm in 2.5 s, +10 N-m
mné6s, —10 Nmin 7 s, 0 Nm in 8 s with flux 0.8 Wb.
The speed is fixed at 150 then —150 rad/s into 3.5 s.

In Fig. 7,a we show, obviously, that the dynamic
performances of the speed are very good.

, ‘rad‘/ s a Zoom o, rad/s b
| |

150

100

50

—FPI-ELO

15000 1 - — - ~—FPL-EKF

150

1498 1 - —— - - s s
2.05 2.1 215 s
Fig. 7. Simulation results of the improved EKF and ELO
observer by FPI controller: IM speed in (a); zoom in speed gives
a comparison between the observer’s time responses in (b);
zoom in speed during control shows the speed overshoots in (¢);
speed delay time during the change of the speed reference in (d);
harmonics observed during control in (e)

Presented in Fig. 7,b the Fuzzy Proportional-Integral
FPI-ELO gives the better time response; it is more
reliable and less-noise than the FPI-EKF (Fig. 7,d and
Fig. 7,e). But it makes a slightly overshoot as shown in
Fig. 7,c when step changes take place in the load torque.

Figure 8 shows the superiority of the FPI-EKF
controller compared to the traditional Proportional-Integral
PI-EKF either in the overshoot or in the harmonic’s noises.

In other stage of studying, using VSC with SM, we
have tested the strength of our controllers, with load torque
applied as the following way: +10 N'-m in 1.5 s, 0 N-m in
255, FI0N'-min6s,-10 N-min7s,0 N-min 8 s.

The comparison in Fig. 9,a,b,c reveals that the
observation by ELO or EKF of the electromagnetic torque.

Zoom @, Wb b

1
8 1,8

1
6 6.5 7 7.5
Fig. 8. Estimated electromagnetic torque 7 (a); «d axe» flux in (b)

T.N-m ‘ ‘ a

20Z‘oom T.N-m_ b

150

100

50

3.6 38 LS 4
Fig. 9. Simulation results of the improved EKF and ELO
observer by SM control: observed electromagnetic torque
in (a and b); harmonics observed during electromagnetic control
in (¢); comparison between SM-ELO and SM-EKF speed in (d);
comparison between SM-ELO and SM-EKF speed response
time in (e); harmonics observed during speed control in (f);
comparison between SM-ELO and SM-EKF speed delay time
during speed reference change in (g)

Conclusions. The high-performance intelligent
sensorless based variable structure control in an indirect
rotor field oriented control scheme, of the induction motor
drive, using Luenberger and extended Kalman filter
observers is discussed in this literature. The robustness of
the speed response using two different observers design
has been compared, and it has been found to be favorable.
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The results investigation confirms that the combination of
sliding mode with adaptive observers achieves a pleasing
performance even in the presence of noises or variations
in the induction motor parameters and drive conditions.
Moreover, it can be said from the results that the
estimation of rotor speed has been done satisfactorily, and
the sliding mode extended Kalman filter has better
characteristics than the other observer presented.
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Harmonics suppression in high-speed railway via single-phase traction converter
with an LCL filter using fuzzy logic control strategy

Introduction. The railway Traction Power Supply System (TPSS) encounters a common challenge related to high-frequency harmonic
resonance, especially when employing AC-DC-AC traction drive systems in high-speed trains. This resonance issue arises when the
harmonic elements introduced by the traction AC-DC converter on the grid side of trains align with the innate resonance frequency of
the TPSS. The novelty the proposed work focuses on the challenges associated with resonance elevation and high-frequency harmonics
in high-speed trains, while simultaneously enhancing energy quality. This is achieved by integrating a pulse-width-modulated converter
on the grid side with a single-phase configuration and incorporating an LCL filter. Methodology. In order to optimize the system’s
efficiency, a robust control system is employed, taking advantage of the capabilities of a fuzzy logic controller (FLC). The choice of the
FLC is justified by its straightforward design and reliability, emphasizing the dedication to precise control, as fuzzy logic excels in
handling complex, nonlinear systems. Through the use of linguistic variables and heuristic reasoning, the FLC adjusts to dynamic
changes in the system, demonstrating its efficacy in enhancing both transient and steady-state responses. Practical value. A grid-side
LCL filter-based converter was meticulously designed and rigorously simulated using the MATLAB/Simulink platform. The inclusion of
an advanced FLC in the system introduced a novel approach to control strategies, surpassing the traditional PI controller. Through a
comprehensive comparative analysis, the simulation results showcased the remarkable efficacy of the proposed solution in an effectively
mitigating high-frequency resonance within the TPSS. This outcome underscores the potential of FLC as a sophisticated control
mechanism for enhancing the performance systems in railway applications, showcasing its superiority over conventional control
methods. The study contributes in shedding light on innovative approaches for optimizing the control and efficiency of grid-side LCL
filter-based converters in high-speed train systems. References 33, table 2, figures 16.

Key words: grid-side converter, LCL filter, harmonics, power quality, fuzzy logic controller, simulation, high-speed rail.

Bemyn.  Cucmema msazosoeo  enexkmponocmauanua  3anisnuyv  (TPSS) cmuxaemuvca i3 3aeanvHoro  npobiemoro, nog’si3anoio 3
BUCOKOYACMOMHUM 2APMOHIIHUM PE30HANCOM, OCOONUBO NPU BUKOPUCAHHI CUCHEM MA208020 HPUBOOY 3MIHHO20, NOCMIliHO20 Ma
3MIHHO20 CIMPYMY ) BUCOKOUWIBUOKICHUX noi30ax. L[a npobrema pe3onancy 8UHUKAE, KO 2APMOHINIHI eNeMeHmuU, Wo BHOCAMbCS MAL08UM
nepemeoprosayemM 3MIHHO20 CIPYMY 6 NOCMIUHULL CMPYM HA CIMOPOHI Mepedci noi30ie, 30ieaiombcs i3 6HYMPIUHbOIO PE30OHAHCHOIO
yacmomoro TPSS. Hoeusna 3anpononoganoi pobomu 30cepeddrceHa HA Npoonemax, noe sa3aHux i3 NiOBUWEHHAM Pe30HAHCy ma
BUCOKOYACMOMHUMU 2APMOHIKAMU Y BUCOKOWBUOKICHUX NOi30ax, npu ooHowacHomy niosuwjenui sxocmi enepeii. Lle docseacmuca 3a
PAXYHOK iHmezpayii nepemeopiosaua 3 WUPOMHO-IMIYIbCHOI MOOYIAYIEID HA CMOPOHI Mepedci 3 00HOpaA3HOI KoH@izypayiero i
exmoyennst gpinoempa LCL. Memooonozia. [{ns onmumizayii eghekmugrnocmi cucmemu 6UKOPUCMOBYEMbCS HAOIIHA CUCEMA YNPAGTiHHSL,
KA BUKOPUCIOBYE Modcugocmi kowmponepa Heuimxoi noeiku (FLC). Bubip FLC eunpasoanuii 11020 npocmoio KOHCIMPYKYIE ma
HAOMIHICMIO, WO NIOKPECTIOMb NPUXUILHICb 00 MOYHO20 YNPABNIHHA, OCKUIbKU HEYimKa J02iKa 4y0080 CHPAGIAEMbCA 3i CKIAOHUMU
HeniHitiHuMU  cucmemamy. 3a80aKU GUKOPUCMANMIO TIHSGICMUYHUX 3MIHHUX ma espucmudnux mipkyeans, FLC npucmocogyemvbcsi 0o
OUHAMIYHUX 3MIH Y cucmeMmi, 0eMOHCIMPYIOUU C80I0 egheKmuHIicmy y nOCUnenti ax nepexionux, max i cmiixux peaxyiu. Ilpakmuuna
yinnicmy. Ilepemsopiosau na ocnosi LCL-¢hinempa Ha cmoponi mepedsici pemeibHO CHPOeKMOSAHULl Ma PemeibHO 3MO0eTbOGaAHULL 3a
donomoeoro namepopmu MATLAB/Simulink. Bxmouennss 0o cucmemu edockonanenozo FLC npedcmaguio noguil nioxio oo cmpamezii
ynpaeninHa, wo nepegepuiye mpaouyitinuii I1l-pecynsmop. 3ae0aku 6ceOiyHOMY NOPIGHATLHOMY AHANIZY, Pe3VIbMAmu MOOETO8AHHS
npooemMoHCmpy8anu 4y008y egekmusHicms 3anpoNnoHOBAH020 DIeHHSI 8 eeKMUBHOMY NOM SIKUEHHI BUCOKOUACTONHO20 PEe30HAHCY
TPSS. Leii pesynomam niokpecnoe nomenyian FLC ax ckiadnoeo mexauismy ynpaeninms NiOGUWEHHAM NPOOYKMUSHOCHI cUCHeM 8
BANIBHUYHUX  3ACTOCYBAHHAYX, OEMOHCPYIOUU U020 nepesazy HA0 Mpaouyitinumy Memooamu YRpaeninHa. J{ocniodiceHHs chpuse
NPONUBAHHIO CEIMIA HA THHOBAYILIHI NIOX00U 00 ONMUMIZAYIL YRPAGIiHHA Mma epekmusHoCmi Mepedicesux nepemeopiosatis Ha ocnogi LCL-
¢hinempis y cucmemax gucoxowuokicrux noizois. biomn. 31, rabn. 2, puc. 16.

Kniouosi cnosa: mepexesuii nepersoprosad, LCL-piibTp, rapMoHiky, IKiCTh eJleKTpOeHeprii, KOHTPoJIep He4iTKOY JIorikH,
MO/Ie/1I0BAHHS, BUCOKOIIBU/IKICHA 3a/1i3HULS.

1. Introduction High-speed rail frequently employs
AC-DC-AC traction converters featuring Pulse Width
Modulation (PWM) within electric units. This is done so
as to enhance the energy quality and dynamic
performance of railway electric systems [1], nevertheless,
the presence of high-order harmonics is a common
occurrence in railway electric networks, resulting in the
challenge of high-frequency resonances [2, 3]. These
harmonics give rise to a range of issues, including
increased errors and disturbances, torque surges, thereby
affecting the overall performance of the traction network
[4]. Two primary strategies are commonly explored to
tackle the issue of high-frequency harmonics in high-
speed trains: one involves addressing the matter within
the traction electrical system, meanwhile, the other aspect
concentrates on the drive unit of high-speed trains.

The predominant research emphasis has been on
mitigating harmonics within the traction system, with
many scholars opting for the use of passive filters to alter
the impedance of harmonics in this system [5]. In order to

improve power quality, a grid-connected voltage source
converter has incorporated an LCL-type filter, renowned
for its superior high-frequency harmonic attenuation in
comparison to conventional L-type filters. LCL filters
find extensive use in grid-connected converters [6, 7] and
front-active rectifiers [8, 9].

Comprehensive design procedures for a single-phase
converter with an LCL filter were extensively discussed
in [10, 11]. In addition, LCL filters often produce
resonance peaks that endanger the stability of the grid-
connected voltage link converter and impair the reliable
operation of the traction power system.

Therefore, developing controllers suitable for LCL
type single-phase converters faces huge challenges.
Traditional PI linear controllers are usually used for grid-
side converters of high-speed railways [12, 13]. However,
the process of adjusting the PI parameters in the voltage or
current control loop can be a problem, as incorrect settings
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may result in undesired low-frequency oscillations in
traction networks. In order to overcome this issue, various
advanced nonlinear control techniques like model
predictive control [14] and sliding mode control [15] were
proposed in order to improve the dynamic behavior of
systems. Nonetheless, implementing and adjusting
parameters for these controllers in real-world scenarios can
be difficult due to the presence of unknown parameters,
complex structures and intricate mathematical models.

Fuzzy logic-based control has demonstrated
effectiveness in various industrial applications [16, 17],
owing to its heuristic nature, simplicity and efficiency for the
utilization of fuzzy logic-based control has shown
effectiveness in diverse industrial applications [16, 17], due
to its simplicity, heuristic nature and efficiency for both
linear and nonlinear systems. By utilizing linguistic variable
knowledge, an intelligent fuzzy controller can be developed
without the need for a complex mathematical model of the
system. This not only reduces computation time but also
improves the transient response characteristics of the system
[18, 19]. However, designing an effective fuzzy controller in
order to enhance the performance of a plant remains a
challenging task, often requiring multiple trial-and-error
procedures based on computer simulations.

As a solution, a proposed approach involves a
simplified structure for the Fuzzy Logic Controller (FLC).
Previous studies on line-side converters in high-speed
railways have mainly focused on various aspects of
controller design, including dynamic performance, stability
analysis, and the mitigation of high-order harmonics [20-24].

Introducing a model predictive control for line-side
traction rectifiers has demonstrated superior performance in
suppressing high-order harmonics compared to traditional PI
controllers. Another innovative method involves utilizing a
nonlinear controller with active disturbance rejection control,
aiming at optimizing the load characteristics of the train
rectifier and reducing harmonics [25].

The application of the harmonic transfer function was
employed to examine the stability of oscillating voltage
fluctuation and controller performance [26]. Additionally, a
combined predictive and extended state observer-based
control system was proposed to mitigate voltage oscillations
and reducing current distortions on both the train and
network sides [27]. Some researchers have suggested a
passivity-based control model for traction rectifiers so as to
enhance both dynamic and static characteristics [28].

While these analytical methods have exhibited certain
enhancements in controller performance, they heavily rely
on precise mathematical models and a multitude of
unknown parameters, often challenging to ascertain in
practical applications. Despite the challenges associated
with modern intelligent controller design, it is evident that
existing control methods possess limitations. Specifically,
they struggle to eradicate high-frequency harmonics, attain
optimal system performance, and adjust control parameters.
This limitation may impede the broader adoption of single-
phase traction converters with LCL filters, consequently
hindering advancements in railway electric systems.
Notably, only a few endeavors have been made to explore
the effectiveness of a fuzzy logic-based controller in
electric drive applications [29, 30].

For high-speed railway line-side converters, the
FLC emerges as a promising solution, eliminating the

necessity for a detailed mathematical model of the
system. Furthermore, it introduces a transparent physical
approach to the control base in the closed loop, deviating
from the use of cumbersome rings by others, implying an
improvement in computational efficiency.

The goal of the paper is to devise a precise controller
utilizing fuzzy logic control for a single-phase traction
converter equipped with an LCL filter, with the aim of
enhancing energy quality and mitigating undesired harmonic
distortions within the railway traction power supply system.

2. System topology. A standard configuration for a
high-speed railway traction power supply system is
visually depicted in Fig. 1, offering a clear representation
of the system. In this diagram the three-phase 220 kV
utility undergoes a step-down transformation within an
electrical substation to become two single-phase 27.5 kV
feeders. This transformation is crucial for providing
power to the all-parallel autotransformer-fed network
through a V/x structure traction transformer.

Reginal Grid y:
220KV
— .l
@ Traction
Cat
atenary =

Substation
Train

= Rails
Fig. 1. Typical power-supply system for high-speed railway

Figure 2 illustrates a simplified diagram that
showcases the positioning of the electrical train within the
traction network system, in which: Z; is the feeder
substation’s equivalent impedance; ir is the electric train’s
current; /; is the separation or gap between the electric
train and the substation; /, is the distance between the
electric train and endpoint of the feeder section.

Electrical Substation Section Post

Train (T) it

< I >« b >

Fig. 2. The electrical train location diagram
in the traction network system

This diagram incorporates various components such
as communication wires, feeders, protection wires, rail
and integrated grounding wires. The methodology used to
create this diagram has been described in [31]. In this
representation, the electrical train load is conceptually
equated to a current source that contains harmonics.

Using the equivalent zm-circuit model for multi-
conductor transmission lines, Fig. 3 depicts the traction
power network, in which: Z7 and Y7, are the impedance
and admittance from the train to the substation; Z;, and
Yy are the impedance and admittance toward the
supplying segment termination. The expressions for these
values are:
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Ipy=————— Im= ;
sin 7 Zy )
Zolcos gty 1) sin 71,
ZT/2 = YT72 =—,
siny, Zy

where y, Z, are the unit-length propagation constant and
characteristic impedance of the contact line, respectively.
These parameters can be mathematically expressed as:

Zo=~NZ'1Y';

y=VZY',
where Z’, Y’ illustrate the impedance and admittance per
unit length for the contact line, respectively.

2

Zrn Zrn Zrn Zrn
—{1 1 1 L ©

ir
|IZSS =Y CT) =Yr Zc

Fig. 3. Representation of equivalent traction network using
topology of a m-circuit

]

When viewed from the train’s electric system within
the traction network, the parallel input impedance (Z,,)
formulation for the traction network can be expressed as:
7o Z cosy/(l—ll)(ZSS cosy +Z sin;/ll) 3)

Pa Zg sinyl+Zycosyl '

The overall extent of the contact line, denoted as /
(sum of /; and /), influences the parallel resonance in the
traction network. The system exhibits parallel resonance
when the denominator in (3) becomes 0, leading to the
maximum impedance (Z,,). The resonance condition is
expressed as follows:

Zysinyd+Zycosy=0. 4)

Given that y/ is significantly less than 1, it is valid to
approximate tanh(y/) as ~l, leading to the simplification as:
.—1 = —1 , (%)
joC.d  joC
where L, is the internal equivalent inductance of the
electrical supply substation (Z,=jwL); C. is the
distributed capacitance per unit extent of the contact line;
C is the overall capacitance along the contact line.

The frequency of parallel resonance f,, is:

1

for=———
Prop L C

The resonance in the traction power network is a
parallel resonance involving the equivalent inductor of the
electric supply substation and the distributed capacitance
across the multi-conductor transmission line. The
resonance frequency is determined by the inherent
properties of the traction network and remains unaffected
by the electric train’s location [32].

3. The LCL-type converter analysis. Figure 4
illustrates the unit equivalent to the traction drive for a
high-speed locomotive, featuring a single-phase LCL-type
converter topology on the grid side. In each power unit,
line-side converters connect to the DC-link and
incorporate an LCL-type passive filter. The traction
transformer is idealized; L, is the comparable leakage

joLg =

(6)

inductance on the secondary side; C, is the DC-link
capacitor; V. is the voltage on DC-link; R, is the load
equivalent for the traction inverter-motor drive system.

g i
' |,

Contact line

|
L3

%? .l.cr Vi [== e R
o]

DC-Link The equivalent
Load

Fig. 4. Equivalent circuit of LCL-type rectifiers on the single-
phase line side in every propulsion unit of a high-speed train

Traction
Transformer

LCL-type Filter

Rectifier

3.1. Designing and modeling LCL filters and their
parameters. The inductance on the converter side L, is
usually determined based on the acceptable maximum
converter current ripple (diy,y), typically ranging from 30-
40 % of the rated current level. Therefore, the constraint
condition for the inductance L, can be expressed as:

L o> tde 7
* 8f sAimax ( )
where f; is the switching frequency of the converter
guides the selection of filter capacitance Cy.

Balancing high-frequency harmonics suppression and
managing reactive power at the primary frequency is crucial
[33]. To meet allowable reactive power, capacitance C; can
be calculated using (8), particularly at the primary frequency:

Cp<p—s. ®)

211,
where P, is the specified power of the converter; £ is the
coefficient constrained to be under 5 %; f, is the primary
frequency of the grid voltage.

The design of the grid-side inductor L, involves
leveraging the proportion of high-order current on the
converter side to that on the grid side. Due to unipolar
PWM in a single-phase converter, emphasis is on high-
order harmonics around double the switching frequency.
Assuming no high-frequency components in the grid
voltage, the LCL filter at double the switching frequency
is addressed, as illustrated in Fig. 5.

ig(k) ir(k)
' YY"
Lg Ls *
ug(k) =Cr as(k)

Fig. 5. Model of LCL filter

In Fig. 5 the transfer functions describing the
relationship between u,, and i;, as well as i,, can be
articulated as:

. . .3
ugp (k) _ JoyLg +]kang _ja)kaLng .

. .2
.ab( ) = joyLg _kaLg _lestLngs
X0

where w; is the twice angular frequency of switching.
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Consequently, the calculation of the ratio between
harmonic components on the grid-side current and high-order
harmonic current on the inverter side can be determined as:

ig (k) 1
=TT : (10)
L l-wiLy -Cy

where the permissible ripple amplitude in the converter
current set between 30 % to 40 % of the rated current,
choosing o at 15 % magnitude ensures a maximum
fluctuation in grid-side current of around 5 %.

Consequently, the potential range for L, can be
inferred as:

23

1207Cy

In conclusion, the values of the inductor and capacitor
need recalibration so as to align with the permissible design
parameter range for the resonant frequency f,. This study
ensures that the resonant frequency f, of the LCL filter is
confined within the specified range:

St <Jr <fs-

The filter parameters specified in Table 1.

4. Control block diagram. Figures 6, 7 depict the
control diagrams using a PI controller and a FLC,
respectively. Table 1 presents the values for the single-
phase traction converter with LCL filter parameters.

Lg>

(11

(12)

Table 1

System parameters

Parameters Value
Contact-line voltage V,, V 1550
Voltage across the DC-link V. s, V 3000
Capacitor of the DC-link C,, uF 3000
Frequency of switching f;, Hz 550
Primary frequency f, Hz 50
LCL-type filter L,, mH 1.3
Inductance on the converter side L,, mH 1.6
Filter capacitance C, uF 125
Load resistor R;, Q 20

4.1. Control diagram with PI controller. Figure 6
shows the control scheme of the LCL rectifier based on PI
controller, in which ¥, is the output voltage across the DC-
link, where the initial block denotes V.. The regulator
calculates the discrepancy between the reference and actual
voltages, forming the input for the PI control unit. The
output current from the PI regulator, combined with cosat
from the phase-locked loops (PLL) block, serves as the
input for the 2nd block. The 3rd block represents the error
from comparing the previous two values.

v +
vic 4o s & PWM Ac/pC
X PI Controller 3 (—>| PR Controller Rectifier
& - +
5

. Tiny vg
vae Coswt

4

Fig. 6. Control scheme of the LCL rectifier based on PI controller

The output value (PR) from the proportional
resonant controller (PR) unit becomes the voltage
reference V., added to V. This resultant value is used
in PWM generation for driver signals in the power
electronic IGBT rectifier with a LCL filter, as shown in
Fig. 6. The summarized mathematical equation for the
system is:

Lep = K pUiterer =Vae) + K1 [ Vireg =Vae)de . (13)

4.2. Control diagram with FLC. Figure 7 shows
the control scheme of the LCL rectifier based on FLC.

Fuzzy
Rule base
Controller
Inference . -
Fuzzification N Défuzzification
engine

Data base

Vi 4o & o v PWM .
&< 0 PR Controller Rectifier
- .= +
rdet Timy. vg
C:S“l
B
L

1onpoid

v

Coswl”
Verid i
Sinwt

Fig. 7. Control scheme of the LCL rectifier based on FLC

A fuzzy control system leveraging fuzzy logic,
evaluates input values in analog form using Boolean
variables with continuous values ranging from 0 to 1. This
contrasts with classical or digital logic, which operates on
discrete values of either 1 or 0. The fuzzy controller
consists of 3 stages: fuzzification, where inputs are
converted into fuzzy representations using predefined
membership functions; the rule-based inference system,
which generates a fuzzy response based on linguistically
defined rules; and defuzzification, converting the fuzzy
response back into a crisp output. The design employs the
Fuzzy Logic Toolbox in MATLAB/Simulink.

The inference engine in fuzzy logic, using Mamdani’s
method, connects membership functions to rules,
generating fuzzy output. Defuzzification is the reverse
process, transforming a fuzzy quantity into a precise value.
In this application, the centroid method computed the result
of the FLC, particularly the reference current in Table 2.

Table 2
Rule base of FLC

ldele—>| NB NS Z PS PB
NB NB NB NB NS Z
NS NB NB NS V4 PS
V4 NB NS V4 PS PB
PS NS V4 PS PB PB
PB Z PS PB PB PB

The inference engine is crucial in fuzzy logic, linking
membership functions and fuzzy rules to generate the fuzzy
output using Mamdani method. Defuzzification is the reverse
process, transforming a fuzzy quantity into a precise value.
In this application, the center of gravity method determined
the output of the FLC, particularly the reference V, as shown
in Fig. 8, illustrating the surface of fuzzy rules.

320 10 0 0 20 g -100 Error

Derivate
Fig. 8. Fuzzy rules surface
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5. Results and comparison. Figures 9, 10 depict
simulated waveforms of the DC-link voltages (V,.),
utilizing both the PI controller and the FLC, respectively.
The observation highlights that the FLC reduces ripples
and distortions in the capacitor voltage to a certain extent,
while reducing the stabilization time to a value of 1 =0.1 s
compared to the PI controller, where the stabilization time
is higher (# = 0.6 s), hindering the system’s performance.

|[—Vdc-ref
4000 : | '
V,V —Vdc with PI
3000
2000 - ]
1000 1
0 L L L L t’ s
0 0.5 1 1.5 2 2.5 3

Fig. 9. The simulated waveforms of DC-link voltages based on
PI controller

4000 T | Vdc-ref

Vv,V — Vde with FLC
3000
2000
1000

ts
0 ‘ ‘ ‘ ‘
0 0.5 1 1. 2 25 3

5
Fig. 10. The simulated waveforms of DC-link voltages based on FLC

This result indicates that the FLC brings a significant
improvement in reducing fluctuations and distortions in the
capacitor voltage, contributing to a faster and more stable
system response. In comparison, the PI controller exhibits
inferior performance with a longer stabilization time, which
may compromise the overall system performance. These
findings underscore the effectiveness of the FLC in
enhancing dynamic response and the quality of the voltage
across the DC-link in the considered converter.

Figures 11, 12 wunveil the simulated voltage
waveforms V, of grid-side voltage during the functioning
of a single-phase LCL rectifier using PI and FLCs,
respectively. Examination of these figures reveals a
significant disparity in the high-order harmonic
components in the LCL rectifier with both controllers.

It is clearly evident that under the regulation by the
PI controller, the voltage V, exhibits more pronounced
high-order harmonic components compared to those
observed in the LCL rectifier operating with the FLC.
This observation highlights the remarkable ability of the
LCL converter topology with the FLC to significantly
attenuate high-order harmonic resonance.

It is crucial to note that this enhanced harmonic
attenuation capability offers substantial advantages in the
context of power quality, thereby contributing to the
stability of the traction power system. These results
underscore the notable effectiveness of the FLC in
reducing harmonics in comparison to the PI controller,
suggesting that the adoption of the FLC could constitute a
significant improvement in LCL rectifier applications,
especially when it is crucial to effectively suppress high-
order harmonic resonance.

Figures 13, 14 depict simulated waveforms of the grid-
side current /, of the LCL-type converter with PI and FLCs,
respectively. The ability to eliminate high-frequency
harmonics proves to be a crucial factor in the evaluation of

filters and control systems. Following the comparison
between Fig. 13, 14 it is noticed that the grid-side current is
distorted, especially during the period 0-0.2 s, with higher
harmonics from the PI controller compared to the FLC.

4000 T T T
V,V — Vg with PI
2000 - l
0 V“ l
-2000 '
t,s
-4000 : : ‘ :
0 0.5 1 1.5 2 2.5 3
4000 T T T -
v,V Zoom — Vg with PI
2000 -
0
-2000 1
t,s
-4000 : : : :
0.5 0.6 0.7 0.8 0.9 1

Fig. 11. The simulated waveforms of the grid-side voltage V,
using the PI controller
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Fig. 12. The simulated waveforms of the grid-side voltage V,
using the FLC
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Fig. 13. The simulated waveforms of the grid-side current ()
using the PI controller

1000 ; LA —Ig with FLC
O
41000 | | ‘ ‘ b8
0 0.5 1 1.5 2 2.5 3
1000
0
-1000 . : : LS
0 0.1 0.2 0.3 0.4 0.5
Fig. 14. The simulated waveforms of the grid-side current ()

using the FLC
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This observation suggests that the attenuation of low-
order harmonics operates effectively for the FLC, and
low-order harmonics exhibit no significant impact
influencing the grid-side current. This conclusion is
corroborated by the results obtained from Fast Fourier
Transform (FFT) analysis.

An examination of the results highlights the superior
performance of the FLC in terms of harmonic reduction
and waveform maintenance of the grid-side current,
particularly during the critical period 0-0.2 s. These
observations indicate that the choice of the FLC could
represent a significant improvement in LCL-type converter
applications, demonstrating increased effectiveness in
suppressing harmonic distortions.

FFT algorithm is employed to assess the harmonic
order within the grid-side current and THD of said current
in a single-phase LCL converter utilizing Pl and FLCs.
THD measurements are contrasted for the PI and FLCs, as
illustrated in Fig. 15, 16.

Fundamental (S0Hz) = 462.9 , THD= 4.60%

L8]

0 1000

(=1

2000 3000
Frequency (Hz)
Fig. 15. The harmonic spectrum of the simulated grid-side

current utilizing the PI controller
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Fig. 16. The harmonic spectrum of the simulated grid-side
current utilizing the FLC

Figure 15 displays the THD measurement results for
the PI controller, yielding a value of 4.6 %. Conversely,
Fig. 16 illustrates the corresponding results for the FLC,
showing a notably reduced value of 0.21 %. These values
fall well below the critical threshold of 5 %, aligning with
harmonic standards.

This analysis demonstrates that the LCL filter ensures
satisfactory compliance with harmonic  standards,
guaranteeing that the THD is below 5 %. Specifically, the
results highlight the enhanced effectiveness of the FLC in
harmonic suppression, particularly for high-frequency
switching sub-harmonics. These findings underscore the
notion that the implementation of the FLC represents a
significant improvement for the LCL converter, notably
ensuring a substantial reduction in THD.

Conclusions. A topological investigation and a
mathematical model have been undertaken for the traction
power supply system and the circuitry of single-phase
line-side LCL-type rectifiers in each power unit of a high-
speed train.

The control system aims at addressing high-order
harmonic resonance in traction converter systems,
particularly focusing on attenuating high-order harmonics
in single-phase LCL PWM rectifiers. When guided by a

Fuzzy Logic Controller (FLC), these rectifiers efficiently
eliminate high-order harmonics in train traction drive
systems. This approach, unlike conventional control units
with a PI controller, effectively avoids stimulating high-
frequency resonance.

The proposed method exhibits notable characteristics
such as heightened robustness and autonomy from
intricate system parameters. The simplicity and efficiency
of the FLC distinguish it, suitable for both linear and
nonlinear systems. Its intelligent control implementation
does not require an intricate system model, reducing
computation time and enhancing response dynamics.

The study conducts a comprehensive comparative
analysis of harmonic suppression performance in the LCL
converter, comparing its performance with a traditional PI
controller to the proposed FLC. Analytical scrutiny and a
THD study emphasize the efficacy of the FLC-controlled
transformer, affirming its role in ensuring high-quality
dynamic performance in traction systems.
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An adaptive controller for power quality control in high speed railway
with electric locomotives with asynchronous traction motors

Introduction. Power quality in an electric railway system pertains to the dependability, consistency, and purity of the electrical power
provided to different components and systems within the railway infrastructure. Assessing power quality offers considerable opportunities
to improve the efficiency of railway systems. Problem. Managing the flow of active and reactive power effectively, decreasing harmonic
currents, and addressing the negative sequence component are all critical parts of improving power quality for electrified rail systems. As
a result, flexible AC transmission systems are the major means of minimizing or decreasing these difficulties. Purpose. This study
describes a half-bridge reactive power railway power conditioner (HB-RPC) with a novel Ynev balancing transformer. HB-RPC is made
up of four switching devices and two DC capacitors and the compensator’s stability is determined by the operating voltage of the DC-link.
Any variations or imbalances in the DC voltage might cause the compensator to operate in an unstable manner. Novelty. Of a novel
balanced transformer with HB-RPC in a high-speed railway system with two scenarios. Methods. The study utilized MATLAB/Simulink
software for simulation purposes. The system integrates a fuzzy logic controller (FLC) and a PI controller to optimize DC voltage,
ensuring its constancy and balance, with the objective of improving the overall stability of the system. Results. The simulation outcomes
illustrate the efficacy of the control approach. Through a comparison of results between scenarios (two and four trains) with the Pl-based-
HB-RPC and the FLC-based-HB-RPC, the system exhibits enhanced stability for the proposed railway system when employing the FLC-
based-HB-RPC, compared to a controller based on PI. Practical value. The proposed configuration elucidates its role in enhancing both
the dynamic performance of the system and the power quality of the three-phase rail traction chain. References 21, table 6, figures 21.

Key words: railway power conditioner, Ynev transformer, fuzzy logic controller, PI controller, asynchronous motor, power
quality, electric railway system.

Bcmyn. fxicmb  enekmpoenepeii 6 cucmemi  eleKmMpUUHUX 3ANI3HUYL BIOHOCUMbBCA 00 HAOIIHOCMI, CMANOCmi ma 4ucmomu
efleKmpoenepeii, wo nooacmvCcsi PisHUM KOMAOHEHMAM ma CUucmemam 3anizHudHoil ingpacmpykmypu. Oyinka sxocmi erekmpoenepeii
8IOKpUBAC 3HAUHI MOJCIUBOCMI niOBUwjeHHs egexmugnocmi 3anisnuunux cucmem. IIpoénema. Egpexmusne kepysanns nomoxamu
aKmMueHoi ma peaxmugHoi NONYICHOCIE, 3HUNICEHHSL 2APMOHILIHUX CIPYMI8 MA YCYHeHH KOMNOHEHMA 360pOMHOI NOCIi008HOCHI — 6ce ye
BANCTIUB] YACTNUHU NOKPAWEHHS AKOCMI efleKmpoenepeii Ol eleKmpupiKoganux 3ani3HUUHUX cucmem. B pesymomami emyuki cucmemu
nepeoaui 3uiHHO20 CMPYMY € OCHOBHUM 3AcO00M MIHIMI3ayii uu 3meHwenHs yux mpyonowie. Mema. Y yvomy oocniodcenni onucyemocs
Haniemocmosuil cmabinizamop peakmueroi nomyoicnocmi 3aniznuyi (HB-RPC) 3 nosum 6anancyrouum mpancgopmamopom Ynev. HB-
RPC  cknadaemvcsa 3 4OMUpboX nepemMukalowux npucmpois ma 080X KOHOEHCAMOpis NOCMILHO20 CMPYMY, @ CMAOiNbHICHb
KOMNeHcamopa GU3HA4Acmvpcs. pobouolo Hanpy2010 TAHKU NOCMIiHO20 cmpymy. Byov-axi aminu abo oucbananc nanpyeu nocmitinozo
CIMPYMY MOXHCYMb npuzeecmu 00 Hecmabinbhoi pobomu komnencamopa. Hosusna. Cmocyemuvca H06020 6ananchoeo mpancgopmamopa
3 HB-RPC' y cucmemi 8UCOKOWBUOKICHUX 3aMi3HUYb i3 0860Ma cyeHapismu. Memoou. Y 0ocniOdiceHHi BUKOPUCTIOBY8AOCS NPOSPAMHE
sabesneuenns MATLAB/Simulink 3 memoro mooemosanns. Cucmema no€onye komponep newimxoi noeiku (FLC) ma I1l-pecyismop ons
onmumizayii Hanpyau nOCMilHO20 cmpymy, 3abe3neveHHs 1020 cmanocmi ma 6anaucy 3 Memor NOKPaweHHs 3a2anbHoi cmabitbHocmi
cucmemu. Pesynomamu. Pe3ynomamu modeniosanns imiocmpyions eexmugHicms nioxooy 00 ynpasuinus. 3a 00nomoeor NopieHsHHSA
pe3ynemamis cyenapiie (06a ma yomupu noizou) 3 HB-RPC na ocnoei Il ma HB-RPC na ocnosi FLC cucmema 0emoHcmpye niosuwyeny
cmabinbHicmy 0151 3anponoHo8anol 3aniznuuHoi cucmemu npu suxopucmanni HB na ocnoei FLC-RPC, y nopieHsiHHi 3 KOHMPOAEpom 3
sacmocyeannsiv 11l Ilpakmuuna winnicme. 3anpononosana Kougizypayisi noscuioe il ponv Yy niOSUWEHHI SIK  OUHAMIYHUX
Xapaxkmepucmux cucmemu, max i AKOCMi enekmpoeHepeii mpugaznoeo 3anisHuuHo20 msa206020 koaa. bion. 21, tadn. 6, puc. 21.

Knrouogi crosa: 3anisHUYHMIA cTadimizaTop Hampyru, Ynev TpancopMaTop, KOHTpoJiep HediTkoi Joriku, III-peryasitop,
ACHHXPOHHMUIi IBUTYH, SIKICTh eJIeKTpOeHeprii, eJJeKTPUYHA 3a/Ii3HMYHA CHCTeMa.

Introduction. The configuration and utilization of
electrified railways are well-established [1]. With the

overhead contact line system, and the electric train, as
illustrated in Fig. 1 [1].

surge in rail traffic and widespread adoption of modern L = Uittty
traction vehicles equipped with sinusoidal current L = thnx:“;h’fu
absorption rectifiers, electric transport systems have = 1

become substantial single-phase loads for the traction = Teschion

supply system. Additionally, they function as nonlinear transformer

loads, consuming reactive power and giving rise to power r v _
factor and stability issues. Consequently, electric trains - 1" — Em‘:{
contribute to imperfections in the railway supply, ﬁ - ) = @ s

including negative sequence current (NSC), reactive
power and harmonics [1].

Enhancing energy efficiency and ensuring high-
quality performance have become imperative across

Fig. 1. Synoptic of traction chain system

The high-voltage network faces challenges due to the
uncertainty, non-linearity, and asymmetry introduced by

various technical domains today. The prevalent power
quality issues typically fall into two main categories:
voltage irregularities and harmonic distortion [2]. The
traction power system can be segmented into four
components, namely the upstream power system (three-
phase power system), the traction power substation, the

traction loads, resulting in the presence of NSC and
harmonics. The asymmetry and non-linearity within the
traction power supply system contribute to more significant
issues for the power grid, including imbalances and
harmonic disturbances. The characteristics of locomotives,

© A. Chaib Ras, R. Bouzerara, H. Bouzeria
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utilizing power electronics techniques to adjust speed, make
them non-linear loads. In this scenario, these loads act as
sources of harmonics while also operating as single-phase
loads. This is the reason why the traction system can extract
two single-phase electric powers from a three-phase power
supply [3, 4], introducing a lot of power quality challenges
to the three-phase power system, ultimately impacting the
operation of electrical equipment and the network.

Various methods have been used to improve the
power quality of three-phase power systems in order to
maintain the dependability and balance of electrical
railway power systems. This entails reducing the impacts
of nonlinear traction loads on three-phase power systems
[5] through the use of Flexible AC Transmission Systems
(FACTS) [6]. In particular, the wuse of balance
transformers (such as Scott, YNvd, Leblanc, and others)
has been a prominent technique to addressing this
difficulty [7, 8]. Balancing transformers possess the
capability to transform a three-phase system into a two-
phase system, thereby reducing NSC on the secondary
side under equal load conditions [9].

However, it is important to note that employing
balancing transformers alone is insufficient to enhance
power quality in the railway traction system.
Consequently, the integration of a compensator into the
traction system has become essential.

Enhancing the efficiency and rapid control features
of these technologies has spurred research into various
FACTS devices [10-12]. The selection of specific FACTS
devices depends on the intended purpose, leading to their
connection in configurations such as shunt, series, series-
series and series-shunt [13, 14]. The compensator’s
overall performance is fundamentally shaped by the
configuration of the controller being manipulated.

The aim of this study is to implement a control
method for the suggested half-bridge reactive power railway
power conditioner (HB-RPC) with Ynev. Consequently, a
fuzzy logic controller (FLC) with 49 rules based on HB-RPC
is developed to govern the outputs of two power switching
legs, thereby enhancing the overall performance of the power
system. Subsequently, the achieved outcomes are contrasted
with those obtained using a PI controller. This comparison
aims to elucidate which controller exerts a more significant
influence on the dynamic stability of the traction system
under different loads. The paper provides a detailed
description of the traction power substation, the transformer
connections, and the structure of the HB-RPC.

The system operation and the control method for the
compensator under Ynev are described. Trains
(asynchronous motors) are used as loads to validate the
performance of the system. The most important power
quality issues in electrified railways have been investigated
here. Results and discussion are analyzed and concluded in
this study.

Modeling of proposed system. For studying the
performance of our system, an electrified railway system
as illustrated in Fig. 2 is proposed.

The Ynev transformer principles. The traction
loads operate as single-phase loads within a three-phase
system. Consequently, balanced transformers are
employed in the power supply system to generate two-
phase output from the three-phase system, effectively

addressing power quality issues such as the elimination of
zero sequence current and reduction of NSC. In [7, 8],
various connection configurations are illustrated, each
transformer  possessing  distinct advantages and
disadvantages. The selection of a specific configuration is
contingent on three key factors: Transformer Utilization
Factor (TUF), Line Utilization Factor (LUF), and the
current unbalance ratio &.

TUF = SR/ST ; €))

LUF =SR/SL ; 2)

EE‘[_‘/ , 3)

where SR, ST, SL are the maximum utilization capacities
for the system, transformer and line, respectively;
I, I" are the negative and positive sequence currents.

I+

A
B
If_‘\ Ix\ L! ¢
B A
Proposed Balanced
Traction Transformer N =
i C

T
2Rk

~— HBRPC -
Fig. 2. The proposed electrified railway system

This study involves the transformation of a three-phase
system into a single-phase system using a Ynev two-phase
balanced transformer (Fig. 3), wherein the primary three-
phase winding is interconnected in a star configuration with
a grounded neutral point.

Grid network %
>

i

[
—
| | i | l
£ - X - 3 - X
B AAJ LA 1A
| | T

2 JAipha

A:‘JD Com (3 )Beta

Fig. 3. Ynev transformer wiring diagram

This transformation not only enhances system
protection but also involves a secondary winding connected
in an open delta configuration [9-15]. The magnitudes of the
mathematical voltage expressions on the secondary side are:

/
|va|=J§V(N§+N§+N2N3y . @)

|vﬂ|=\/§V(N22+N32+N2N3)/3, (5)
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where N,, N; are the turn ratios associated with the
windings of the transformer.
The current relationships can be expressed as:

I4] [(N3+N;3) =Ns

1

—N3 (N2+N3)La}» (6)
I N, -N, |7
where I, Ip, Ic are the primary side’s phase currents;
1,, I are the secondary side’s two-phase currents.

The components of three-phase currents zero
sequence 1°, positive sequence /*, and negative sequence
I currents are:

[BE

1° 0 0 e
=L Nz(l—a2)+N (I-a Nz(a—a2)+N3(a—1) '

3
I~ Nz(l—a)+N3Z1—a2 Nz(az —a )+ N;la? —1)

Load model. In this paper, we model an electric
locomotive train, illustrated in Fig. 4, each asynchronous
motor driven by two inverters controlled through pulse
width modulation. The system incorporates static power
converters to transform the physical characteristics,
specifically voltage, prior to reaching the traction motor.

i J |

l

4 Motors axis

Traction  load

AC DC
DC AC Motor

Asynchronous

Fig. 4. High speed train’s traction circuit schematic diagram

HB-RPC configuration. HB-RPC is one of the
FACTS devices that have been specifically designed for
railway traction power supply [11]. As illustrated in Fig. 5,
HB-RPC is made up of four switching devices and two DC
capacitors, which reduces the number of switches
compared to a normal railway power conditioner (RPC).
As a result, this structure is employed to lower the cost and
complexity of the control. It is utilized to manage active
and reactive power flow, as well as harmonics suppression.

4
C1 -

+# Lb j

]
c2 -

E+«—m T g

+
::

Fig. 5. HB-RPC topology proposed in MATLAB

The Ynev transformer’s secondary side is linked to
the half-bridge converters through a pair of step-down
transformers and inductors. This setup is designed to
mitigate the transmission of harmonics and reactive
power through the transformer. In this arrangement, each

side of the traction power substation accommodates two
electric trains (in the 1st case) and four trains (in the 2nd
case), with i, and is representing the currents of sections a
and f, and denoting the compensating currents.

To address symmetrical and sinusoidal waveforms in
the secondary side currents (i, i), the HB-RPC introduces
compensatory currents (ic,, icp) into the system through
interface inductances (L,, L) and step-down transformers.

The load currents can be written as [9-16]:

ILa(t) = ‘/ELLP(Z Cos(a)t + 61)+ z‘/a]ha cos(a)t + Hha);
h=2 8
ILﬁ(t)E—\/EILPﬂcos(a)t+6’2)+ Z\/Elhﬂcos(a)t+9hﬁ)>( )
h=2
where I, Iy are the h™ order harmonic currents of the o
and f phases, respectively; 0,,, 0;5 are the phases degree
of A" order harmonic currents of the a and [ phases; 6, 0,
are the phase difference between a and S phases; /4, I1pp
are the active components.

The compensation currents (/¢,, /) for the two half-

bridge converters can be expressed as:

Icq :Ia(t)_lrefa(t);

Iep =15(t)=Lgp(t),
where 1,, I; are the secondary side currents; /s, 1. are
the reference currents.

The connection between the compensation currents
and the reference currents can be established as:

2
Lot (t) = \/;Imp cos t;

)

(10)
2 2r
]refﬁ (t) = \/;Imp(COS wt —T],
where I, is the DC component:
1
Imp:E]LPa'f‘[LPﬂ, (11)

where I;p,, I1pp are the active components of two loads
currents of traction power arms.

Operation and control method of the system.

A. Operation of the HB-RPC involves the dynamic
exchange of power between sides, achieving the transfer
and equilibrium of active power, and compensating
reactive power to meet the load requirements. This is
accomplished by charging or discharging capacitors C1,
C2 as illustrated in Fig. 6, 7, representing the primary
goal of the HB-RPC [16-18]. The operations modes of
HB-RPC are next:

e when the supply current i > 0: the charging mode of
the DC-link capacitor, diode D1 is conducted and the
discharging mode of the DC-link capacitor, power switch
S2 is conducted (Fig. 6);

e when the supply current i < 0: S1 is conducted, the
capacitor C1 is discharging, and |i| starts to increase, when
D2 is conducted, the capacitor C2 is charging, and ||
starts to decrease (Fig. 7).

B. DC-link voltage control. The utilization of two
capacitors gives rise to a voltage balance issue. To
address this and attain dynamic energy equilibrium, two
FLC and PI controllers are suggested. These controllers
generate the reference current signals for phases 4, B, C
along with a compensator to maintain the DC-link voltage
stability and minimize power losses.
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Fig. 6. Charging (above) and discharging (below) mode
of HB-RPC for the supply current i > 0
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Fig. 7. Charging (above) and discharging (below) mode
of HB-RPC for the supply current i <0

Approach utilizing a FLC. It is a mathematical
framework designed to assess analog input values in the
context of logical variables with continuous values
ranging from 0 to 1 [14-19]. FLCs are particularly well-
suited for addressing uncertain control problems. The
FLC is structured into 3 components: fuzzification, fuzzy
inference, and defuzzification (Fig. 8) [20, 21].

base

Fuzzy Fuzzy

. —inputs [ |pference | Outputs
e
'-~- Membership ]

functions

Fig. 8. Architecture of FLC

Fuzzification is the process of transforming crisp inputs
values into language values represented by membership
functions. FLC’s inputs are designated as the error (e) in DC-
link voltage and derivate error (de) at simple times # [15]:

1) =Vge,,, (Ve (0}
de(t)=e(t)—e(t -1).

Common types of input membership functions
include triangular, trapezoidal, or exponential shapes.

(12)

In our study, we used triangle membership (Fig. 9).
Seven linguistic variables for both inputs and output were
selected as results there are 49 rules for FLC.

NE PB

NMAAAAN
AAAAAN

\ \

“input variable <ERROR»

%0 80 100

NB NM NS Z Ps PM P8

0.5

-10 ] 10
input variable «DERIVATE»
i 1 | f
NB NM NS z PS PM PB

output variable «Iref»

Fig. 9. Membership functions of fuzzy system

The inference engine plays a crucial role in fuzzy logic
operations by linking membership functions with fuzzy rules
to produce a fuzzy output. Memdani method is employed to
execute this process. On the other hand, defuzzification is the
opposite of fuzzification, involving the conversion of fuzzy
quantities into precise values. In our case, the center of
gravity is employed to calculate the output of the FLC,
specifically the reference current as outlined in Table 1.

Table 1
Rule base of FLC
NM NS zZ PS NM PB
NM | NM NS Z

de/e NB
NB NB NB NB

NM | NB NB | NM | NM | NS Z PS
NS NB | NM | NM | NS Z PS PM
Z NM | NM | NS Z PS PM | PM

PS NM NS Y4 PS PM PM | PB
PM NS Y4 PS PM PM PB PB
PB Z PS PM PM PB PB PB

Figure 9 illustrates the membership functions of
the input and output variables in the fuzzy system, while
Fig. 10 displays the surface of fuzzy rules.

Derivate
-20

-100
Fig. 10. Fuzzy rules surface
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The configuration block of the compensator control
system for HB-PRC is shown in Fig. 11.

Ta
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Fig. 11. HB-RPC control system with FLC

PI controller approach. The PI controller’s
efficiency in limiting steady-state error, as well as its ease
of implementation, are the grounds for its extensive
application. Figure 12 shows the PI controller principle
and the configuration block of the compensator control
system for HB-PRC.
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Fig. 12. HB-RPC control system with PI

Results and discussion. The aforementioned test
system was created in MATLAB/Simulink. This section
is further divided into two scenarios:

e case (1) has HB-RPC in high-speed railway system
with 2 trains;
e case (2) has the HB-RPC with 4 trains.

A comparison of the DC-link voltages and
simulation results for scenario (1) and (2) is performed,
taking into account both scenarios with and without a
compensator and controller. The simulations were utilized
to verify the effectiveness of the proposed compensator
and control method, as well as to evaluate the new
transformer’s ability to alleviate NSC.

A standard electrical traction system was selected to
facilitate an authentic comparative case study between
FLC and PI controllers with two scenarios with varying
load conditions are examined to analyze the influence of
the proposed topology. The assumed values for the public
electrical grid voltage are 230 kV, and its secondary side
provides a 27.5 kV supply to the traction loads. In the
analysis of our electric railway system, electric
locomotives are modeled as asynchronous motors, which
representing nonlinear loads and providing a suitable
basis for result evaluation.

The compensator is linked in parallel with the three-
phase power system. The specific parameters of the
chosen traction system are outlined in Table 2.

Table 2
Simulation parameters

Transformer (class TPS) ratio 230kV /27.5kV
Ynev transformer ratio 27.5/1
Interface inductance, mH 4
DC-link capacitors, mF 40
Nominal power, MW 10
Voltage of DC capacitor Vdc,., V 2000

The controller is used to correct the error between
the reference value of the DC-link voltage Vdc,,r and the
instantaneous actual value V,. The HB-RPC’s controller
should issue instructions for the compensation currents to
be injected, followed by the acquisition of sinusoidal and
symmetrical currents on the three-phase electrical grid
side without the NSC and to transfer active and reactive
energy from one segment to another.

The DC-link voltage is displayed in Fig. 13, at
t = 0.5 s, the HB-RPC is activated the V, voltage
following to the reference signal Vic.. It is clearly
observed that the DC-link voltage stable and regulated
(reducing the voltage fluctuation) better with the FLC
compared to the PI. Fuzzy control demonstrates
robustness by efficiently managing variables with distinct
fuzzy logic and facilitating the enhancement of fuzzy
rules. The utilization of fuzzy control for refining
compensation contributes to improved performance in
achieving better compensation outcomes.
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0
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0
0 1 2 3
Fig. 13. DC-link voltage with FLC (a) and with PI ()

Case I with two trains. The currents of the primary
side and the secondary side are shown in Fig. 14; I, I
and /¢ are unbalanced and unequal, when the compensator
turned off, which contain NSC but after the HB-RPC is
turned on at 0.5 s, the currents are more stable (balanced,
equal, phase difference 120°). It is clear appeared that the
time response of the compensator with the FLC is less
than the PI.
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Fig. 14. Three-phase currents before and after compensation
with FLC (a) and with PI (b) for Case [

In Fig. 15, as we can see the secondary current of the
transformer /,, /5 are balanced even before turned on the
HB-RPC, which confirms the transformer’s ability to
reduce the imbalance.
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Fig. 15. The secondary side current of the traction transformer

with FLC (a) and with PI (b) for Case [

Figure 16 presents the compensation current /¢, /cp.
After 0.5 s the present current is sinusoidal which shows
that it includes most effective active current without
harmonics, which can induced balanced three-phase
currents on the power grid.
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Fig. 16. Compensation current with FLC (a) and with PI (b) for Case |

According to Fig. 17, which shows the NSC which
is reduced to almost zero and explain the symmetrical
three-phase current. We called the relationship between
the NSC and PSC the current unbalance ration. Table 3
represents the ratio index before and after the HB-RPC
start working.

-1500
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'—NSC with FLC —NSC with Pl

80
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40
20 .

0

0 0.5 1 15 LS 2

Fig. 17. Negative sequence currents with FLC and PI for Case [

Table 3
NSC ratio in the public electrical grid current with PI and FLC

HB-RPC integrate Before | After
Time, s 0-04 ] 05-2
0,
PL, % 25 2.08
FLC, % 1.17

Table 4 shows the FFT analysis results before and
after the compensation of the currents at the phases 4, B
and C; it is observed that the performance of the HB-PRC
and Ynev transformer with the FLC is superior to the PI
controller for harmonic elimination.

Table 4
THD compensation results

Cases 2 trains I, | I I
Without compensation, % 7.888.94|13.68
Compensation / FLC, % 1.1810.92| 1.51
Compensation / PI, % 3.1611.69] 2.74
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Case II with four trains. The loading situation,
which was created by delivering a step load to the system,
was simulated in order to stress the system with a high-
power variation for a stability test.

Figures 18, 19 illustrate the simulation outcomes
corresponding to case II. In this scenario, the absence of a
compensator (no HB-RPC) interval is associated with
elevated levels of nonlinear signal components and
harmonics, necessitating compensation.
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Fig. 18. Three-phase currents before and after compensation
with FLC (@) and with PI (b) for Case II
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Fig. 19. Two-phase currents before and after compensation

with FLC (@) and with PI (b) for Case 11

-1500

Figures 18, 19 illustrate the three-phase and two-phase
current waveform under HB-RPC-based FLC and PI control

in response to variations in traction load. The three-phase
side currents maintain stability amid changes in traction load.

Figure 20 shows the compensatory currents of the
converter in FLC/HB-RPC and PI/HB-RPC, respectively.
Following ¢ = 0.5 s, the HB-RPC is activated. As depicted in
Fig. 20, all power quality indices show enhancement and
comply with the specifications outlined in the IEEE 1159
Standard. Therefore, drawing from the findings of the two
cases, the suggested system has effectively mitigated grid-
side nonlinear signal component, and current THDs.
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Fig. 20. Compensation current with FLC (a) and with PI (b) for Case 1L

NSC values for the FLC/HB-RPC are significantly
lower compared to those of the PI/HB-RPC as illustrated
in Fig. 21 and Table 5.

Table 6 displays the results of FFT analysis conducted
both before and after current compensation for phases 4, B,
C. The data indicates that the HB-PRC and Ynev
transformer, in conjunction with the FLC, outperform the PI
controller in terms of harmonic elimination.
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Fig. 21. Negative sequence currents with FLC and PI for Case II

Table 5
NSC ratio in the public electrical grid current with PI and FLC

HB-RPC integrate Before | After
Time, s 0-04 ] 05-2

PL, % 2.1

FLC, % 474 1.2
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Table 6
THD compensation results

Cases 4 trains 1, Iy I
Without compensation, % 25.37 [ 16.05 | 39.55
Compensation / FLC, % 221 | 1.12 | 2.81
Compensation / P1, % 542 | 1.88 | 3.89

Conclusions. Addressing power quality issues in the
traction power supply system of a high-speed railway
equipped with Ynev wiring transformer. Ynev transformer
is characterized by the capability to provide symmetrical
two-phase current for traction loads and balanced three-
phase current in railway system.

This study introduces a novel power quality control
approach centered around half-bridge reactive power railway
power conditioner (HB-RPC). The paper initially examines
the mathematical model and control strategy of HB-RPC to
improve the power quality in high-speed railway system.
The use of adaptive fuzzy logic control is demonstrated to
offer enhanced stability compared to PI control.

Through an analysis of two traction load scenarios, it
is determined that HB-RPC, under adaptive fuzzy logic
control, exhibits superior stability. Beyond improved
stability, the response times are faster when compared to
PI control, both during HB-RPC activation and changes in
traction load. The use of fuzzy logic control ensures a
combination of swift response and stability, thereby
guaranteeing the reliable and efficient operation of HB-
RPC. Both scenarios demonstrate that proposed system
has superior stability and dynamic performance.
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Method for design of two-level system of active shielding of power frequency magnetic field
based on a quasi-static model

Aim. Development of method for design a two-level active shielding system for an industrial frequency magnetic field based on a quasi-
static model of a magnetic field generated by power line wires and compensating windings of an active shielding system, including
coarse open and precise closed control. Methodology. At the first level rough control of the magnetic field in open-loop form is carried
out based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system. This design calculated based on the finite element calculations system COMSOL Multiphysics. At the second level, a stabilizing
accurate control of the magnetic field is implemented in the form of a dynamic closed system containing, in addition plant, also power
amplifiers and measuring devices of the system. This design calculated based on the calculations system MATLAB. Results. The results
of theoretical and experimental studies of optimal two-level active shielding system of magnetic field in residential building from power
transmission line with a «Barrel» type arrangement of wires by means of active canceling with single compensating winding are
presented. Originality. For the first time, the method for design a two-level active shielding system for an power frequency magnetic field
based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system, including coarse open and precise closed control is developed. Practical value. It is shown the possibility to reduce the level of
magnetic field induction in residential building from power transmission line with a «Barrely type arrangement of wires by means of
active canceling with single compensating winding with initial induction of 3.5 uT to a safe level for the population adopted in Europe
with an induction of 0.5 uT. References 53, figures 9.

Key words: overhead power line, magnetic field, quasi-static model, system of active shielding, computer simulation,
experimental research.

Mema. Po3pobka memody npoekmysanisi 080pieHegoi cucmemu akmugHo20 eKpanysants Oisi MAHIMHO20 NOJs NPOMUCTOBOT Yacmomu
Ha OCHOGI KGAZICMamuyHoOi MOOeni MAZHIMHO20 NOJs, SIKe CMBOPIEMbC NPOBOOAMU JIHIL elekmponepeday i KOMNEeHCAyiliHumMu
00MOmMKaMU CUCeMU AKMUBHO20 eKPAHYB8AHHS, 6KIoYaiouu epybe posiMKHyme i moune 3amkuyme ynpaeniuns. Memooonozia. Ha
NnepuiomMy pIeHi NPOSPAMHE KePYEAHHST MASHIMHUM NOJeM 6 PO3IMKHYmIll (opmi 30ICHIOEMbC HA OCHOGI KeazicmamuyHoi mooeni
MA2HIMHO20 NOJIA, 5AKe CMBOPIOEMbCA NPOBOOamMu JiHii enekmponepeoay i KOMHEHCAYIiHUMU OOMOMKAMU CUCTNEMU aKMUGHO20
expanysants. Lle npoexmyeans 6UKOHYEMbCA HA OCHOBI Po3paxyHKoeoi cucmemu ckinuenux enemenmie COMSOL Multiphysics. Ha
Opyeomy pieHi peanizo8ano cmabinizyoye YNpaeiiHHa MASHIMHUM NoJeM 8 POpMi OUHAMIYHOT 3AMKHYMOT cucmemu, wo Micmums, Kpim
06°ckmy  YnpasninHA, MAaKodc NIOCUno8ayi nomydcHocmi ma eumipiosanvii npucmpoi. Lle npoexmyeanns 6uKonyemocsa 6
pospaxynkositi cucmemi MATLAB. Pesynemamu. Hagedeno pezynomamu meopemuyHux ma eKCHepUMEHMATbHUX OO0CAiOANCeHD
ONMUMAanbHOI 080PIEHEEOT cUCmeMU AKMUBHO2O eKPAHYB8AHHS MASHIMHO20 NOJSL 3 OOHIEI0 KOMNEHCYIOU0I0 0OMOMKOIO O ACUMIOBO20
OVOUHKY 610 Oil MACHIMHO20 NOJIsL NUHIL eneKmponepedayi 3 po3mauly8anHamM nposodie muny «boukay. Opuczinanvhicme. Bnepue
3anponoOHOAHO MemoO NPOEKMYBAHHS 0BOPIGHEBOI cUCeMU AKMUBHO20 eKPAHYBAHHA MASHIMHO20 NONA NPOMUCIO60] Yacmomu Ha
OCHOGI  K8A3ICMAMUYHOi MOOeni MAcHIMHO20 NOJA, fAKe CMEOPIOEMbCA Npoeodamu JiHii enekmponepedad i KOMNEHCAYIHUMU
obMOmKaMu cucmemy aKMueHO20 eKpaHy8anHs, 8 uaiadi epyboeo po3iMKHeHo2o i mouHo2o 3axkunymozo ynpaeninus. Ipakmuuna
yinnicmy. [lokazano MOMCIUBICMb 3HUNCEHHS PIGHA THOVKYIT MASHIMHO20 NOJA 8 HCUMTIOBOMY OVOUHKY 6i0 MACHIMHO20 NOAA JiHIT
eflekmponepeoay 3 poO3MauLy8aHHAM npPogoodie muny «O0UKa» 3a 00NOMO2010 OOHIET KOMNEHCYIOHOi 0OMOMKU, 3 NOYAMKO080iT IHOYKYil 6
3,5 mxTn 0o 6e3neurozo pieHa 0 HaceneHHsa, akull npuiinamui ¢ €gponi, 3 inoykyicro 6 0,5 mxTa. bidn. 53, puc. 9.

Kniouoei crosa: mnoBiTpsiHAa JIiHiA eJieKTpomepenadvi, MardiTHe moJie, KBa3icTaTHYHA MoOJesIb, CHCTeMa AKTHBHOIO
eKpaHYBaHHS, KOMII'IOTepHE MOJe/TI0BAHHS, €KCIIEPUMEHTAJIbHI 10C/Ti/uKeHH .

Introduction. The  constantly  accelerating large residential and populated areas. They are densely

technological progress in energy and communications
means that our environment is becoming more and more
saturated with electromagnetic waves of various spectra,
which can threaten human health. The main cause for
concern is the possibility that chronic exposure to low-
level non-ionizing radiation can lead to long-term effects
such as cancer or degenerative diseases of the immune
and nervous systems [1-3].

Therefore in recent years, the terms «electromagnetic
ecology», «electromagnetic pollution of the environmenty
have become firmly established in the topics of scientific
publications, scientific conferences, and public hearings
and in the controversy of social networks. These terms
reflect the awareness of the fact that such presence poses a
threat to human health. Such risks of prolonged exposure to
an electromagnetic field on the human body are assessed by
the World Health Organization and the International
Agency for Research on Cancer [1-3].

The most negative impact on the residential
environment is provided by overhead power lines that cover

distributed in the modern environment of long-term human
stay in residential, industrial and public buildings and in the
residential area. Overhead power lines generate industrial
frequency magnetic field (MF) inside residential buildings
located near power lines, the level of which is often 3-5
times higher than the norms for safe living in the level of the
magnetic field adopted in Europe [4-6].

Prolonged exposure of the population to even weak
levels of the industrial frequency magnetic field leads to
an increased level of cancer in the population living in
residential buildings near power lines. The creation of
methods and means of normalizing the level of the
electromagnetic field in existing residential areas near
power lines without evicting the population or
decommissioning existing electrical networks determines
the economic significance of such studies. Therefore, all
over the world, methods are being intensively developed
to reduce the level of the magnetic field in existing
residential buildings located near power lines to a safe
level for the population to live in it [7-23].

© B.I. Kuznetsov, A.S. Kutsenko, T.B. Nikitina, I.V. Bovdui, V.V. Kolomiets, B.B. Kobylianskyi

Electrical Engineering & Electromechanics, 2024, no. 2

31



The magnetic field active shielding system is an
automatic control system, with the help of which a
compensating magnetic field is automatically formed,
directed against the original magnetic field, which needs to
be compensated [24-28]. All fundamental results of the
theory of automatic control systems are obtained on the
basis of mathematical models of controlled processes in the
form of systems of ordinary differential equations [29-33].
Analysis and synthesis of control systems for objects, given
in the form of systems of differential equations, is a purely
mathematical problem based on the structure of solving
differential equations in an analytical form, or on numerical
integration methods [34-38].

The cornerstone of the theory of automatic control is to
obtain the time dependences of the parameters that determine
the state of the control object. In the most general case,
mathematical models of control objects can consist of a
composition of subsystems of ordinary differential equations
and partial differential equations [39-43].

Mathematical modeling of an electromagnetic field
reduced to solving a boundary value problem for the
system of Maxwell’s equations [6]. Maxwell’s equations
are a system of partial differential equations. When
modeling the electromagnetic field of power frequency, a
quasi-stationary magnetic field is used, which at each
moment of time is completely determined by the
distribution of electric currents at the same moment of
time and can be found from this distribution in the same
way as it is done in magnetostatics.

The task of synthesizing a magnetic field control
system is usually complicated by significant uncertainties
in the mathematical model of the control object [34-37].
Due to objective circumstances, such as the inaccuracy of
the first level model, unmeasured external and internal
disturbances, the actual values of the output coordinates
will differ from the calculated ones [44-47]. In this
regard, we will consider design of two-level magnetic
field control system.

At the first level, rough control of the magnetic field
is carried out on the basis of a mathematical model of the
first approximation. At the second level, a stabilizing
accurate of the magnetic field is implemented, which aims
to eliminate errors in the output coordinates due to the
inaccuracy of the mathematical model of the first level.

In this regard, we will consider a two-level system of
active shielding of the industrial frequency magnetic field
based on a quasi-static model of the industrial frequency
magnetic field generated by power line wires and
compensating windings of the active shielding system.

The aim of the work is to develop a method for
design a two-level active shielding system for an power
frequency magnetic field based on a quasi-static model of a
magnetic field generated by power line wires and
compensating windings of an active shielding system, and
including rough open-loop and accurate closed-loop control.

Quasi-static model of a magnetic field. Mathematical
modeling of an electromagnetic field in general terms can be
reduced to solving a boundary value problem for Maxwell

partial differential equations system [6]
rotH=j+0,D+j,,; (1)
rot E=-0,B, 2)

where E is the electric field strength, H is the magnetic
field strength, D and B are the electric and magnetic
induction vectors, j — conduction current density,
Je — density of extraneous currents created by sources
outside the area under consideration.

The first equation expresses the generalized Ampere
law, which states that the total current density is a vortex of
magnetic field strength. The second equation contains a
differential formulation of Faraday law that the change in
time of magnetic induction generates a vortex electric field.

In particular, the magnetic field induction in the
immediate vicinity of the wires depends on two spatial
variables and changes harmoniously with time and
therefore satisfies the second-order elliptic equation

Of1oB) of1%B —(ja)a—a)zg)BzO, 3)
ox\uox ) oy\uoy

where u — relative magnetic permeability, @ — circular
frequency of the electromagnetic field, o — electrical
conductivity, &— relative dielectric constant.

An intermediate position between a constant field and
a rapidly changing field is occupied by the so-called quasi-
stationary field, which is of particular importance in
technical applications. A quasi-stationary field is such an
electromagnetic field, in the study of which displacement
currents can be neglected in comparison with conduction
currents. Maxwell equations for a quasi-stationary field are

rotH = j+ j,,.; 4)
rot E=-0,B . 6)
It follows from the first equation of this

approximation that the quasi-stationary magnetic field at
each given moment of time is completely determined by
the distribution of electric currents at the same moment of
time and can be found from this distribution in exactly the
same way as it is done in magnetostatics.

To assess the impact of the magnetic field of power
lines on the environment, most calculations were
performed [33-41] based on the Biot-Savart-Laplace’s
law for elementary current

dH (1) = Lt)S(dl xR), (©6)
47R

where the vector R is directed from an elementary segment
d/ with a total current /(¢) to the observation point P(x, y, z).
Then the total field strength vector is equal to:

H(P,1)= 1) | (d>R) (7

3
47[L R

This formula is widely used to calculate the
magnetic field of air power transmission lines instead of
Maxwell equations system.

Thus, the dependence of the magnitude of the MF
intensity on the current is static and is described by (7).

In conclusion, we give one more form of writing a
quasi-stationary model of an electromagnetic field those
changes in time according to a sinusoidal law. The basic
equations and methods for their solution can be significantly
simplified by excluding from consideration one of the
independent variables — time [6]. When analyzing such
fields, a symbolic method is used and harmonically
changing quantities are written in complex form
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I(x,1) = A(x)el™ (8)

where A(x) is the field amplitude.
First level control system synthesis. The block
diagram of a two-level control system is shown in Fig. 1.
disturbance

Fig. 1. The block diagram of a two-level control system

At the first level, program controller C, in the form
of an open loop rough control u, is carried out on the
basis of a quasi-static mathematical model of the first
approximation. At the second level, a stabilizing accurate
controller C, is implemented in the form of a closed loop
control u, based on the equations of the dynamics of a
closed system, taking into account models of actuating
and measuring devices, disturbances and measurement
noise, and aimed at eliminating errors in the output
coordinates due to the inaccuracy of the mathematical
model of the first level.

The magnetic field generated by the power line must
be reduced to a safe level. With active shielding with help
compensation windings, it is necessary to generate a
magnetic field directed against the original MF generated
by the power transmission line. The task of the active
shielding system design is to calculate the coordinates of
the spatial arrangement of the compensating windings, as
well as the magnitudes of currents and their phases in the
compensating windings.

We set the currents amplitude 4; and phases ¢; of
power frequency o, wires currents power lines. Then we
set wires currents in power lines in a complex form

L(t)= 4; exp j(ot + ;). )

The magnitude of the currents of power lines do not
remain constant and have daily, weekly, seasonal and
annual fluctuations. Moreover, the magnetic field
generated by multi-circuit transmission lines and groups
of transmission lines, when changing currents, changes
not only the intensity, but also the spatio-temporal
characteristic. Therefore, we introduce the vector J of
uncertainties of the mathematical model of the magnetic
field. Then, for given currents (9) of the wires of a power
transmission line or a group of power lines the vector
B;(Q,0,t) of the magnetic field generated by all power
lines wires B(Q;9,?) in point Q; of the shielding space
calculated based on Biot-Savart’s law (8)

B1(0,.0.1)=2 B(0;.0.1). (10)

Let’s set the vector X of initial geometric values of
the dimensions of the compensating windings of active
shielding, as well as the currents amplitude 4,; and phases
¢4 1n the compensating windings. We set the currents in
the compensating windings wires in a complex form

Iai(t):Aaiexpj(wt+¢)wi)' (11)

Then the vector Bi(Q;,X1,f) of the magnetic field

generated by all compensating windings wires of active

shielding B (0., X1,f) in point Q; of the shielding space
can also calculated based Biot-Savart’s law

B(01. X1.1)= Y By;(0;. X).1). (12).

Then the vector Bz (0;,X),0,f) of the resulting

magnetic field generated by power lines and only

windings of the first level active shielding system
calculated as sum
By (0, X1,6,t)= B (0;,0,0)+ By(0;, Xy,1).  (13)
Sanitary norms usually limit the value Bz (Q;,X,0)
of the effective value of the magnetic field induction,
which determined by the vector of the instantaneous
value Bz (0:,X1,0,f) of the magnetic field induction

T
2 |1
BRI(QiaXlaé):—{ ?“BRI(QiaXlaéatlzdt- (14)
0

Often they also limit the semi-major axis of the
ellipsoid of rotation of the magnetic field induction vector

2
BRI(QiaXbé):TOIE?}T'BRI(QIGX]’&JX- (15)

Then the problem of designing a first level control
system is reduced to computing the solution of the vector
game

Bpi(X,,0) = (B (0;. X),9)) (16)

The components of the game  payoff
vector Bz (X1,0) are the effective values Bg(0;,X1,0) of
the induction of the resulting magnetic field at all
considered points Q; in the shielding space.

In this vector game it is necessary to find the
minimum of the game payoff vector (16) by the vector X,
but the maximum of the same game payoff vector (16) by
the vector 0.

At the same time, naturally, it is necessary to take
into account constraints on the vector X desired
parameters of a combined shield in the form of vector
inequality and, possibly, vector equality

G(X))<Ghax» H(X;)=0. (17)

Note that the components of the vector game (16)
and vector constraints (17) are the nonlinear functions of
the vector of the required parameters [5, 6] and calculated
based on the finite element calculations system COMSOL
Multiphysics.

Second level control system synthesis. Consider
the structure of the second level active shielding system in
the form of a dynamic closed system containing, in
addition plant, also power amplifiers and measuring
devices of the system. In the zone of active shielding of
the magnetic field, m sources of the magnetic field —
magnetic executive bodies — are installed. Let’s introduce
a n — dimensional control vector up(f), the m components
of which are the currents 7,(¢) in the control windings.
Let’s introduce an n — dimensional state vector xp(f)
whose components include currents 7,(f) in the windings
of magnetic field sources. Then the state equation of such
magnetic field sources can be written in the standard form

x,(t+1)=4,x,(t)+ B,up(t), (18)

1,(6)=Cpx,(0), (19)

in which the state Ap, control Bp and output Cp matrices
of magnetic field sources as plant.
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This differential equation describes the dynamics of
only the actual windings and their power sources as plant.

Let’s write down the differential equation of state of
discrete PID controllers, the input of which is the ug(f) of
measured magnetic field induction components, and the
output up(f) is the vector of closed-loop control of
magnetic executive bodies in the following form

x.(t+1)= A.xc(t)+ Boug (t); (20)

up(t)= Cexc(t), 2n

in which the state 4, control B¢ and output C¢ matrices
of PID controllers.

To design second level active shielding system, it is
necessary to have magnetic field measuring devices —
magnetometers installed at certain points in space to
measure the magnetic field Hg(?) created both by the output
transmission line and by the executive windings of the
active shielding system. Let’s form a vector ugf) of
measured components at the moment of time ¢ at the
points P; of installation of magnetometers in the following
form

x(t4+1) = Agxg(t)+ BgH(2); (22)

ug(t)=Coxs(t)+w(), (23)
in which the state Ag, control Bg and output Cg matrices of
magnetometers.

Let’s introduce the vector X, = {A¢, B¢, Cc} of
sought parameters, the components of which are the
sought elements of the state 4¢, control B¢ and output C¢
matrices of PID controllers of second level active
shielding system.

Then for the current 7,(¢) calculated by (19) in the
windings the vector By(0;X,f) of the magnetic field
generated by all compensating windings wires of second
level active shielding B,{Q;,X>,f) in point Q; of the
shielding space can also calculated based Biot-Savart’s law

By(01. X5.t)= " By, (01. X.1). (24)
Then the vector Br(Q;,X,X5,0,f) of the resulting
magnetic field generated by power lines and windings of

both first and second level active shielding system
calculated as sum

BR(Qi7X17X276’t)= BL(Qiaaat)Jr"’

.+ B0, X.1)+ B,y (0:, X5, 1)

Note that equations (18) — (25) describe the dynamics
of a closed second level active shielding system.

Then the problem of designing a second level
control system is reduced to computing the solution of the
vector game

(25)

Bp(X,0)=(Bp(Qn X X0,0).  (26)
The components of the game  payoff
vector Bp(X5,0,t) are the effective

values Bp Qi,Xl* , X 2,5) of the induction of the resulting
magnetic field at all considered points Q; in the shielding
space calculated for the optimal value of the vector X 1* of

parameters of first level active shielding system.

Then the synthesis of the two level system of active
shielding of the magnetic field, which includes open and
closed control circuits, is reduced to finding the X, and
the X, of the parameters of the controllers.

Problem solving algorithm. A feature of the
solution of the considered multi-criteria problem is
inconsistency of local criteria to each other, which
prevents the simultaneous optimization in general by all
criteria at the same time [44]. This is due to the fact that
minimizing the induction at one point, for example,
located in the center of the screening space, leads to an
increase in the induction at the points located closer to the
power line due to overcompensation of the original
magnetic field, and at the same time leads to an increase
in the induction of the resulting magnetic field at points
located farther than the power line due to
undercompensation of the original magnetic field.

This means that one goal cannot be optimized at the
expense of another goal. To solve the problems of
multicriteria optimization, various strategies have been
developed and each approach has its own pros and cons,
and there is no single best option for solutions to multi-
criteria optimization in the general case. The simplest
method for solving the problem of multi-objective
optimization is to form a composite objective function as
a weighted sum of goals, where the weight for goals is
proportional to the preference for this local criterion.
Scalarization of the target vector into one component
objective  function transforms the multiobjective
optimization problem into a single optimization goal.

Usually, the maximum values of partial criteria are
known, which makes it possible to perform normalization.
In this case, the normalized partial criteria are in the range
0 < Br(0:,X) < 1. Approximation of the normalized
value of the i—th particular criterion to unity corresponds
to a tense situation. If the value of the normalized value of
the particular criterion approaches zero, then this
corresponds to a calm situation. To solve this problem of
multicriteria optimization, the simplest non-linear trade-
off scheme is used, in which the original multi-criteria
problem is reduced to a single-criteria

J
X" = argfninzai[l_BRN(Qi»X)Tl ;
X =l

@7

where ¢; are weight coefficients that characterize the
importance of particular criteria and determine the
preference for individual criteria by the decision maker.
Naturally, such a formalization of the solution of the
problem of multi-criteria optimization by reducing to a
single-criteria problem allows one to reasonably choose
one single point from the area of compromises — the
Pareto area. However, this «single» point can be further
tested in order to further improve the trade-off scheme
from the point of view of the decision maker.

Note, that such a nonlinear scheme of trade-offs
actually corresponds to the penalty function method with
an internal point, since when the criterion B(Q;X)
approaches unity, i.e. in a tense situation, scalar
optimization is actually performed only according to this
tense particular criterion, and the remaining criteria with a
calm situation are practically not taken into account
during optimization.

Such a non-linear trade-off scheme allows you to
choose criteria in accordance with the intensity of the
situation. If any criterion comes close to its limit value,
then its normalized value approaches one. Then this non-
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linear compromise scheme, in fact, with the help of a scalar
criterion, reduces the problem of minimizing the sum of
criteria to minimizing this one criterion, according to which
there is a tense situation. If, according to other criteria, the
situation is calm and their relative values are far from unity,
then such a non-linear compromise scheme operates
similarly to a simple linear compromise scheme.

Thus, with the help of this non-linear scheme of
compromises, in fact, the tension of the situation according
to individual criteria is a priori introduced into the scalar
criterion. It can be shown that this non-linear compromise
scheme satisfies the Pareto-optimality condition, i.e. using
this scheme, it is possible to determine a point from the
region of unimprovable solutions. When such a composite
objective function optimized, in most cases you can get one
concrete compromise solution. This processing procedure
multiobjective optimization problems are simple, but
relatively subjective. This procedure is based on
preferences multipurpose optimization.

The second approach is to define the entire set
solutions that are not dominated with respect to each
another. This set is known as the Pareto optimal set. Bye
moving from one Pareto solution to another, always a
certain number of victims in one or more goals to achieve
a certain gain in other(s). Pareto-optimal solution sets are
often preferred over single solutions because they can be
practical when consideration of real life problems. Pareto
set size usually increases with an increase in the number
goals. The result obtained preference-based strategy
largely depends on the relative a preference vector used in
the formation of a composite function. Changing this
preference vector leads to another compromise solution.
On the other hand, the ideal multipurpose the
optimization procedure is less subjective. The main task
in this approach is to find as many different compromises
as possible solutions as far as possible.

Let’s consider the method of solving the formulated
problem. In order to correctly solve the problem of multi-
criteria optimization, in addition to the vector
optimization criterion and constraints, it is also necessary
to have information about the binary relations of
preference of local solutions to each other. The basis of
this formal approach is the construction of areas of
Pareto-optimal solutions. This approach makes it possible
to significantly narrow the range of possible optimal
solutions to the initial multi-criteria optimization problem
and, therefore, to reduce the labor intensity of the person
making the decision regarding the selection of a single
variant of the optimal solution.

The task of finding a local minimum at one point of
the considered space is, as a rule, multi-extreme,
containing local minima and maxima, therefore, it is
advisable to use stochastic multi-agent optimization
algorithms for its solution. Consider the algorithm for
finding the set of Pareto-optimal solutions of multi-
criteria nonlinear programming problems based on
stochastic multi-agent optimization.

To date, a large number of Particle Swarm
Optimization (PSO) algorithms have been developed —
PSO algorithms based on the idea of the collective
intelligence of a particle swarm, such as the gbest PSO
and Ibest PSO algorithms [48-50]. The application of

stochastic multi-agent optimization methods for solving
multi-criteria problems today causes certain difficulties
and this direction continues to develop intensively.

To solve the original multi-criteria problem of
nonlinear programming with constraints, we will build a
stochastic multi-agent optimization algorithm based on a
set of particle swarms, the number of which is equal to the
number of components of the vector optimization
criterion. In the standard particle swarm optimization
algorithm, particle velocities change according to linear
laws. In order to increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multi-
agent optimization have recently become widespread, in
which the movement of particle i swarm j is described by
the following expressions

v,-j(t+l) = wjv,-j(t)+ Cle1j(f)H(P1j —51j(t))><

...><[yij(t)—xij(t)]+czjr2j(t)H( 2 —82‘/(1‘))><... (28)
L y;(t)—xij(t)T;
xj(t+1) = x5 (e)+ vy (£ +1), (29)

where, are the position x;(¢) and speed v;(f) of the particle
i of the swarm j; ¢; and ¢, — positive constants that
determine the weights of the cognitive and social
components of the speed of particle movement; r,(f) and
75(?) are random numbers from the range [0, 1], which
determine the stochastic component of the particle

velocity component. Here, y;(¢) and yj- — the best local-

Ibest and global-gbest positions of that particle i are
found, respectively, only by one particle i and by all
particles i of that swarm j. The use of the inertia
coefficient w; allows to improve the quality of the
optimization process.

The Heavyside function H is used as a function of
switching the movement of the time-stick in accordance

with the local y;(¢) and global y; (t) optimum. Parameters

of switching the cognitive py; and social p,; components of
the speed of particle movement in accordance with the
local and global optimum; random numbers &,(f) and
&(f) determine the parameters of switching the movement
of the particle according to the local and global optimum.
If p<e|(f) and p,<e,(?), then the speed of movement of
particle i swarm j does not change at the step ¢ and the
particle moves in the same direction as in the previous
optimization step.

With the help of individual swarms j, optimization
problems of scalar criteria B(X,P;), which are components
of vector optimization criteria, are solved. To find a
global solution to the original multi-criteria problem,
individual swarms exchange information among
themselves during the search for optimal solutions of
local criteria. At the same time, information about the
global optimum obtained by the particles of another
swarm is used to calculate the speed of movement of the
particles of one swarm, which allows all potential Pareto-
optimal solutions to be identified [51-53].

For this purpose, at each step ¢ of the movement of
particle i swarm j, the functions of advantages of local
solutions obtained by all swarms are used. The

solution X;(t) obtained during the optimization of the
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objective function B(X(?),P;) wusing the swarm £k

is X;(t)>— XZ(I) better in relation to the solution

obtained during the optimization of the objective function
using the swarm j, i.e., if the condition is fulfilled

maxB(Pl-,X;(t))< maxB(Pl-,XZ(t)). (30)
i=l,m i=l,m

At the same time, the global solution XZ(t)
obtained by the swarm k is used as the global optimal

solution X:- (t) of the swarm j, which is better than the

global solution X, ,t (t) of the swarm £ on the basis of the

weight ratio.

In fact, this approach implements the basic idea of
the method of successive narrowing of the area of rade-
offs — from the initial set of possible solutions, based on
information about the relative importance of local
solutions, all Pareto-optimal solutions that cannot be
chosen according to the available information about the
attitude of superiority. The deletion is carried out until a
globally optimal solution is obtained. As a result of
applying such an approach, no potentially optimal
solution will be removed at each narrowing step.

Simulation results. Let us consider the results of the
design of a two-level system of active shielding of the
magnetic field generated by a double-circuit power line in
a residential bu1ld1ng, as shown in Fig. 2.

Fig. 2. Re31dent1al building closed to doubleCIrcult power line

Figure 3 shows the scheme of the two-level active
shielding system design.

Arrangement of active elements

5

Fig. 3. Scheme of the two-level active shielding system design

Figure 4 shows the dependences of the initial and
resulting magnetic field. With the help of the system, the

level of the magnetic field does not exceed the level of
0.5 uT, which is accepted as a safe level of the magnetic
field in Europe.

Field before (red) and after (blue) compensation, on level z=25m

15 155 16 165 17 75 18 185 19 195 20
Fig. 4. Dependences of the initial and resulting magnetic field

Figure 5 shows the dependences of the spatio-
temporal characteristic of the initial and resulting
magnetic field and the magnetic field generated only by
the compensation winding.

. Bz,HT Field at point x=16m, z=25m

initial MF

2-MF g'enera'ted on'Iy p
by the compensatlon :
-3+-winding

4 i i i i i i i BonT
4 -3 2 -1 0 1 2 3 4
Fig. 5. Dependences of the spatio-temporal characteristic of the
initial and resulting magnetic field and the magnetic field
generated only by the compensation winding

Results of experimental studies. Let us now consider
the results of experimental studies of the system. On Fig. 6
shows the compensation winding of the experimental setup.

Fig. 6. Compensatlon winding of the experimental setup

On Fig. 7 shows the control system of the
experimental setup.

On Fig. 8 shows the experimental spatio-temporal
characteristic of the initial magnetic field.

On Fig. 9 shows the experimental spatio-temporal
characteristic of the resulting magnetic field. On the basis
of experimental studies of the experimental installation of
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a two-level active shielding system, it was found that the
shielding factor is more than 7 units.

CH1 100mY  CH2 100mY s Maod
Fig. 8. Experimental spatio-temporal characteristic of the initial
magnetic field

CH1 50.0mY CHZ2 S0.0mV &Y Mod
Fig. 9. Experimental spatio-temporal characteristic of the
resulting magnetic field

If it is possible to measure the current of the current
line of three-phase power lines or to directly measure the
induction of the magnetic field near the current line, then
an open system of active shielding can be built on the
basis of these measurements.

Conclusions.

1. At the first level rough control of the magnetic field
in open-loop form is carried out based on a quasi-static
model of a magnetic field generated by power line wires
and compensating windings of an active shielding system.
This design calculated based on the finite element
calculations system COMSOL Multiphysics.

2. At the second level, a stabilizing accurate control of
the magnetic field is implemented in the form of a dynamic
closed system containing, in addition plant, also power

amplifiers and measuring devices of the system. This design
calculated based on the calculations system MATLAB.

3. Design both first and second level control according
to the developed method reduced to computing the
solution of vector multi-criteria two-player zero-sum
antagonistic game based on binary preference relations.
The payoff game vector and constraints calculation based
on quasi-static model of a magnetic field. These solutions
calculated from sat of Pareto-optimal solutions based on
binary preferences based on stochastic nonlinear
Archimedes algorithms.

4. Two-level control system under consideration is a
system with two degrees of freedom, which combines
both open-loop and closed-loop control. However, in
contrast to the classical synthesis of robust control of a
system with two degrees of freedom, in the developed
method, the synthesis of open-loop rough control is
performed on the basis of a quasi-static model of the
magnetic field. The synthesis of a closed-loop accurate
control is carried out on the basis of the equations of the
dynamics of a closed system, taking into account models
of actuating and measuring devices, disturbances and
measurement noise.

5. Using calculated optimal two-level active shielding
system made it possible to reduce the level of magnetic
field in residential building from power transmission line
with a «Barrel» type arrangement of wires by means of
active canceling with single compensating winding with
initial induction of 3.5 pT to a safe level for the
population adopted in Europe with an induction of 0.5 uT.
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Smart current control of the wind energy conversion system based permanent magnet
synchronous generator using predictive and hysteresis model

Introduction. Given the increasing demand for performance and efficiency of converters and power drives, the development of new
control systems must take into account the real nature of these types of systems. Converters and dimmers power are nonlinear
systems of a hybrid nature, including elements linear and nonlinear and a finite number of switching devices. Signals input for power
converters are discrete signals that control the ‘opening and closing’ transitions of each component. Problem. In the multilevel
inverters connected to grid, the switching frequency is the principal cause of harmonics and switching losses, which by nature,
reduces the inverter’s efficiency. Purpose. For guarantee the satisfying quality of power transmitted to the electrical grid, while
ensuring reduction of current ripples and output voltage harmonics. Novelty. This work proposes a new smart control, based on a
predictive current control of the three level neutral point clamped inverter, used in Wind Energy Conversion System (WECS)
connected to grid, based permanent magnet synchronous generator, powered by a hysteresis current control for the rectifier. This
new formula guarantees handling with the influence of harmonics disturbances (similar current total harmonic distortion), voltage
stress, switching losses, rise time, over or undershoot and settling time in WECS. Methods. The basic idea of this control is to choose
the best switching state, of the power switches, which ameliorates the quality function, selected from order predictive current control
of WECS. Results. Practical value. Several advantages in this intelligent method, such as the fast dynamic answer, the easy
implementation of nonlinearities and it requires fewer calculations to choose the best switching state. In addition, an innovative
algorithm is proposed to adjust the current ripples and output voltage harmonics of the WECS. The performances of the system were
analyzed by simulation using MATLAB/Simulink. References 33, table 3, figures 11.

Key words: hysteresis current control, permanent magnet synchronous generator, predictive current control, wind energy
conversion system, three level neutral point clamped inverter.

Bcemyn. 3sascaiouu na spocmaroui 6umozu 00 NpOOYKMUBHOCMI MA eQeKmUsHOCI nepemeoplosauie ma CUi08Ux npusoois, npu
PO3poOYi HOBUX CcucmeM KepySaHuHs HeOOXIOHO 6paxo8yeamu peanvHy Hnpupooy cucmem makozo muny. Ilepemsoprosaui ma
pezyiamopu NOmyH#cHocmi A61A10Meb co00I0 HEeNiHIliHI cucmemu 2iOpuUOHoOi npUpPoOU, Wo BKII0YAIOMb JIHIHI MAa HeNiHiliHI eleMeHmu
ma Kinyege HUCIO KOMYMAYiUHuX npucmpois. BXioui cuenanu 01 cunosux nepemeopiogavié € OUCKPEMHUMU CUSHANAMU, SKI
Kepyloms nepexooamu «8iOKpUmms ma 3aKkpummsay KodcHo2o komnovenma. IIpoénema. Y 6azamopisnesux ineepmopax,
NIOKNIOYeHUX 00 Mepedici, 4acmoma nepemMukaHHs € OCHOGHOIO NPUHUMOI0 2APMOMIK ma 6émpam NepeMUKaHHs, Wo 3a CBOEI0
npupoooro 3uudicye egpexmusnicms ineepmopa. Mema. [apanmysamu 3a008inbHy AKICMb eleKmpoenepeii, wjo nepeoacmvcs 6
eeKmpUIHY Mepedicy, npu OOHOYACHOMY 3HUIICEHHI nyabcayiti cmpymy ma capmonik euxionoi nanpyeu. Hoeusna. YV yiii pobomi
NPONOHYEMbCA HOBULL THMENIEKMYANbHUL KOHMPOTb, 3ACHOGAHUL HA NPOSHO3YIOUOMY KePYBAHHI CIPYMOM MPUpPi6Heo20 ineepmopa 3
iKCcO8aHOI0 HEUMPANLHOI MOYKOI, WO BUKOPUCTOBYEMbCA 8 cucmemi nepemeopenns enepeii ¢impy (WECS), niokniouenoi 0o
mepedici, Ha OCHOBI CUHXPOHHO20 2eHepamopd 3 NOCMILHUMU MASHIMamMu, wo JHCUGUMbCs 6i0 KepyeanHs cmpymom . L{a noea
Gopmyna eapanmye 06poOKY 3 Ypaxy8amHAM 6NAUBY 2APMOHIYHUX NepeuwKoO (aHano2iuHi 3a2anbHi 2apMOHIYHI CHOMBOPEHHS
cmpymy), nepenanpyau, empam nepemMuKkants, 4acy Hapocmawnis, nepe- 4y Heoope2ymnosants, a maxodic dyacy cmabinizayii WECS.
Memoou. Ochosna ioes ybo2o YNpasuinHa NoasA2ac y GUOOPI HANIKPAW020 CMAHY NEPeMUKAHHS CUTOBUX NEPeMUKAIB, WO NOKPAULYE
@ynxyito axocmi, obpany 3 nopaoky npoenosyiouozo xepysauna cmpymom WECS. Pesynvmamu. Ilpakmuuna yinnicmes. [leii
IHMeNeKMyanbHull Memoo MA€ KilbKa nepeeae, Makux sK WEUOKA OUHAMIYHA 6I0n06i0b, npocmoma peanizayii meniniinocmeil i
HeoOXIOHICMb  MeHwol KilbKocmi 00uucienb 018 eubopy Haukpawjoeo cmany nepemuxanus. Kpim moeo, 3anpononosano
IHHOBAYITIHULL AN2OPUMM Pe2YTIO8AHHs NYIbCayitl cmpymy ma 2apmowix euxionoi nanpyeu WECS. Xapaxmepucmuku cucmemu
NPoananizo8ano wisixom mooeniosanis 3 suxopucmanusim MATLAB/Simulink. Bi6in. 33, Tabm. 3, puc. 11.

Kniouogi cnoga: ynpapiliHHSI CTPyMOM 3 ricTepe3ncoM, CHHXPOHHHII reHepaTop 3 NOCTIHHMMH MAarHiTAMH, NPOTHOCTHYHE
yHpaBJliHHSI CTPYMOM, CHCTEMA NepeTBOPEHHs eHeprii BiTpy, iHBepTOp 3 TPUPiBHEeBUM (ikCyBaHHAM HeHTPAJIbLHOI TOYKH.

Introduction. The increasing use in the industrial
sector of powered systems electronically and controllable,
motivated by the improvement of their performance, has
led to a proliferation of static converters. Among these
most common structures and the most attractive are the
Pulse Width Modulation (PWM) voltage rectifier [1].

Participation in system services must be on an
alternative grid three-phase. It is then necessary to use an
electronic converter for the DC-AC and/or AC-DC
conversion in the conversion chain wind energy [1, 2].

The advent of power electronics has a major impact
on the world of industry in recent decades. This advent
occurred through the arrival on the market for power
electronic components such as thyristors, triacs, GTO,
IGBT or high-power transistors.

The constant growth of energy consumption in all its
forms and the associated polluting effects, mainly caused
by the combustion of fossil fuels, are at the heart of the
issue of sustainable development and care of the
environment in a discussion for the future of the planet.

Wind energy is clean and renewable energy, unlike
conventional energy which presents the constraints of
distance from the electricity network and the constraints
of fuel transport, as well as the periodic maintenance of
the installations [3].

In recent literatures, authors have investigated the
potential technical impacts in voltage regulation, active
and reactive power variations, transformers loading,
current and voltage harmonics causes with renewable
energy integration [4-6].

In the resolution of harmonics disturbances problems,
many researchers used the sinusoidal PWM approach and
implement it in Wind Energy Conversion System (WECS)
to ameliorate the harmonic content on the output voltage
waveform [7]. Space vector modulation technique
possesses remarkable performance in 3-level PWM
topologies [8]. Other techniques involving modulation
methods at a low switching frequency that have attained
more demand in a broader field of function are staircase
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modulation, space vector control [9, 10], selective
harmonic elimination [10, 11] and sliding mode control for
Permanent Magnet Synchronous Generator (PMSG) [12].

System for application generator. In the studied
system, we are interested in the wound rotor PMSG and its
use for the production of electrical energy from wind power.
The variable speed configuration is represented in Fig. 1.

r'\ Gearbox
B

Turbine

Fig. 1. PMSG-based WECS

The rotor is connected to a rectifier (rotor side
converter). A predictive control applied to Three Level
Neutral Point Clamped (3L-NPC) inverter (grid side
converter), which is placed in the output of the rectifier
controlled by PWM hysteresis.

1. The modeling of the turbine. The turbine rotate
speed is depending on wind speed; this makes it possible
to know the wind torque applied to the wind turbine. This
modeling is based on bibliographic cross-checking or
additional information from brochures from different
manufacturers [13]'

Pm= ¢, (4, ﬂ)/ﬁV3:— RV, (1)
where
LR,
/,L_ V b (2)

\4

where P, is the aerodynamic power; ¢, indicates the
performance coefficient of the wind generator; A is the
speed ratio (rad); S is the inclination angle of the blade,
which depicts the orientation angle of the blades; (2 is the
turbine rotation speed; R, is the blade radius; V, is the wind
speed; p is the air density (1.22 kg/m’ at atmospheric
pressure at 15 °C); the Betz limit is that the coefficient
¢,(4, p) does not exceed the value 16/17=0.59 [13, 14].

2. Modeling of the multiplier. The multiplier
adapts the turbine rotation speed to the PMSG rotation
speed. For this we grant a multiplier between the turbine
and the PMSG, the latter is mathematically modelled by
the following equations:

C,=C/G (3 and Q=0,..,/G &
The mechanical equations:
G _ Jq de h ft .
J’ tJ,=J (6) and ft +fg f.

So, the mechanical equations are:

dQ,.con
Crnech = J% ) ®)
Cmech = C - C _Cvis 5 )
vzs f-Qmecha (10)
where Cyeen, Ci, Cg Cyy are the mechanical, wind,

electromagnetic and viscous torques, respectively; J, J,, J,

are the total, turbine and generator inertias; f, f;, f; are the
coefficient of total friction, viscous friction of the turbine
and of the generator; G is the ratio of the speed multiplier;
0, 1s the generator rotation speed (fast axis).
3. PMSG modeling. By choosing a d-g reference
frame synchronized with the stator flux [3, 14, 15] are next.
The equations of tensions:

d Dsd

14

S

d =Relgq + —OsPsq s

q .
~ WO Psq 5

(ws - a))%fq 5

dqu B (a)

d
Vsq = Rslsq +

do,q
Vg=R.1,;+—"%
rd = rd dr

(1n

qu =R, rqg t a))(prd ;

J dgff =C,p
The equations of the flux:

Psa = Lslsq + M,y
Psq = Lslsq + Ml
Pra = Lypdrg + Mgy
Prg = L1y + M,

_Cr _fr'Qr’

(12)

(13)

Com = Mp((pa'rlqs ~ Pyl g ) .

em L
The electromagnetic torque becomes:

r

em = __p((”qsldr - (Ddslqr)' (14)
2 L
The stator and rotor active and reactive powers are

expressed by:

3
Q :_(Vs [sd +Vsd1sq}
(15)

F, :%(Vrd[rd + qu[rq)

Q ;(qulr dqul

where R, R, are the stator and rotor resistances; L, L,, M are
the stator, rotor, mutual inductances, respectively; Ly, Lig, 1a,
1, are the stator and rotor currents in the d-q frame; ¢, (/)Sq,
@, Prq are the stator and rotor flux in the d-g frame; p is the
number of pairs of poles; P, Os, P,, O, are the stator and
rotor active and reactive powers; Vi, Vg, Vya, V,q are the
stator and rotor voltage components in the d-g frame; , 18
the speed of stator magnetic field; @, = @, — @ is the angular
speed of rotor; @ is the mechanical angular speed.
PMSG and turbine parameters are shown in Table 1.
Table 1
PMSG and turbine parameters

PMSG parameters Turbine parameters
P,=1680 W L,=0.6 mH R=18m
V=110V Ly=5.25mH J=0.07 kg-m2
f=50Hz ®,=0.1827 rad/s G=1
R,=0.9585Q C=8Nm p=125kg/m’
=0.5Q p=4
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Hysteresis current control.

1. Modeling of the rectifier. The rectifier bridge
consists of three arms with six bipolar transistors
antiparallel with diodes. These switches are controlled by
closing and opening (pulse time closing «0» and opening
«1»). And in the same arm the switches operate in a

complementary way (K, = F) to avoid the short circuit
[16]. The model of bridge rectifier is depicted in Fig. 2.

o D %H} 4&}

+

e

Fig. 2. Bridge rectifier

The different switching and combination states of
the PWM rectifier switches are shown in Table 2.

Table 2
8 possible states of the switches
K Sa Sb Sc Vab Vbc Vac
0 1 0 0 Uye 0 ~Uye
1 1 1 0 0 Uye ~Uye
2 0 1 1 ~Uye Uye 0
3 0 1 0 ~Uye 0 Uye
4 0 0 1 0 —Uye Uye
5 1 0 1 Uye ~Uy. 0
6 0 0 0 0 0 0
7 1 1 1 0 0 0

From Table 1 we can represent the rectifier input
voltages in general as follows [17-19]:

Vab = (Sa - Sb) Udc; (l 6)
Ve = (Sp—S)Uacs (17)
Vca = (Sc - Sa)Udc- (1 8)
So we can deduce the phase-to-neutral voltages:
Vo = foUac (19)
Vc :j{cUdc: (20)
where:

fo= M : 1)

3
P (s, +SC); )

3
f. = ZSC_(ia +Sb) ] (23)

8 possible states of the input voltage V in a complex
plane a-f [20]:
Jkz

%Udce 3 for k=0..5;

Vir1= (24)

V=V, =0.
8 voltage vectors noted as V4(0 0 0) — V7(1 1 1) are
presented in Fig. 3, where V,;, V)., V., are the complex
voltages; f., f», f. are the rectifier switching function;

Uy 1s the rectified voltage; S,, Sy, S, are the switching
states of the rectifier; V,, V, V, are the simple voltages.

Vi
110

¥i
> 100
a

E Ve
001 101
Fig. 3. Presentation of voltage vector V,

2. Functional representation of the PWM rectifier
in the three-phase reference. The voltage equations for
the balanced three-phase system without neutral can be
written as (Fig. 3):

e=V+V; (25)
e=Ri+ LY. T (26)
dt

ea ia d ia Va
ey =Rib +LE ib + Vb 5 (27)

eC iC iC C

The rectifier input voltage can be written as:
1 C
Va =Udc(Sn 'E‘zSnJa (28)
n=a

where S, = 0 or 1 are the state of the switches, where
(n = a, b, ¢). In addition, we can write the DC bus current as:

dU,. .
C—%=j,. 29
Gl (29)
The current in the capacitor can also write:
ic = idc - ich; (30)
dU, .
de el —ige - 31)

Also, the current i, is the sum of the currents of each
phase by the state of its switch [16]:

U4

=Saia +Sbib +Scic _ich' (32)
So, the AC side of the rectifier:
di c
Ld—;’+ Ri,=e,~Uy| S Z
m=a (33)
—ea—Udc(Sa 3 S +Sb+S \J
. C
Ldi+Rl'b =ep _Udc(Sb —l‘ ZSn]:
dt 3= (34)
1 .
=, ~Uge| Sp —g(Sa +8y+Sc) |
di 1 <
L—S+Ri, =e, —Ud{SC —=. ZS,,J:
dr 3 (39
1
=éc _Udc Sc _E(Sa +Sb +Sc) >
where the network voltages are expressed by:
e, = E,sin(ar); (36)
e, = E,sin(wt-273);, 37
e. = E,sin(or27/3). (38)

The above equation can be summarized as:

42

Electrical Engineering & Electromechanics, 2024, no. 2



di, .. 1 <
Ld_:"'Rln :en_Udc[Sn _g'zsn]; (39)
n=a

C
e 30,5, = (40)
n=a
where e,, e, e. are the network voltages; V, are the
instantaneous phase voltages; S, are the switching states;
i. is the capacitor current; iy is the rectifier output current;
iy 1s the load current; E,, is the maximum phase voltage.

3. PWM to hysteresis band. The purpose of
hysteresis controller is to force the actual current to
follow the predefined reference current. In conventional
hysteresis controller, the comparators switch between the
fixed bandwidths, this technique only requires a hysteresis
comparator per phase [21, 22].

The principle of hysteresis used in this system is
expressed in Fig. 4. The switch opens if the error becomes
less than —H/2, it closes if the latter is greater than +H/2,
where H is the range (or width) of hysteresis. If the error
is now between —H/2, and +H/2, (it varies within the
hysteresis range), the switch does not switch [21, 23].

1

Y

-Hi2 Hi2

Fig. 4. Diagram of proposed hysteresis controller

The topology of hysteresis current control PWM
technique using in this configuration is shown in Fig. 5.

Rectifier

AC

= I vde
T >
DC
S f
3
_E]_ Vvdc ref
T
yearive
Pl
) - g
DC voltage <«

nt

Fig. 5. Control diagram of the hysteresis current control rectifier
connected to the inverter

Implementation predictive current control 3L-NPC
inverter.

1. Modeling inverter 3L-NPC. The power and
control circuit of a 3L-NPC inverter connected to grid is
shown in Fig. 6, each phase of three-phase 3L-NPC
inverter consists of 3 arms constituted of 4 switches (S1,
S2, S3, S4) connected in series and 2 median diodes (D1
and D2). The midpoints of switches (S2 and S3) of each
phase are connected to the load and the midpoints of diodes
(D1 and D2) are connected to the neutral point [24, 25].

In the same arm the switches operate in a
complementary way connection functions of the arm
switches k (a complementary way) will be given by:

{Sal =Sa2 {Sal =543 {Sal =Sa4

Sa3=Su4 Sa2 =844 Sa2 =843

(41)

Vdc

|||—‘

Fig. 6. The power circuit model of a 3L-NPC inverter connected
to the grid

The switching function on 4, B, and C phase can be
defined as follows:

{Skl =Sk3 {Skl =1-83
Sk2 = Ska
The equations of voltages (a), (), (c) of the three-

level inverter, with respect to the midpoint «0» of the
input voltage source is expressed as [26, 27]:

Vao = (Sa1Sa2 = SaaSaa Vaes
Voo = (Sp1Sp2 = Sp3Spa Waes
Veo = (SCISCZ —S8c38c4 )VdC‘
The compound voltages in matrix form are:
Vab ] Va0 ~ Vb0
Ve | = Vo0 =Veo | =

. (42)
Sk2 =1=Sk4

(43)

Vac_ Va0 ~Ve0
I -1 0 SaISaZ _Sa3Sa4
=10 1 =1\ SpSp2=Sp3Spa | Ve
-1 0 1 SCISC2 _S03S04

We can define the simple voltages (v,, vy, v.) with
respect to the neutral point #:

(44)

Va =Van = Va0 ~Vn0>
Vb =Vbn = Vb0 ~Vno>
Ve =Ven =Ve0 ~Vno-
The voltage equation between the midpoint of the

DC power supply of the inverter and the point load
neutral which is written as follows:

(45)

1
Vo = E(VaO +Vp0 +Veo) - (46)

Finally, the system in the matrix form is:

Va 2 -1 -1 Salsa2 - Sa3Sa4

3 —L{- Sp1Sp2 = Sp3Spa Vac » (47)
Ve -1 -1 2 SCISCZ - Sc3Sc4

where Sy, Si, Sk, S are the switching states of the

inverter power switches; vy, vy, Ve are the phase-to-

neutral voltages at the output of the inverter between the

phases of the load and the midpoint «0»; v, is the voltage

between the midpoint of the inverter DC supply and the

neutral point of the load; v,,, Vs, Ve, are the phase-to-

neutral voltages with respect to the neutral point n.
Depending on the states of the inverter, this vector

can take several positions in; these positions are

Vb =—|-1 2
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designated on the vector diagram or switch hexagon
shown in Fig. 7 [24, 26].

Sector II

\

,
NPN OPN PPN
Sector Il 0PO PPO pon  Sector

0
/\Ny\oy\ /\
PP opp PPP POO PNN
£ y. \¢ Y .

NOO 000 ONN

00P pOP
_ NoP
Sector IV

PNO .
N Sector VI

Sector V

Fig. 7. Space vector diagram of a 3-L NPC inverter

2. Implementation predictive current control. The
proposed predictive control strategy is based on the fact that
only a finite number of possible switching states can be
generated by a power converter static and that models of the
system can be used to predict behavior variables for each
switching state. For switching selection appropriate to
apply, a selection criterion must be defined. This selection
criterion is expressed as a quality function that will be
evaluated for the predicted values variables to control. The
prediction of the future value of these variables is calculated
for each possible switching state. The switching state that
minimizes the quality function is selected [28, 29]. This

approximation is considered in Fig. 8.
Inverter 3L-NPC

Ve

|||+
°

i

Voez Vaer
. sfsfst

Predictive
Model control

Minimization
lof cost function g

P=(k+1) T
Vepp=(k+1) i"=(k+1)

Fig. 8. Block diagram of predictive current control
for a 3L-NPC inverter connected to grid

ia|ib]ic

The system model equations are given as follows:

. di
Van = Ri, +Ld—;’—ea;

vy, = Riy +L%—eb; (48)

Ven = Ri, +L%—ec.

After the Clarke transformation and with the use of
Euler’s method to obtain a discrete-time model of the
current, the current equations are expressed as follows:

di ik +1)-i(k)
dr T

S
where 7 is the sampling period and k& shows sampling
time.

, (49)

0= 11 k) 0 e )

z-;;(kﬂ):(l_ng}ﬁ(k){_s(vﬂ_eﬂ(k))

The currents i, i, supplied by each capacitor Cy, C,
are represented by the following equations:

{icl (k) =ige (k) Hygig (k)= Hypi (k)= Hy i (k)
) . . . . (51
%) (k): Lde (k)_ H2ala (k)_ H2blb (k)_ H2clc (k)

The switch states function of the 3L-NPC calculates
the variables (H,,, H»,) and is given by:

1 if S, ="+";
Hyy = .

0 other;

1 lf S :H_H.
H,, = o ’
2x {0 other.

We use the Euler method to obtain the equations in
discrete time which allows the prediction of DC bus
voltages as follows:

1.
Vﬁ(k + 1)= vcl(k)+Elcl(k)Ts;

(50)

(52)

| (53)
sz (k + 1): Ve2 (k)+Eic2(k)Tsv

where i(k) is i,/, i and represents the current vector in
stationary frame a-f3; i., in are the currents flowing
respectively through the capacitors C,, C,; variables Hj,,
H,, depend on the switching states; v., v, are the
voltages across DC-link capacitors Cj, C,.

3. Cost function. The objective of the current
control scheme is to minimize the error between the
currents measured and reference values. This requirement
can be written as a cost function. The cost function is
expressed in orthogonal coordinates and measures the
error between the references and the predicted currents:

, (34

+ /,de

’2’ - iﬁ Vi —vh
where g is the cost function; 4. is the weighting factor.

The evaluation of the precomputed results and the
determination of future optimal control actions are made
by the cost function [30-33].

4. Diagram smart current control. Predictive
model algorithm applied to control the centralized
3L-NPC inverter in WECS is shown in Fig. 9. To make
the necessary calculation of the equations of the
predictive command Fig. 9 presents the algorithm of the
deferent step of this smart control [28, 29].

Results. This section is to validate the results obtained
from the model smart predictive current control of 3L-NPC
inverter algorithm of WECS through eigenvalues analysis
and also the comparative studies between the proposed
model and the exist solution already used for PMSG
connected to grid. In the first part, the results obtained after
rotor side converter are illustrated in Fig. 8.

Figures 10,a,d show the applied variable change of
wind profile for the studied system. Figure 10,c presents
the form of the DC link voltage. The DC link voltage
reference is set to 540 V, the measured voltage perfectly
follows the reference signal.

.* .
g:‘za—15‘+
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Fig. 9. Smart current control algorithm
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Fig. 10. Simulation results of the rotor side converter:
a — wind speed; b — mechanical speed; ¢ — DC-link voltage;

d — zoom DC-link voltage; e — PMSG power

The second part shows the results after grid side
converter and is illustrated in Fig. 11.

Figure 11,a clearly shows the proper tracking of the
converter reference currents with small currents ripples.

It can be seen in Fig. 9,b waveform of the controlled
currents 7, and iz is smooth and stable.

Figure 11,c illustrates the DC voltage ripples are low
enough. The spectral analysis of the modulated voltage
signal is presented in Fig. 11,g, where we noticed a drop
in Total Harmonic Distortion (THD).
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Fig. 11. Simulation results of the grid side converter:

a — output current i,; b — controlled currents i,, iz and their
references; ¢ — DC voltages across the two capacitors V.1, Vye;
d — zoom of the DC voltages across the two capacitors V.1, Vs

e —simple voltage at inverter output V,,; f— output line-to-line
voltage V,; g — spectrum of current i,

Comparison to state-of-the-art. The purpose of this
part a comparative study between the smart current control
of the WECS and exist solution using in [11]. Table 3
summarizes the principal differences between exist solution
and the new smart current control of the WECS.

These results and comparison showed high stability,
fast response, low disturbance, eases of implementation
and strong the robustness of this smart current control.

Table 3
Comparison of smart current control and exist solution
Parameter E.XiSt Smart
solution [11] | current control

Answer dynamic Stable Stable
The behavior of current 53 138
in regime const THD, % ) )
Frequency of switching, Hz 2500 2500
Response time, ms >40 40
Robustness, % 45 80
Complexity of implantation, % 35 10

Conclusions.

1. In this paper, a new design and intelligent control
has been proposed and implemented for wind energy
conversion system based PMSG.

2. All presented results have validated the capability and
effectiveness of the proposed intelligent control strategy
and showed a high performance and dynamic behavior
even at high power. Also, the measured DC voltage follows
the reference voltage closely (transitory response 30 ms)
and this proves its robustness. The control of three level
neutral point clamped inverter is guarantied by smart
advanced current control, which gives good results
regarding THD (1.38 %) in the both of simulation and
experimentation results.

3. Optimizing using metaheuristic algorithms are more
precise for THD optimization and switching loss
mitigation.

4. Experimental validation is the focus of future work:
using DC machine for creating mechanical speed of the
turbine, multiplier, PMSG, PWM rectifier, board
Dspacel104, current sensors, voltage sensors, DC voltage

stabilizer, control interface, three level neutral point clamped
inverter, MATLAB/Simulink and control desk.

Conflict of interest. The authors of the article
declare that there is no conflict of interest.
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Calculation and experimental determination of the speed of advancement of the plasma
leader channel of a pulse spark discharge in atmospheric air

Goal. Calculation and experimental determination of middle speed v, of advancement of plasma leader channel of a pulse spark
discharge in the long air interval of the double-electrode discharge system (DEDS) «tip-plane». Methodology. Bases of the
theoretical electrical engineering and electrophysics, electrophysics bases of technique of ultra- and high-voltage and high pulse
currents, bases of high-voltage pulse technique and measuring technique. Results. The close calculation and experimental method of
determination of middle speed v; of advancement of plasma leader channel of an electric pulse spark discharge is offered in the long
air interval of DEDS «tip-planey. This method is based on the offered calculation empiric formula for finding of the indicated speed
v, and results of decoding of oscillograms of process of cut of in-use standard interconnect aperiodic pulse of over- and high-voltage
of temporal shape of T,/T,~200 us/1990 us of positive polarity at an electric hasp in indicated DEDS of long air intervals with their
minimum length of I, numeral making 1,5 m (first case) and 3 m (second case). It is shown that middle speed v of advancement in
atmospheric air of front of plasma channel of positive leader of an electric pulse spark discharge in probed DEDS «tip-planey for
two considered applied cases at lyy=1,5 m of lyn=3 m numeral makes approximately v;~(1£0,03)-10° m/s. The found numeral value
of this speed v well coincides with the known experimental information for speed of advancement of vi=10° m/s in atmospheric air of
plasma channel of negative leader for a long storm spark discharge in DEDS «charged cloud-earthy. It is set that for the standard
interconnect aperiodic pulse of high- and ultra- voltage of temporal shape of T,/T~200 us/1990 us of positive polarity middle value
of aggressive strength E, of high pulse electric field in the air interval of probed DEDS «tip-plane» numeral makes minimum length
of Lyin=1,5 m near E;;=360,8 kV/m, and for his minimum length of l;,=3 m of — E;~=313,4 kV/m. Originality. The comfortable is
developed in the use and reliable in practical realization technicians-and-engineers calculation and experimental method of research
in the conditions of high-voltage electrophysics laboratory of difficult electro-discharge processes of development of leader hasp of
long air intervals and determination of minimum electric durability of air insulation of electrical power engineering and
electrophysics equipment on working voltage of classes of 330-1150 kV. Practical value. Application in area of industrial electrical
power engineering and high-voltage pulse technique of the got numeral electrophysics results and offered calculation and
experimental method of determination of middle speed v; of advancement in atmospheric air of plasma channel of leader of a long
spark discharge will allow, from one side, to deepen our scientific knowledges about a long electric pulse spark discharge in an air
dielectric, and, from other side, to develop high-voltage electrical power engineering and electrophysics devices with enhanceable
reliability of their work both in normal operation and malfunctions. References 20, figures 5.

Key words: plasma leader channel, electric pulse spark discharge, air dielectric, advance speed of a spark discharge front,
calculation, experiment.

Haoani pesynbmamu  po3paxyHKk080-eKCHepUMeHMANbHO20 BU3HAYEHHS  YCepeOHeHOi WBUOKOCMI 'V, NpOCY8aHHA NAA3MOB020
NI0ePHO20 KAHANY eNeKMPUUHO20 IMNYIbCHO20 ICKPOBO2O PO3PA0Y 8 00820MY NOGIMPSHOMY NPOMINCKY 080eNeKMPOOHOI pO3PAOHOT
cucmemu «GICMpsA-nAOWUHAY (0151 080X NPUKNAOHUX BUNAOKi6 npu lnin=1,5 m i [,;n=3 M), saxa eunpobosye dito cmandapmmnozo
KOMYMayiiHo20 anepiooudno2o iMnynscy eucokoi i Haosucoxoi nanpyeu uacogoi ¢opmu T,/T~200 mxc/1990 mxc nozumuenol
NOMSAPHOCHI. 3anponoHo8anutl Memoo YUCeIbHol OYIHKU GeUYUHU Vi 6 OAHill PO3PAOHIL cucmemi 6a3yemvCs HA SUKOPUCTIAHHI
OMpUMAanoi eMnipudHOi GopMyIU MA OMPUMAHHI OCYULOSPAM NPOYecy 3pi3y 3ACMOCOBANUX IMNYIbCIE HAO- | GUCOKOI Hanpyau npu
eNeKmpUudHOMy npoboi 8 Hill 0082UX NOGIMPAHUX NPOMINKCKIE 8KA3AHOI MIHIManbHOI Ooexcunu |y, Ha ocnosi 3anpononosamoi
HaOIUIHCEHOI PO3PAXYHKOBOI popMYU | BUKOHAHUX 30 OONOMO20I0 NOMYHCHO2O HAOBUCOKOBOTLIMHO20 UNPOOYBATLHO20 0ONAOHAHHSA
CUTLHOCIMPYMOBUX eKCHepUMEeHMI8 NOKA3aHO, uj0 8KA3AHA WEUOKICMb V], PO3N0GCI00NCEHHS 8 AMMOCHepHOMY NOGImpi nepeoHb020
dponmy nosumueHozo nidepa IMRYILCHO20 ICKPOE020 Po3PAdY uucensho ckaadae v, ~(1x0,03)-10° m/c. Ompumani pospaxynroeo-
eKcnepumMenmanvri 0ami 05 ycepeOHeHol WEUOKOCHI v, NPOCYBAHHS 8 NOSIMPI NI0ePHO20 KAHALY IMHYIbCHO20 ICKPOBO2O PO3PAOY
000pe y32000cytombest 3 1T NPUIHAMUMU OIS 2PO308UX ICKPOBUX PO3PS0I6 6 amMOChepHoMy ROGIMPI YUCETbHUMU NOKAZHUKAMU.
Bi6mn. 20, puc. 5.

Kniouosi cnosa: mna3mMoBUii JlilepHMil KaHaJ, eJeKTPHYHHMIl iMnynabcHMil ickpoBuii po3psin, NMOBITpsiHMIi JiejieKTPHK,
IBHAKICTH NPOCYBaHHS (PPOHTY iCKPOBOI0 PO3psiay, PO3PAXyHOK, eKCIIePHMEHT.

State-of-the-art and relevance of the problem. In
the technique of high (ultra-high) electrical voltages, the
real danger for the used electrical equipment is an
electrical breakdown of its vacuum, gas, liquid or solid
insulation, which is accompanied by the occurrence of a
short circuit in the electrical circuit, the formation of a
highly conductive spark (arc) channel at the breakdown
site and discharge through it of a high pulse current. Air
insulation has found a sufficiently wide practical
application both in industrial electricity and in the field of
high-voltage pulse technology (HPT) intended for
scientific and technological purposes [1-6].

It is known that in long air gaps (with lengths of 1 m
or more), their electrical breakdown is carried out by the
growth from one electrode (for example, from the

potential anode) of a high-voltage device to another (for
example, to the grounded cathode) of the leader of the
electric gas discharge — a thin plasma conductive channel,
the degree of ionization of gas molecules (atoms) in
which is much higher than in the initial discharge
streamer channel [3, 7]. After the head of the leader of the
electric discharge, which glows brightly, reaches the
opposite electrode-cathode and propagates along the
leader channel towards the anode with speed of about
ve=107 m/s, first the return wave of a high electric field
(electric potential wave) and then the return wave of the
conduction current on site of the leading channel, a
strongly ionized discharge spark channel is formed, which
glows brightly [3, 7]. Due to the flow of a large pulse
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current through this highly conductive channel and
intense energy release on its ohmic resistance, the
temperature and pressure in it increase sharply, which
leads to the expansion of the spark discharge channel with
the rapid radial spread of its low-temperature plasma and
the formation of a powerful shock wave in the
surrounding air environment. Despite the presence of
well-known theories of streamer and leader breakdown of
air insulation, which have been tested many times in
scientific laboratories around the world [1, 3, 7], those
related to taking into account the peculiarities of the
physics of pulse spark discharge in atmospheric air
remain poorly studied issues today regarding its flow in
the conditions of action of sharply heterogeneous high
pulse electric fields, characteristic for electrotechnical
practice, and determination of the speed v, of the
advancement of its plasma leader channel, which is the
first to short out the air gaps of electrical discharge
systems that are part of various high-voltage devices at
breakdown.

The results of mathematical and computer modelling
of complex electric discharge processes in various types
of dielectrics [1, 3, 8-14], which are aimed at increasing
the electrical strength of gas, liquid and solid insulation of
high-voltage electrical equipment used in the electric
power industry and HPT, do not allow to give answers to
the specified above are relevant issues in the field of gas
spark discharge electrophysics. The deepening of our
scientific knowledge about electric pulse spark discharge
in gas insulation (in particular, in long air gaps), which is
a complex and complicated electrophysical phenomenon
of nature, allows to more rationally develop the designs of
many high-voltage electrical engineering and electric
power devices with increased reliability of their operation
in normal and emergency modes, as well as means of
lightning protection both for various aircraft and strategic
industrial and technical facilities of ground infrastructure.

The goal of the article is to calculate and
experimentally determine the average speed v, of the
advancement of the plasma leader channel of an electrical
pulse spark discharge in the long air gap of a two-
electrode discharge system «tip-plane».

1. Problem definition. A typical example in the
field of HPT of the electric discharge systems with a
sharply inhomogeneous high pulsed electric field is a
double-electrode discharge system (DEDS) «tip-planey,
containing a vertically placed potential electrode in the
form of a metal rod 1 with radius r, with a pointed lower
edge with radius of its curvature ».<<r, and the grounded
electrode in the form of a horizontally located metal
plane 2 of unlimited dimensions (Fig. 1). Let the electric
potentials of these electrodes 1 and 2 be equal to ¢, and
0,=0, respectively, and homogeneous atmospheric air is
placed between them in the interelectrode insulating gap
of minimum length /.,;;, equal to the length of the straight
line drawn from the tip of the potential electrode 1 along
the normal to the flat surface of the grounded electrode 2
under the following physical conditions [15]: gas pressure
P~(1.013£0.005)-10° Pa; absolute gas temperature
T,~(293.15+5) K; relative humidity of gas y,~(45+15) %.

Imin

Fig. 1. Schematic representation of the investigated air DEDS,
on the example of which the electrophysical process of
propagation of the plasma leader channel of a puls spark
discharge in atmospheric air is considered (1, 2 — potential and
grounded metal electrodes, respectively; 3 — zigzag-shaped
leader channel of the spark discharge in the DEDS)

Let’s assume that the electrical strength of the
interelectrode air gap in the DEDS in relation to the
average level of its breakdown voltage E; of a high pulse
electric field for an ultra- and high-voltage pulse supplied
to the DEDS is Ey; for /,;,=1.5 m and E, for /,;,=3 m. In
these two practical cases, the electric potential ¢, at the
edge of the rod with a DEDS tip will acquire critical
values equal to @14 and @4, respectively. We will limit
ourselves to considering the case when the amplitude-
time parameters (ATPs) of the electric pulse voltage
Ur(6)=(p1—¢,) in the interelectrode air gap of the DEDS
change in time t according to the law of the standard
switching aperiodic voltage pulse of the time shape
T,/T~(250+ 50) ps/(2500+£750) ps of positive polarity
with appropriate tolerances [16-18]. Let us point out that
it is this temporal shape of high (ultra-high) pulse voltage
that is usually used in industrial power engineering and
HPT when determining the electrical strength of the
internal and external insulation of various high-voltage
electrical equipment. On the basis of calculation and
experimental data, which relate to the flow of
electrophysical processes in the discharge long air gap of
the DEDS (see Fig. 1), it is necessary to numerically
determine the average speed v, of the advancement of the
positive leader in the plasma channel of the electric pulse
spark discharge in the air gap of the investigated DEDS
«tip-plane» with the specified two numerical values of its
minimum length (/,;,=1.5 m and /,;;,=3 m).

2. Calculation and experimental estimation of the
speed v; of the advancement of the plasma leader
channel of a pulse spark discharge in atmospheric air.
The research results of research in the field of electrical
breakdown of long air gaps in DEDS «tip-plane» using a
standard switching pulse voltage of the time shape
T,/T; =200 ps/1990 ps of positive polarity indicate that
the development in them of the plasma leader channel of
high-voltage pulse of a spark discharge occurs along a
zigzag path, the length of which /. always exceeds their
minimum length /,,;, with the obligatory fulfillment of the
inequality of the form [>1.1/;, [1, 3, 17-19]. When the
minimum length [, of their discharge intervals is
changed in the indicated air DEDS in the range
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Imin ~(1—4) m, the given difference between the lengths
I, and /[, is from 10 to 15 % [17-19]. For the certainty of
further calculation estimations of the averaged value of
the sought parameter v;, let’s focus on the case in which
this difference between the lengths /. and /,,;, turns out to
be approximately 13 % on average, and the ratio /.//,;, is
numerically close to /./l,;;=1.13. Taking into account this
research result, the formula for an approximate estimation
of the average speed v, of the advancement of the plasma
leader channel of a high-voltage electrical pulse spark
discharge in the atmospheric air of the adopted DEDS
«tip-plane» at /,;y~(1—4) m takes the following empirical
form:

vy zlvl?’lmin/TdC’ (1)

where T, is the duration of the cut of the voltage pulse,
which causes an electrical breakdown of a long air gap in
the DEDS «tip-plane» under study, the minimum length
of which is numerically /;,;;>1 m.

In (1), the numerical value of the parameter /,;;>1 m
for the «tip-plane» aerial DEDS is selected by the
personnel of the test team and fixed by the appropriate
measuring  instrument (a long metric  ruler)
experimentally, and the numerical value of the duration of
the cut 7, of the voltage pulse is determined by
deciphering its oscillograms in the process of electrical
breakdown of the air gap in the DEDS with length /.,
using a digital storage oscilloscope and an ultra-high-
voltage ohmic voltage divider (OVD). The use of this
type of ultra-high voltage divider in the case under
consideration by us is due to the relative simplicity of its
manufacture and the relatively low cost of the electrical
components included in its composition [18, 20].

The use of the 7, value in (1) is explained by the
physical condition that this duration of the cut 7. of the
pulse of high (ultra-high) pulse voltage applied to the air
DEDS characterizes the time of shortening along the air
path of the real length /. by the conducting plasma leader
channel of the selected electric pulse spark discharge air
gap in this DEDS with its minimum length /,; and,
accordingly, the time of equalization of electric potentials
(p1=p,=0) on the electrodes of the DEDS we are
investigating.

Figure 2 shows the general view of the investigated
DEDS «tip-plane» with a long discharge air gap of length
Imin=3 m, which was galvanically connected to a high-
current discharge electric circuit of an ultra-high-voltage
generator of standard switching aperiodic voltage pulses
of the time shape T,/T,~200 us/1990 ps of positive
(negative) polarity, developed and created at the Research
and Design Institute «Molniya» of National Technical
University «Kharkiv Polytechnic Institute» [17, 18].

Figure 3 shows an experimental oscillogram of a
complete standard switching aperiodic voltage pulse of
the time shape 7,,/T, =200 us/1990 ps of positive polarity,
which acts in the discharge circuit of the specified ultra-
high-voltage test generator [17, 18] on the air DEDS
«tip-plane» we are investigating without an electrical
breakdown of its long air space of length /,;;=3 m.

,L.J - Sé
;
|

e ™t ™t " T
-

Fig. 2. General view of the ultra-high-voltage air DEDS
«tip-plane» (/,;;=3 m), in which to the potential upper steel rod
electrode pointed at the lower edge with radius 7y~15 mm,
placed in the center of its grounded lower flat electrode made of
galvanized steel with overall dimensions of 5x5 m,
OPN-2,5 for nominal electrical pulse voltage of 2.5 MV
with the division coefficient K;~53650 is connected [18]
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Fig. 3. Oscillogram of a complete switching aperiodic
high-voltage pulse of the time shape
T,/T,; =200 us/1990 us of positive polarity without
electrical breakdown of a long air gap of
length /,,;,=3 m in the DEDS «tip-plane»

(U, =11.6 V x 53650~622.3 kV — high voltage pulse amplitude;
T,,/~200 ps — time of rise of the voltage pulse to U,,. amplitude;
T,~1990 ps — duration of the voltage pulse at the level
of 0.5 U,,.; vertical scale — 268.2 kV/div;
horizontal scale — 250 ps/div)

Figure 4 shows the experimental oscillogram of the
standard  switching aperiodic  high-voltage  pulse
T,/T~200 pus/1990 ps used in the experiments cut off on
the rising part with an electrical breakdown of a long
air discharge gap in the DEDS «tip-plane» with minimum
length [,;=1.5 m, ATPs of which was determined
according to the requirements of the current
Standard [16].

Using obtained according to Fig. 4 research
numerical data for the cut-off duration 7,~17 ps of the
corresponding high-voltage pulse (for the case where
U,ei™611.6 kV) in the considered air DEDS (/,;,=1.5 m)
from (1) for the averaged speed v, of the advancement of
the plasma leader channel of a pulse spark discharge in
the atmospheric air of its specified long discharge interval
results that v;~0.997-10° m/s. At a given speed v, of
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propagation in the atmospheric air of the positive leader
of a pulse spark discharge, the actual path length
I. through it in the interelectrode air gap of the DEDS
(Inin=1.5 m) at its electrical breakdown (7,~17 ps) by the
applied high-voltage pulse is numerically /.~v;7,;~1.695 m.
We can see that in this case, the real length /. of the
development path of the leader channel of the spark
discharge in the studied DEDS exceeds the minimum
length /;,=1.5 m of its discharge air gap by
approximately 13 %.
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Fig. 4. Oscillogram of a truncated standard
high-voltage switching aperiodic pulse of the time shape
T,/T;~200 ps/1990 ps of positive polarity at electrical
breakdown of a long air gap of length /;;, =1.5 m
in the DEDS «tip-plane»
(Unea=11.4 V x 53650~611.6 kV — pulse cut-off voltage level;
T.~95 ps — cut-off time of the voltage pulse;
T,~17 ps — duration of the cut (commutation) of the voltage
pulse; vertical scale — 107.3 kV/div;
horizontal scale — 50 ps/div)

Note that at the rate of increase of the pulse voltage
Uix(2), which is applied to the discharge gap of the air
DEDS, equal to dUp(f)/d=5 kV/ps (as in our
electrophysical cases), the development of the positive
leader in atmospheric air occurs continuously (without
stepwise formation of separate plasma leader channels in
DEDS) [3]. With this process of advancement of the
positive discharge leader in the air, the length /. of its
plasma channel in this DEDS will monotonically increase
(see Fig. 1).

To compare the numerical result obtained above for
the average speed v; of the positive leader, which is
characteristic of the electric discharge processes that
occur under laboratory conditions in the air DEDS «tip-
plane» with its long discharge gap (/i;=1.5 m), we note
that according to [7], the smallest average speed v; of the
advance in the atmospheric air of the front of the negative
leader of a long spark discharge between the thundercloud
and the surface of the earth (lightning) is quantitatively
about v;~10°> m/s. As we can see, the experimental result
obtained in laboratory conditions using this DEDS at
Imin = 1.5 m and a standard switching aperiodic ultra-high
voltage pulse of the time shape T,,/T, =200 us/1990 ps of
positive polarity approximated taking into account (1) the
calculated and experimental result for the averaged the
speed v, ~0.997-10° m/s of advancement in atmospheric

air of the plasma leader channel of a pulse spark discharge
is practically equal to its quantitative value accepted in
the field of physics of atmospheric electricity (lightning)
and electrophysics of ultra-high voltages (v,~10°> m/s [7]).

It should be noted that when performing ultra- and
high-voltage experiments using the «tip-plane» air DEDS
under investigation (see Fig. 2) and the results obtained by
us for long discharge air gaps (/ni,=1.5 m and [,;;=3 m)
experimental results according to Fig. 4, 5, both an ohmic
voltage divider of the OPN-2,5 type (K, ~53650) [18] and
a Tektronix TDS 1012B digital oscilloscope certified by
the State Metrological Service, which stores useful
electrical signals (calibration certificate UAO1 No. 1312
dated 29.06. 2023) were used.

Figure 5 shows an oscillogram of an ultra-high-
voltage standard switching aperiodic voltage pulse
T,/T; =200 ps/1990 ps cut off on the frontal part used in
the laboratory high-current experiments performed by us
with an electrical breakdown of a long air discharge gap
in the studied DEDS «tip-plane» with minimum length
lmin:3 m.
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Fig. 5. Oscillogram of a truncated standard switching
aperiodic ultra-high voltage pulse of the time shape
T,,/T; =200 ps/1990 ps of positive polarity during an electrical
breakdown of a long air gap of length /,,;,=3 m in a «tip-plane»
DEDS (U,,.#~19.8 V x 53650 =1062.3 kV — voltage pulse
cut-off level; 7,~104 ps — voltage pulse cut-off time;
T,~33 us — voltage pulse cut-off (commutation) duration;
vertical scale — 268.2 kV/div; horizontal scale — 50 ps/div)

Let us point out that the presence of peak-like bursts
shown in presented in Fig. 4, 5 oscillograms of truncated
voltage pulses (at first their frontal parts) are related to the
structural features of the construction of the ultra-high-
voltage generator of the GIN-4 type [17, 18] used in the
circuit for the formation of aperiodic voltage pulses used
by us, which has a massive steel screen-roof with an area
of about 60 m’. The rapid charge and discharge of the
electric capacity of this screen-roof GIN-4 causes the
appearance of the indicated voltage peaks. These peak-
like voltage surges cannot affect the development of
electric discharge processes in our DEDS.

According to the research data (Fig. 5), in the case
of an electrical breakdown of a long air gap in the
investigated DEDS «tip-plane» (/,i;=3 m), the duration of
the cut-off T, at the front of the ultra-high-voltage
(Unea=1062.3 kV) standard switching aperiodic voltage
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pulse 7,,/T; =200 us/1990 ps of positive polarity takes a
numerical value equal to approximately 7,~33 us. We
see that with a doubling (from 1.5 m to 3 m) of the
minimum length /,;, of the air discharge gap in the «tip-
plane» DEDS, the duration of the cut-off 7, on the rising
part of the used test voltage pulse U,(f) almost doubles
(approximately from 17 ps to 33 us according to the data
of experimental oscillograms in Fig. 4, 5). These
experimental results indicate that the average speed v, of
the advancement of the plasma leader channel of a pulsed
spark discharge in the atmospheric air of the studied
DEDS «tip-plane» with a sharply inhomogeneous high
pulse electric field when the minimum length /., in it
changes in the range of /,;,=(1.5-3) m practically does
not depend on the length of the long air gap electrically
broken in this DEDS by a high or ultra-high pulse voltage
Up(6)=(p1—¢,), which at [;;=1.5 m takes a numerical
value of about U,. =~611.6 kV (see Fig. 4), and at
Imin=3 m — approximately U,,.~1062.3 kV (see Fig. 5).
Concrete confirmation of this is the fact that in the used
air DEDS «tip-plane» (/,i;=3 m), which tests the effect of
a standard switching aperiodic voltage pulse of the time
shape 7,/T~200 pus/1990 ps, the average speed v, of
advancement in atmospheric air of the plasma channel of
the positive leader of a pulsed spark discharge taking into
account the empirical formula (1) at /,;;=3 m and
T,~33 ps is numerically about v;~1.03-10° m/s. This
quantitative value for v; (at [;;;=3 m in air DEDS) differs
by no more than 3 % from the one previously obtained by
us on the basis of the calculation and experimental
method proposed here for the quantitative determination
of the average speed v, of the advancement in air of the
positive leader of a long spark discharge during electrical
breakdown in the same DEDS of the discharge air gap
with a minimum length /;;=1.5 m of the numerical value
for v;, which is approximately v;~0.997- 10° m/s. The actual
path length /. of advancement in the interelectrode gap of
the air DEDS of the positive leader of the spark discharge
in this case (lni=3 m; T,;~33 us; v,~1.03-10° m/s) will be
numerically equal to about /~v;7,~3.399 m, which is
approximately 13 % higher than the specified minimum
length /,;,=3 m of the discharge air gap in the «tip-plane»
DEDS under study. At a significantly lower speed v, of the
advancement of the positive leader of the discharge in the
air, the «tip-plane» DEDS (for example, at v;=1.5-10% m/s,
see Fig. 5.36 in [3]), in which the electrical breakdown of
its discharge gaps (/n,=1.5 m and [,;=3 m) is also
determined by the supply to its corresponding electrodes
of a standard high (U,.~611.6 kV) or ultra-high
(Unea=1062.3 kV) switching aperiodic pulse voltages of
the time shape T,,/T, =200 pus/1990 us of positive polarity,
for the actual numerical values of the duration of their
cut-off T, recorded by us (respectively equal to ~17 ps
and ~33 ps according to the data of Fig. 4, 5) passing
through it (a similar positive leader of the charge) of the
indicated real paths of length /~v; T, (in the first case for
[~1.695 m, and in the second one /,~3.399 m) becomes
fundamentally impossible. At the specified speed
v;~1.5:10* m/s [3], for the passage by such a discharge
leader of the used lengths [ >/, T4 values will be
required, which should numerically be at least
(110-220) ps, which will contradict the conditions and

realities of our ultra-high-voltage experiments. In this
regard, the known experimental data given in [7] (see
Table 17.2) for the lowest average speed v,~10° m/s of
the advancement of the negative lightning leader in the
atmospheric air are more reliable. The physics of the
development of leader breakdown of long air gaps in both
natural and laboratory conditions, despite the significant
difference in the levels of ultra-high voltage Uiy(f), at
dU»(1)/de=5 kV/ps should remain the same. The data
obtained with the help of the proposed calculationl and
experimental method for the average speed v, of
advancement in the atmospheric air of the positive leader
of the pulse spark discharge in the DEDS «tip-planey at
Inin=(1.5-3) m complement and clarify the little-studied
electrophysical features of the mechanisms of
manifestation in the world of leader breakdown of long
air gaps in the used DEDS «tip-plane» with a sharply
inhomogeneous high pulse electric field.

Taking into account the approximate numerical data
for v, presented in this work and the minimum
measurement error of the ATPs used in the conducted
experiments with the air DEDS «tip-plane» of standard
switching aperiodic pulses of ultra- and high-voltage of
the time shape 7,,/7,~200 ps/1990 ps of positive polarity,
which is at least 3 % [16, 17, 20], it can be assumed that
the average speed v, of the advancement in the
atmospheric air of this DEDS of the leading front of the
positive leader in the plasma channel of the pulse spark
discharge is numerically about v;~(1%0.03)-10° m/s.

3. Calculation and experimental estimation of the
short-term electrical strength of long air gaps. Here it
is important to emphasize that the electrical strength of air
insulation in the power industry and HPT is determined
and selected based on the effect on it of the following two
forms of ultra- and high-voltage pulses [1, 3, 16]: first, a
standard switching aperiodic pulse; secondly, a standard
oscillating decaying sinusoidal pulse. Obtaining similar
data for long air gaps (for /,;;=(1-10) m) at pulse voltage
level Upy(£)=(1-5) MV is associated with great technical
difficulties and material costs. In this case, it is necessary
to reliably protect both the main electrical devices of the
ultra-high-voltage test electrical equipment itself and the
external power supply devices connected to it from
electrical surges [1, 2]. In addition, at the same time, it is
necessary to provide for special measures both for safety
and to prevent possible electrical breakdowns in the
insulation of used electrical devices [1, 3, 17]. In this
regard, the calculation and experimental results, which are
presented above for the ultra-high-voltage air DEDS
«tip-plane», which belongs to one of the main basic
discharge systems [1, 3], may have a certain applied value
when choosing in the field of industrial electric power and
HPT of the minimum levels of discharge electric voltages
and breakdown field strengths £, of a strong pulse electric
field for long air gaps.

Taking into account the empirical formula (1), for
the averaged value of the breakdown field strengths £, of
a high electric field in the long air gaps of the investigated
«tip-plane» DEDS, the following calculation relationship
can be written:

Eq = @q /(L135in) 2
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where ¢y, is the electric potential at the edge of the upper
electrode in the studied DEDS in case of electrical
breakdown of its discharge air gap, which is characterized
by its minimum length /.

In the applied case 1, when /[;;,=1.5 m, from (2) at
01~01017U,,~611.6 kV (see Fig. 4) for the average
breakdown field strength level E,=E, of a high pulse
electric field in the indicated long air gap of the DEDS
«tip-plane» we get a numerical value approximately equal
to E;~360.8 kV/m. For the applied case 2 with /;;,=3 m
and ¢1,~0»p~U,,.+~1062.3 kV (see Fig. 5) from (2), we
find that the average value of the breakdown field
strength E,=E, of a high pulse electric field in this
long air gap of this DEDS is numerically close to
E»=313.4 kV/m. As we can see, with an increase (by a
factor of 2 from 1.5 m to 3 m) in the studied DEDS with a
sharply inhomogeneous high pulse electric field of the
minimum length /.;, of its discharge air gap, the average
value of the breakdown field strength £, in it decreases
(by approximately 13.1 % from 360.8 kV/m to
313.4 kV/m). These calculation and experimental results
for the averaged breakdown field strength E, of a high
pulse electric field in the air DEDS «tip-plane» at
Imin=(1.5-3) m are in good agreement with the data known
in the field of electric power, which relate to the
minimum electrical strength of air gaps of length
lmin:(l_4) m [1'3]

Conclusions.

1. An approximate calculation and experimental
method for determining the average speed v, of the
advancement of the plasma leader channel of an electrical
pulse spark discharge in the long air gap of the
«tip-plane» DEDS is proposed. This method is based on
the proposed empirical formula and experimental data for
the duration of the cut (commutation) 7, of the
breakdown voltage pulses, obtained from the results of
deciphering the oscillograms of the process of the cut of
the standard switching aperiodic ultra- and high-voltage
pulse of the time shape T,/T,; =200 ps/1990 ps of positive
polarity in the event of an electrical breakdown in the
specified DEDS of long air gaps with their minimum
length /., which varies discretely in the range
Imin=(1.5-3) m.

2.1t is shown that the average speed v, of the
advancement in the atmospheric air of the front of the
plasma channel of the positive leader of the electric pulse
spark discharge in the investigated DEDS «tip-plane» for
the two considered applied cases at [,;,=1.5 m and
Imir=3 m is numerically approximately equal to
v,~(1£0.03)-10° m/s. Our numerical result for v, is in
good agreement with the known experimental data for the
speed v,;~10° m/s in the atmospheric air of the plasma
channel of the negative leader for a long thunderstorm
spark discharge in the «charged cloud-to-ground» DEDS.

3. It was established by calculation and experiment that
for a standard switching aperiodic pulse of high- and
ultra-high voltage of the time shape 7,,/7,~200 us/1990 us
of positive polarity, the average value of the breakdown
field strength £, of a high pulse electric field in the long
air gap of the studied DEDS «tip-plane» with minimum
length [;;;=1.5 m is numerically about £;~360.8 kV/m,
and for its minimum length /,;;=3 m — E;»,=313.4 kV/m.

The obtained results for E; correlate well with the known
data for the minimum electrical strength of air gaps of
length /,;;=(1-4) m in the studied air DEDS «tip-plane».
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Computational studies of electromagnetic field propagation and deforming of structural
elements for a thin-walled curved workpiece and an inductor

Introduction. At the present stage of industrial development, the electromagnetic field is widely used in various technological
processes. The force effect of an electromagnetic field on conductive materials is used in a class of technological operations called
electromagnetic forming. Problem. Under the conditions of electromagnetic forming, the main element of the technological
equipment — the inductor — is simultaneously subjected to the force impact with the workpiece. At certain levels of the
electromagnetic field, the deformation of the inductor becomes so significant that it can lead to a loss of its efficiency. Goal.
Computational analysis of a thin-walled curved workpiece and a two-turn inductor under the conditions of electromagnetic
processing of the workpiece corner zone. Determining the distribution of quantitative characteristics of the electromagnetic field and
the stress-strain state and conducting assessments based on them regarding the efficiency of the technological operation.
Methodology. Computational modeling using the finite element method as a method of numerical analysis. The results on the
distribution of quantitative characteristics of the electromagnetic field and components of the stress-strain state for a thin-walled
workpiece and an inductor are obtained. It is shown that for the specified characteristics of the technological operation, the inductor
remains operational, and plastic deformations occur in the workpiece. A series of calculations were carried out, in which some
parameters of the technological system were varied. Originality. For the first time, the results of the calculation analysis of the
quantitative characteristics distribution of the electromagnetic field of the deformation process for the «inductor — thin-walled
curved workpiece» system are presented. Practical value. The presented design scheme of a curved thin-walled workpiece and a two-
turn inductor, the method of calculation analysis and some obtained results can be used in the analysis of electromagnetic processing
of thin-walled structures that contain curved elements. References 16, table 1, figures 6.

Key words: computational analysis, electromagnetic field, electromagnetic forming, deformation, finite element method.

Bemyn.  Enexmpomacnimne noie Ha CY4ACHOMY emani PpO36UMKY NPOMUCTIOBOCMI WUPOKO SUKOPUCTNOEYIOMb )  DI3HUX
mexnonociunux npoyecax. Cunosuii 6niue eneKmpomacHimHo20 NOAsL HA NPOGIOHUKOBI mamepianu GUKOPUCHOBYEMbCA 6 KIACH
MEeXHONO2INHUX onepayill, Wo HA3U8AcMbCs enekmpomazHimuum gopmyeanusm. IIpobnema. 3a ymos enekmpomacHimmo2o
Gopmyeanns cuno8omy 6naugy O0OHOHACHO I3 3A20MOBKOI0 NIOOAEMbCS | OCHOBHULL eleMeHm MEeXHONO2IYH020 00NAOHAHHA —
inoykmop. Ilpu neenux pieHAX eNeKMpOMASHIMHO20 NOiA 0eOPMYy6aHHs IHOYKMOPA CMAE HACMINbKU 3HAYHUM, WO MOdice
npueooumu 00 eémpamu tioeo npayezoamuocmi. Mema. I[Ipoeedentsi po3paxyHK068020 aHAli3y MOHKOCMIHHOL GUSHYMOIL 3a20MO8KU
ma 06808UMK0B020 iHOYKIMOPA 30 YMOE eeKmpoMazcHimnoi obpodKu Kymoeoi 30Hu 3a20moeku. Busnauenns po3nooiny KilbKiCHUX
Xapaxkmepucmux enekmpomMazHimHuo20 nois i Hanpylceno-0egpopmoearo2o cmany ma npoeeoeHHs Ha iX OCHOGi OYIHOK CMOCOBHO
eghexmuernocmi mexrnonociynoi onepayii. Memodonozia. Po3paxynxoge mooOentoganHsa i3 GUKOPUCIMAHHAM MemooOy CKIHYEHHUX
eleMenmie 6 AKOCmI Memoody uHuceibHozo auanizy. (Olepdcaui pe3yabmamu 3 PO3NOOLTY KIIbKICHUX XAPAKMEPUCMUK
e1eKMpOMACHIMHO20 NOJA MA KOMNOHEHMIS HANPYICEHO-0ehopMOBaH020 cmary Ol MOHKOCMIHHOL 3d20MOo8KYu ma iHOYKMopa.
Tlokasano, wjo Ona 3a0anux Xapakmepucmux mMexHoNI02iYHOI onepayii IHOYKMOp 3aTUUAEMbCA NPaye30amuum, a y 3a20moeyi
uHUKaiomb naacmuuni degopmayii. Ilposedeno cepito pospaxyHkie, y SKUX 6apilo8anucs OesKi napamempu mexHOI0SIUHOT
cucmemu. Opuzinanvuicms. Bnepuie npeocmasneno pesyromamu po3paxyHko8o20 ananizy 3 po3nooiny KilbKiCHUX Xapakmepucmux
eNIeKMPOMAZHIMHO20 NONA npoyecy 0eopMYySanHs O CUCeMU «IHOYKMOp — MoHKocminHa suenyma sacomoskay. Ilpakmuune
3Hauenna. Ilpeocmasnena pospaxynkosa cxema ueHymoi moHKOCMIHHOI 3a20MOGKU ma 0808UMKO8020 IHOYKMOPA, GUKOPUCTANUL
MemoO pO3PAxyHKOB020 AHANI3Y MA 0esKi OMPUMAHI pe3yTbmamu MOJICYMs BUKOPUCHIOBYBAMUCA HPU AHANI3I eleKMPOMALHIMHOT
00pOOKU MOHKOCMIHHUX KOHCPYKYIl, AKI Micmams eueHymi enemenmu. biomn. 16, Tabm. 1, puc. 6.

Kniouoei cnosa: po3paxyHKOBHMii aHaJli3, eJIeKTPOMArHiTHe II0Jie, eJeKTPOMAarHirHa o0po0ka, nedopMyBaHHs, MeTOJ
CKiHYeHHHX eJ1eMeHTIB.

Introduction. Electromagnetic field (EM-field)
energy is widely used in various modern technological

elements are manufactured in two stages: in the first
stage, they reach the required general (overall)

operations. The force effect of the EM-field is used in a
class of technological operations traditionally called
electromagnetic forming (EMF). A fairly complete
overview of the current state of issues related to the
classification of various technological operations of the
EMF is presented in works [1, 2]. In general, the standard
EMF technological operation can be characterized as
follows: the using of the EM-field energy to influence a
conductive workpiece with the aim of plastically changing
its shape. It should be noted that non-traditional directions
of the EMF are currently being developed. The basic
questions of some modern trends in the development of
EMF technologies are presented in articles [3-5].

Currently, thin-walled structural elements are widely
used in various branches of mechanical engineering. Very
often such structural elements have a pre-produced
curvature. Usually, the necessary curved structural

dimensions and shape, in the second stage they achieve
the required quality directly in the corner zone. Part of the
technological operations of EMF is aimed at creating
conditions for the occurrence of residual deformations in
curved thin-walled metal workpieces directly in the
corner zone. This zone can be called the «target zone» of
the technological operation. This group of technological
operations was named technological operations of «filling
cornersy». In practice, it means the reduction of rounding
radii to acceptable values in the bending zones of thin-
walled workpieces. From the point of view of the
conditions of the technological operation, it is necessary
to exert the maximum force around the «target zone». In
works [6, 7], it is proposed to use an inductor with two
turns, which have one common current line directed along
the bend, to «fill the corners» on thin-walled curved
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workpieces, each of the turns is a plane that makes an
angle of up to 15° with the wall of the workpiece.

At the modern stage of development, the design of
new technological operations of the EMF and the
improvement of existing ones is impossible without
computer modeling and computational studies. Creating
calculation models that are closest to reality is impossible
without the use of numerical methods. The most popular
is the finite element method (FEM), which allows, within
the same design model, to perform a computational
analysis of various physical processes. This is especially
important in the case of analyzing EMF technological
systems, since here it is very important to study the
processes of workpiece deforming. As an example of a
computational analysis of EMF processes using FEM,
works [8-12] can be considered.

Note that in most cases, the object of study when
analyzing deforming is the workpiece. At the same time,
the main element generating the EM-field, the inductor, is
also subject to intense force action. Under certain
conditions, the deforming of the inductor can become
quite intense and lead to its destruction. Therefore, from
our point of view, analysis of the inductors deforming
under the conditions of technological operations of the
EMEF is also an important task.

The goal of the paper is the computational analysis
of the EM-field distribution under the conditions of the
«filling corners» technological operation of a thin-walled
curved workpiece and determination of the stress-strain
state (SSS) components of the inductor and the workpiece
for the assess the effectiveness of this technological
operation.

Mathematical formulation of the problem. The
effectiveness of the EMF technological operation can be
considered achieved if, on the one hand, the inductor
remains operational, and on the other hand, an irreversible
change in the shape of the workpiece is achieved. If we
conduct a computational analysis, then we must determine
the presence or absence of plastic deformation zones in
the inductor and the workpiece. Thus, it is necessary to
obtain the distribution of quantitative characteristics of
the EM-field and then solve the problem of elastic-plastic
deformation.

The solution to this problem must be based on a
correct mathematical formulation. The complete
mathematical formulation of the problem of the EM-field
quantitative characteristics distribution and further elastic-
plastic deforming of systems of conductive bodies is
presented in work [13].

Figure 1 shows a design diagram of a curved thin-
walled workpiece and a two-turn inductor designed to
concentrate the force in the rounding zone (this is where
plastic deformations should occur).

The problem of numerical EMF calculation was
considered under the assumption of a plane-parallel
distribution of the field. Physically, this assumption is valid
for the case when the length of the workpiece and the
inductor along the z coordinate is significantly (several
times) larger than the dimensions along the other two
coordinates. The formulation of the problem in this
assumption allows not paying attention to specific ways of
closing the turns of the current conductor of the inductor.

T
Fig. 1. Design diagram of a curved workpiece together with
a two-turn inductor and a dielectric mold: 1 — workpiece;
2 — turns of the current conductor of the inductor;
3 — inductor insulation; 4 — dielectric mold

As in work [13], the resolving equation for the EM-
field is formulated with respect to the vector magnetic
potential A. In the setting of the plane-parallel
distribution, the vector magnetic potential has only one
non-zero component: A4 = (0, 0, Ay); A7 = A. This also
applies to the current density vector j . The magnetic
field intensity and magnetic induction instead have two
non-zero components, in the chosen coordinate system:
H = (H,, H,, 0); B = (B, By, 0); B = ,u,,lfl , Where
Lo = Holty, o =4710"" H/m is the magnetic constant, s, is
the relative magnetic permeability of the system elements
material. The defining equation for the non-zero
component of the vector magnetic potential in this case
takes the form (in the case of a material with constant
magnetic permeability g, and constant specific electrical
conductivity y):

2’4 %4 o4
—t———p,y— =, j\t). 1
o2 T M #a(0) ()
At the same time, the components of the magnetic
induction vector can be found as follows:
A A
b-Oip 01
ooy Ox
We use initial and boundary conditions:
A(0)=0; 4 =0, )

where I is the boundary of the calculation area, on which
the EM-field attenuation conditions must be met.

The variational formulation of the problem requires
the determination of the stationarity of the functional,
which has the form:

2 2
1|(04 0A 0A
A= +| = t+py—A—pu,j4|dS .3
2 (ij (8)/] al ot al )

where S is the area occupied by the design scheme.
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An electric current evenly distributed over the cross-
section of the current conductor turns of the inductor is
considered as a source of EM-field. The magnitude of the
non-zero component of the current density vector varied
over time ¢ according to the next law:

J(t)= jpe % sin(27zv1), )
where j,, = Z—’g is the current density amplitude; 7, = 40 kA

is the amplitude of the current in the inductor, v = 2 kHz
is the pulse current frequency, @ = 2zv is the cyclic
frequency of the current change, dy = d/w = 0,3 is the
relative coefficient of the inductor current attenuation .

The second and main stage of the analysis is the
study of the elements deforming of the inductor and
workpiece, which are presented within the framework of a
single scheme. In this case, the bodies system deforming
is considered within the framework of plane deformation.
The distribution of the main tensor-vector components
that describe the deforming process of the inductor
elements and the workpiece is subjected to the following
group of equations. Equilibrium equation:

or
6§x +—2 1 7.=0
- : 5)
L+ —24f,=0
Ox oy

where o, o0,, 7, are non-zero components of the stress
tensor; f. = —B,, f, = —jB; are the components of the
volumetric electromagnetic force vector.

Geometric dependences in the Cauchy form:

ou ou
&y = au)‘; £y =—2% ¥y = O +—=,
Ox Oy dy  Ox

where &, &, j, are the non-zero components of the
deformation tensor; u,, u, are the non-zero components of
the displacement vector.

The relationship between stresses and deformations
is accepted according to the elastic model:

I+v —-v 0
fe)=[4lo . [Ag]z(lzv) v 1+v 0], ()
0 0 2

where E is the modulus of elasticity, v is the Poisson ratio.

The following can be stated regarding the fixing
conditions: the conductive workpiece must be freely
located on the dielectric mold; its edges must not be fixed
in any way (article [14] shows that in the case of fixed
edges of the workpiece, the highest stress levels occur
around them). In turn, since the force effect on the mold
in this case is not of interest to us, we will not dwell on
the specific method of its fastening, we will assume that
the its lower outer border is fastened.

In the case when the workpiece is freely located on
the mold (see Fig. 1), the conditions of one-sided contact
between them must be taken into account. In this case,
during the numerical solution, the contact was modeled
by introducing a layer of special contact elements (similar
to how it was done in [15]). Also, layers of contact
elements are introduced between the turns of the inductor
and the insulation. The inductor was considered fixed on
the boundaries indicated in Fig. 1 as I';:

(6)

ux| xel =0, uy
yel,

[xef 2) =0. (®)
yel,

The solution was based on finite element modeling.
The defining equations for which in similar problems are
generally given in [16]. A three-node finite element (FE)
with a linear approximation of the non-zero component of
the vector magnetic potential and displacements is used as
the basis. At the first stage of the analysis, the spatio-
temporal distributions of the main quantitative
characteristics of EM-field were found. Here, a series of
calculations was carried out, in which the rational
parameters of the calculation model were determined: the
dimensions of the environment, the number of FEs, and
the time integration step. All this was done in order to
satisfy the boundary conditions (2) and prove the
reliability of the obtained results.

During calculations, the following values of
geometric dimensions were considered: d = 10 mm,
L=100 mm, 2 =2 mm, o= 15°.

The physical and mechanical parameters of the
system elements, which were used in all subsequent
calculations, are given in Table 1.

Table 1
Physical and mechanical parameters of system elements
. The The The data
inductor . The
The elements workpiece | . . of the
o, current insulation | .. .
characteristics parameters, dielectric
conductor . parameters,
name aluminum mold,
parameters, kaprolon
co alloy fiberglass
pper
7 1 1 1 1
7, (Qm)™! 7107 4,6:107 0 0
E, GPa 120 71 2,5 200
v 0,33 0,29 0,3 0,27
o,, MPa 380 190 — —
oz, MPa - - 70 100
op , MPa - — 90 120

In Table 1 adopt the following designations: o, is the
yield strength of the material; 03" is the tensile strength
limit; o3 is the compressive strength limit.

The dimensions of the surrounding environment
were characterized by the distance from the vertical and
horizontal walls of the workpiece. Based on the results of
the calculations, the maximum values of the tangential
component of the magnetic field intensity on the inner
surfaces of the workpiece around the corner were
compared. The first calculation was carried out at a
distance of L/10 (see Fig. 1). The subsequent calculations
were carried out with an increase in the distance by the
same amount of L/10. It turned out that when the distance
goes from L/2 to 3L/5, the difference in the values of the
tangential component of the magnetic field intensity
around the corner does not exceed 2,32 %. Therefore, all
subsequent calculations were carried out under the
condition that the boundaries of the surrounding medium
are at a distance of L/2 from the walls of the workpiece.

To establish the reliability of the finite element
modeling results, studies were conducted in which the
number of FEs was changed by increasing them. It should
be noted that since the main object of consideration was
the workpiece and the inductor, the FE concentration was

Electrical Engineering & Electromechanics, 2024, no. 2

57



carried out precisely in the areas of the calculation
scheme corresponding to these elements. The initial FE
mesh consisted of 1650 elements. Further calculations
were carried out by doubling the number of elements,
while comparing the maximum values of the magnetic
field strength in the vicinity of the rounding. When
moving from 13200 FEs to 26400 FEs, it turned out that
the value of the maximum magnetic field strength
changes slightly — by 1,214 %. Therefore, all further
calculations were carried out for a finite element mesh
containing 13200 FEs.

Regarding the variation of the integration step over
time, it was found that the reduction of the time step does
not lead to significant changes in the results of the
distribution of EM-field components. All calculations
were performed for a step of 0.1 ms.

Analysis of the calculation results. Let us consider
some calculation results. At the first stage, the spatio-
temporal distributions of the main quantitative characteristics
of EM-field were obtained. In Fig. 2 shows the distribution
of the H,-component of the magnetic field intensity
corresponding to it maximum in the time interval.

6
H, 10°A/m) 732

-512

-6.67

-8.23

Fig. 2. Distribution of the H -component of the magnetic field
intensity

From the data of Fig. 2 is seen that the maximum
values of intensity H, are observed around the turns of the
inductor current conductor and it is here that the maximum
force impact on the workpiece should be expected.

Let’s consider in more detail the results of SSS
calculations of the workpiece, mold and inductor.
Calculations were performed in a quasi-stationary setting,
for EM-field components that have maximum values from
the considered time interval.

The found distributions of the tensor components of
the SSS make it possible to carry out quantitative
assessments of the strength of the workpiece and the
elements of the inductor, which in turn allows drawing
conclusions about the efficiency of the technological
operation. When carrying out the relevant assessments, we
used the approach given in article [16], when the equivalent
stresses were determined and compared with the material
strength characteristics. The stress intensity was calculated
for the elements of the calculation scheme made of
conductive materials (workpiece, inductor conductor), and
the equivalent stress was calculated for dielectrics (inductor
insulation) according to Mohr’s criterion.

Figures 3 and 4 show the spatial distributions of
stress intensity o; and equivalent stresses according to
Mohr’s criterion oy, in the workpiece.
6,(10°MPa) ;.
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Fig. 3. Distribution of stress intensity
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Fig. 4. Distribution of equivalent stresses according to Mohr’s
criterion
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The given distributions of equivalent stresses allow
us to conclude that the most loaded are: the workpiece
zone around the rounding («target zone» of the
technological operation), the current conductor and the
insulation zones bordering the current conductor.

The maximum value of the stress intensity in the
workpiece, which is observed on the workpiece surface
(directly in the vicinity of rounding — in the «target zone» of
the technological operation), is 227 MPa, which is greater
than the yield strength of the aluminum alloy. Thus it can be
stated that from the point of view of the plastic deformations
possibility in the workpiece, the technological operation is
efficient. The maximum intensity of stress in the current
conductor of the inductor is approximately 60 MPa, which
does not exceed the yield strength of it material. The
maximum value of the equivalent stress according to
Mohr’s criterion in the insulation of the inductor is 52 MPa,
which also does not exceed the limit of the tensile strength
of the material. So, it can be concluded that in this case the
inductor remains operational.
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Next, a series of calculations was carried out in order
to determine the influence of the design and operational
parameters of the technological operation on the process of
elastic-plastic deformation of the workpiece. The purpose
of these calculations was to determine the inductor
application limits of this type and size, as well as to
determine the rational values of some design and
operational parameters of the technological system.

One of the series of calculations was aimed at finding
out the degree of influence of the distance between the
inductor and the workpiece on the distribution of SSS
components in it. Here, the value of the distance between the
coil of the inductor, which is close to the workpiece, and the
workpiece varied, while other parameters of the
technological operation (the dimensions of the workpiece,
the values of the characteristics of the external EM-field)
remained constant. The analysis of the results shows that
when the inductor is moved away from the workpiece, the
value of the maximum stress intensity in it decreases (Fig. 5),
at a distance of 14 mm, the maximum stress intensity in the
workpiece is approximately equal to the yield point of the
aluminum alloy, i.e., with further distance, the workpiece
will deform elastically. Thus, the most rational option is
when the inductor touches the workpiece, and the largest
distance between the inductor and the workpiece should not
exceed 14 mm.

G;’VIGX’
230

~

220 ™

210
200 \

N

190 S,mm
2 5 8 11 14

Fig. 5. Dependence of the maximum stress intensity
in the workpiece on the distance between the inductor
and the workpiece

MPa

Another series of calculations was aimed at finding
out the influence degree of the current amplitude in the
inductor on the distribution of SSS components in the
elements of the technological system. Calculations were
performed for the case of contact between the inductor
and the workpiece. Five calculations were carried out, in
which the amplitude of the current 7,, was assumed to be
equal to 40, 45, 50, 55 and 60 kA.

As the current strength increases, the qualitative
patterns of distribution of SSS components in the workpiece
are preserved, and the stress values increase. Figure 6 shows
graphs illustrating the growth of the maximum stress
intensity in the workpiece and in the current conductor, as
well as the maximum equivalent stress according to Mohr’s
criterion in the dielectric insulation with increasing current
magnitude in the inductor.

It can be seen that when the amplitude of the current
I, exceeds the level of 50 kA, the values of the equivalent

stresses in the insulation of the calculated system reach
dangerous values: at the same time (o, > o3).

max
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Fig. 6. Dependence of the equivalent stresses on the magnitude
of the current amplitude: 1 — in the workpiece (stress intensity);
2 —in the inductor coil (stress intensity); 3 — in insulation
(equivalent stress according to Mohr’s criterion)

Thus, with the considered design parameters, the
amplitude of the current 7, in the inductor should not
exceed 50 kA, because with its further increase, there is a
possibility of operability loss of the used inductor due to
the destruction of the dielectric insulation.

Conclusions.

1. The design scheme of the technological operation
of «filling corners», which includes a curved thin-walled
workpiece and a two-turn inductor, is considered. A
mathematical formulation of the problem of electromagnetic
field propagation and deformation is presented. The finite
element method was used as a numerical method.
Numerical studies were carried out to substantiate the
parameters of the design scheme.

The results of calculations on the distribution of the
electromagnetic field quantitative characteristics and the
deformation process are given. The spatial distribution of
the H,-component of the magnetic field intensity, which
corresponds to it maximum in the time interval, is
presented, from which a forecast can be made regarding the
zones of maximum force impact on the workpiece. Spatial
distributions in the elements of the calculation system of
equivalent strength indicators are also given: stress intensity
and equivalent stress according to Mohr’s criterion.

2. It is shown that the maximum force impact occurs
directly in the area of the workpiece rounding. In this
case, with the considered parameters of influence, plastic
deformation begins in the workpiece, and the inductor
remains operational.

A series of calculations of the electromagnetic field
and the stress-strain state of the calculation system were
carried out, in which the values of the distance between
the inductor and the workpiece, as well as the amplitude
of the inductor current, varied. Rational values of the
specified parameters were found, at which the used
inductor remains operational, and plastic deformations
occur in the workpiece material.

3. The further development of this work consists in
carrying out calculation studies of the workpiece deforming
in the region beyond the yield strength of it material.

Conflict of interest. The authors of the article
declare that there is no conflict of interest.

Electrical Engineering & Electromechanics, 2024, no. 2

59



REFERENCES
1. Psyk V., Risch D., Kinsey B.L., Tekkayaa A.E., Kleiner M.
Electromagnetic forming — a review. Journal of Materials
Processing Technology, 2011, vol. 211, no. 5, pp. 787-829. doi:
https://doi.org/10.1016/j.jmatprotec.2010.12.012.
2. Gayakwad D., Dargar M.K., Sharma P.K., Purohit R., Rana
R.S. A Review on Electromagnetic Forming Process. Procedia
Materials  Science, 2014, wvol. 6, pp. 520-527. doi:
https://doi.org/10.1016/j.mspro.2014.07.066.
3. Batygin Yu.V., Chaplygin E.A., Shinderuk S.A., Strelnikova
V.A. The main inventions for technologies of the
magnetic pulsed attraction of the sheet metals. A brief review.
Electrical Engineering & Electromechanics, 2018, no. 3, pp. 43-
52. doi: https://doi.org/10.20998/2074-272X.2018.3.06.
4. Batygin Y.V., Chaplygin E.A. Vortical currents in flat
metallic sheet. Electrical Engineering & Electromechanics,
2006, no. 5, pp. 54-59. (Rus).
5. Batygin Yu., Barbashova M., Sabokar O. Electromagnetic
Metal Forming for Advanced Processing Technologies. Cham,
Springer International Publ. AG., 2018. 93 p. doi:
https://doi.org/10.1007/978-3-319-74570-1.
6. Batygin Y.V., Golovashchenko S.F., Gnatov A.V., Smirnov
D.O. Magnetic field and pressures excited by four pairwise
coplanar solenoids in the cavity of a rectangular tube. Electrical
Engineering & Electromechanics, 2010, no. 2, pp. 46-49. (Rus).
7. Batygin Y.V., Serikov G.S. Magnetic field and pressures
excited by a single-turn inductor in a corner bend of a sheet
worpiece. Electrical Engineering & Electromechanics, 2006,
no. 6, pp. 66-70. (Rus).
8. Unger J., Stiemer M., Schwarze M., Svendsen B., Blum H.,
Reese S. Strategies for 3D simulation of electromagnetic
forming processes. Journal of Materials Processing Technology,
2008,  vol. 199,  no. 1-3, pp. 341-362. doi:
https://doi.org/10.1016/j.jmatprotec.2007.08.028.
9. Stiemer M., Unger J., Svendsen B., Blum H. An arbitrary
Lagrangian Eulerian approach to the three-dimensional
simulation of electromagnetic forming. Computer Methods in
Applied Mechanics and Engineering, 2009, vol. 198, no. 17-20,
pp- 1535-1547. doi: https://doi.org/10.1016/j.cma.2009.01.014.
10. Mamalis A.G., Manolakos D.E., Kladas A.G., Koumoutsos
AXK. Electromagnetic Forming Tools and Processing
Conditions: ~ Numerical ~ Simulation.  Materials  and

How to cite this article:

Manufacturing Processes, 2006, vol. 21, no. 4, pp. 411-423. doi:
https://doi.org/10.1080/10426910500411785.

11. Yu H., Chen J, Liu W., Yin H., Li C. Electromagnetic
forming of aluminum circular tubes into square tubes:
Experiment and numerical simulation. Journal of Manufacturing
Processes, 2018, vol. 31, pp- 613-623. doi:
https://doi.org/10.1016/j.jmapro.2017.12.019.

12. Doley J.K., Kore S.D. Fully Coupled Numerical Simulation
of Electromagnetic Forming. Key Engineering Materials, 2012,
vol. 504-506, Pp- 1201-1206. doi:
https://doi.org/10.4028/www.scientific.net/KEM.504-506.1201.

13. Altenbach H., Morachkovsky O., Naumenko K., Lavinsky
D. Inelastic deformation of conductive bodies in
electromagnetic fields. Continuum  Mechanics  and
Thermodynamics, 2016, vol. 28, no. 5, pp. 1421-1433. doi:
https://doi.org/10.1007/s00161-015-0484-8.

14. Lavinsky D.V. Analysis of elastic-plastic deformation when
modeling the «corner filling» operation. Part 1. Bulletin of the
National Technical University «KhPI» Series: Dynamics and
Strength of Machines, 2010, no. 37, pp. 100-104. (Rus).

15. Lavinsky D.V., Zaitsev Yu.l. Computational analysis
method of the electromagnetic field propagation and
deformation of conductive bodies. Electrical Engineering &
Electromechanics, 2023, mno. 5, pp. 77-82. doi:
https://doi.org/10.20998/2074-272X.2023.5.11.

16. Lavinskii D.V., Morachkovskii O. K. Elastoplastic
Deformation of Bodies Interacting Through Contact Under the
Action of Pulsed Electromagnetic Field. Strength of Materials,

2016, vol. 48, no. 6, pp- 760-767. doi:
https://doi.org/10.1007/s11223-017-9822-3.
Received 14.10.2023
Accepted 07.12.2023

Published 02.03.2024

D.V. Lavinskyl, Doctor of Technical Science, Associate Professor,
Yu.l Zaitsevl, Candidate of Technical Science, Professor,

! National Technical University «Kharkiv Polytechnic Institute»,
2, Kyrpychova Str., Kharkiv, Ukraine, 61002,

e-mail: Denys.Lavinskiy@khpi.edu.ua (Corresponding Author);
yurii.zaitsev@khpi.edu.ua

Lavinsky D.V., Zaitsev Yu.l. Computational studies of electromagnetic field propagation and deforming of structural elements for a
thin-walled curved workpiece and an inductor. Electrical Engineering & Electromechanics, 2024, no. 2, pp. 55-60. doi:

https://doi.org/10.20998/2074-272X.2024.2.08

60

Electrical Engineering & Electromechanics, 2024, no. 2



Power Stations, Grids and Systems
UDC 621.314 https://doi.org/10.20998/2074-272X.2024.2.09

M. Kaddache, S. Drid, A. Khemis, D. Rahem, L. Chrifi-Alaoui

Maximum power point tracking improvement using type-2 fuzzy controller
for wind system based on the double fed induction generator

Introduction. In this paper, to maximize energy transmission in wind power system, various Maximum Power Point Tracking (MPPT)
approaches are available. Among these techniques, we have proposed the one based on typical fuzzy logic. Despite the somewhat reduced
performance of fuzzy MPPT. For a number of reasons, fuzzy MPPT can replace conventional optimization techniques. In practice, the
effectiveness of conventional MPPT methods depends mainly on the accuracy of the information given and the wind speed or knowledge of
the aerodynamic properties of the wind system. Novelty. Our new MPPT for monitoring the maximum power point has been proposed. We
developed an algorithm to improve control performance and govern the stator’s developed active and reactive power using the typical
fuzzy logic 2 and enable robust control of a grid-connected, doubly fed induction generator. Purpose. MPPT which implies the wind
turbine’s rotating speed should be modified in real time to capture the most wind energy, is necessary to achieve high efficiency for wind
energy conversion, according to the aerodynamic characteristics of the wind turbine. Methods. Developing a mathematical model for a
wind energy production system is complex, can be strongly affected by wind variation and is a non-linear problem. Thanks to these
characteristics, thus, the Lyapunov technique is combined with a sliding mode control to ensure overall asymptotic stability and robustness
with regard to parametric fluctuations in order to accomplish this goal. We contrasted our fuzzy type-2 algorithm’s performance with that
of the fuzzy type-1 and Perturbation & Observation (P&O) suggested in the literature. Practical value. The simulation results demonstrate
that the control performance is satisfactory when using the fuzzy logic technique. From these results, it can be said for the optimization of
energy conversion in wind systems, the fuzzy type-2 technique may offer a workable option. Since it presents a great possibility to avoid
problems either technical or economics linked to conventional strategies. References 21, figures 15.

Key words: wind turbine, doubly fed induction machine, Lyapunov function, maximum power point tracking, fuzzy logic type-2,
fuzzy logic type-1.

Bemyn. Y yiti cmammi 015 makcumizayii nepedaui enepeii y gimpoenepeemuyHil cucmemi Hagederi pisui nioxoou i0CmedCceHHs. MmoyKu
maxcumanvioi nomyscnocmi (MPPT). Ceped yux memooig Mu 3anponoHysanu moi, wo 0a3yemvcs Ha Munositi. Hewimkii 102iyi.
Heseaocarouu na oewjo 3uudicery npodykmuericme weuimkoeo MPPT. 3 psaody npuuun neuimkuii MPPT modice 3aminumu 36udaiini Mmemoou
onmumizayii. Ha npakmuyi egpekmusnicme 3guuaiinux memooie MPPT 3anedicums 20106HUM YUHOM 6i0 mMOYHOCHIE Haoanol ingopmayii ma
weuoKocmi 6impy abo 3HaHHA aepoouHamiuHux enacmueocmeti 8imposoi cucmemu. Hoeusna. byno sanpononosaro nawt nosuii MPPT ona
MOHIMOPUHZY MOYKU MAKCUMATLHOT nomysicHocmi. Mu po3pobuau aneopumm 015 nNOKpaweHHs: npOOYKMUGHOCI KepyB8aHHs ma Kepy6aHHs.
PO3BUHEHOIO AKMUBHOIO MA PEAKMUBHOIO NOMYICHICIIO CIAmopa 3a 00NOMO2010 MUNno8oi HewimKoi 102iku 2 ma 3a6e3neyenHs HaoiliHo20
KepyBaHHs NIOKTIOUEHUM 00 MepedxCi THOYKYIIHUM ceHepamopoMm i3 nodeilHum scusienram. Mema. MPPT, axui o3nauae, wjo weuoxkicmo
0bepmanHa 6iMpAHOT MypOiHu Mae Oymu 3MIHEHA 8 PeXCcUMi peanbHO20 4acy, wob ompumysamu Haudilbwly KilbKicmb eHepeii 6impy,
HeoOXIOHa 07151 00CASHEHHSL BUCOKOT eqheKMUBHOCMI nepemeopenHts enepeii 6impy 8iON0GIOHO 00 AePOOUHAMIYHUX XAPAKMEPUCTUK BIMPOBOT
mypbinu. Memoou. Pospobxa mamemamuunoi mooeni 0na cucmemu 6upoOHUYMEa 6impoeoi enepeii € CKIaoHoI0, HA Hel MOJICYNb CUTbHO
SNIUBAMU KOUBAHHSL BIMPY, KA € HENHILIHOIO 3a0ayelo. 3a605KU Yum XapaKmepucmukam, makum YUHOM, Memoo JIAnyHoea noeoHyemvcs
3 KepYBaHHAM KOG3HUM PedCUMOM Ol 3aOe3nedeHts 3a2aibHOi ACUMNMOMUYHOI Cmadinbhocmi ma cmitikocmi Wooo napamempuiHux
Gnykmyayiti ona docacnenns yiei memu. Mu nopieHanu npooykmueHiCmb HAWO020 An0pUmMMy Hewimkozo muny 2 3 NOKASHUKAMU
aneopummie newimxozo muny 1 i 30ypennss ma cnocmepexcenns (P&QO), 3anpononosanux y nimepamypi. Ilpakmuuna uinnicme.
Pesynvmamu MoOen08anHs deMOHCMPYIOmb, Wo eQeKmusHiCIG Kepy8anHsl € 3a006LIbHOI NPU GUKOPUCTIAHHL Memoody HeuimKkoi nociku. 3
Yux pe3ynvmamie ModCHA CKA3amu, wjo Ol ONMUMI3ayii nepemeopenHs enepeii y 6impsaHux cucmemax Memoo Hewimko2o muny 2 moaice
3anpononyeamu npaye30amuull 6apianm, OCKinbKu ye 4y008a MONCIUBICIb YHUKHYIMU MEXHIYHUX aO0 eKOHOMIYHUX npobieM, 08 A3aHUX
31 sguuatimumu cmpamezismu. biom. 21, puc. 15.

Knrouoei cnoea: BiTpsina Typ6iHa, aCHHXPOHHA MAIIMHA 3 NOABIl{HUM KMBJIeHHAM, PyHKLiA JIsnyHOBa, BiACTe:KEHHS TOUKH
MAKCHMAJILHOI IIOTYKHOCTI, HeYiTKA JIOrika THIIy 2, He4iTKa Jorika Tumy 1.

Introduction. Despite the use of windmills since : ' * V. m/s gz
antiquity, wind energy has long been forgotten. It was : LI 58
only after the oil crisis of 1973 that alerted the energy o
producing states fossil that it has known for more than 40 ™" 1 &5
years an exceptional development. Indeed, from the year s - 28
2000 and in the same context of the fossil fuel market | || 4
disruption, the increase electricity demand in the world g
and the awareness of environmental issues, these are 2 | By
reasons that have accentuated the need to exploit the clean .| 1 B
energies where wind power takes a privileged place [1]. 3
The rapid development of this technology has given rise ~ *] | B
to increasingly powerful wind turbines, whose operation 2 LI
increases energy efficiency, reduces mechanical efforts 2

. . . 20 - 1.8
and improves the quality of the electrical energy produced 18

[2]. Algeria having good wind potential, whose wind ¢ r T T T
regime is moderate between 2 and 6 m/s (for 10 m from  ;

—

g. 1. Wind potential map of Algeria for 10 m from the ground,

the ground) according to the wind map established by the CDER [3]
Center for the Development of Renewable Energies
(CDER) [3, 4] (Fig. 1). © M. Kaddache, S. Drid, A. Khemis, D. Rahem, L. Chrifi-Alaoui
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The In-Salah site has an average wind speed of 6.4 m/s
next to Adrar which 6.3 m/s. The Hassi-R’Mel site has fairly
high average speeds reaching 6.5 m/s, whereas the province
of Illizi shows speeds above 5 m/s at roughly 10 locations.
As for the north of the country from west to east, various
microclimates are also found. In the case of the Hauts-
Plateaux, we observe that the regions of Mecheria and Tiaret
have a particularly interesting average speed of 5.6 m/s.
While 5.1 m/s and 5.3 m/s are recorded respectively in Djelfa
and M’sila. Algeria plans to reach nearly 40 % of national
electricity production from renewable sources by 2030. In
addition to the installation of several photovoltaic plants in
the Hauts Plateaux and the south, large wind farm projects
should be built before 2024. In fact, in 2014 Algeria took
delivery of the pilot Kaberténe wind farm in Adrar (10 MW)
and studies have been carried out to detect favorable
locations in order to carry out other projects over the period
2017-2030 for a power of approximately 22 GW. Currently,
variable speed wind systems based on the Doubly Fed
Induction Generator (DFIG) are increasingly used on wind
farms. The main advantage is the use of low power rated
converters to control the slip power which is a small part of
the machine rated power. By the way, the grid-connected
DFIG ensures that the converters will be less in size since it
permits operation across a speed range of +30 % or less
around the synchronization speed [1, 2, 5, 6]. In fact, it is a
considerable economic benefit over alternative approaches
(for example, the permanent magnet synchronous generator).
The studied system is shown in Fig. 2. The C, coefficient can
be considered as part of the available wind power. It depends
on the type and dimensions of the turbine. Generally, it is a
function of the tip speed ratio A (Fig. 3). In order to optimise
the wind system, it is important to maximize C,. To do that,
we should keep the tip speed ratio at its optimal value with
controlling the speed. In recent years, many researchers have
focused on improving control strategy of Maximum Power
Point Tracking (MPPT) based on fuzzy algorithm [7, 8].

Py Stator voltage and

<:: current sensors
Pyn [ {
&= 1] \ S
© o
Grid <=
= |
P,>0 Stator powers | —————>|AP:: AQ)
Sub-Synchronous computing
I —
Post | MPPT Algorithm
Power controllers *
~ Qures
— et
Fig. 2. Control system of the DFIG
05 Cp /__\
' X

0.4 / \
03 /
02

0.1 # a)

A

o] 2 4 6 8 10 12

Fig. 3. Function C, = f'(4)

The goal of the paper. In this paper, we propose a
type-2 fuzzy MPPT controller. This controller will be
compared with others MPPT’s previously developed to
demonstrate the efficiency of the proposed technique.

0

Modeling of wind. Turbines considering a tool for
wind energy recovery on a surface S and assuming that
the wind speed is identical at every point on this surface,
the volume of air passing through this surface is equal to
p, S. Consequently, the wind’s incident power is kinetic
and depends on the surface area that the wind sensor
offers to the wind. This power P,, is defined as [9]:

P,=05-C,-S-p-V3, (1)

where P, is the wind power; C, is the power coefficient; S is

the blades surface; p is the air density; V is the wind speed.
The relationship between the gear ratio is the

product of the blades’ linear speed and the wind speed:

A=, -R|V, (2)

where A is the tip speed ratio; £2 is the mechanical angular

speed of the wind turbine; R is the wind turbine radius.
Replacing (2) in (1), we have

3
PW=0.5-Cp(/1)-S~p-[§] Yook ©)
The following equation is used to compute the
electromagnetic torque 7 of the turbine:
1
T=0.5~Cp-S-p-V-z. @)
The schematic diagram of the dynamic turbine

model based on these equations is given in Fig. 4.

A [k 0
C=f ) R

Gl

Vot 1] Ce !
e _’@_' Us+7)
Cn

Fig. 4. Diagram of the turbine model

The DFIG model is represented by the ensuing
equations in the synchronous reference frame [10]:

dg,

VS =RS}S+ py +Ja)s_¢fs;

- 6]
- d¢ -
Vr' = dtr V¢}"’

where Vi, V,, Ry, R, I, I,, &, ¢, @, w, are the stator and
rotor voltages, resistances, currents, fluxes and current
frequencies, respectively; J is the inertia moment.

The equation for current and flux is:

-

Is=yp,+19,;

Ly Q)
Ir =93+ 19,,
where
y=1ocL; A=-Ml/cLgsL; y=1/cL,.
The following equations result from equalizing the
real and imaginary components of (5):

Vsa =11%sa = 72%ra + dz;d by =i+ d¢3d
Vg =728sq — 72914 +d§%+ Oy =15+ d¢sq .
Via = 73sa + Vabra +%—w brg=—f3+ d¢rd
Vg =730sq +7491rq +%+ O g =S4+ d(%
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where «s» and «»» mean stator and rotor; «d» and «g» are
the direct and quadratic indicators for orthogonal
component parts; and:

=l/ot, n=MorL,; =MoL n=1ocr,
where M is the mutual inductance; o is the leakage flux
total coefficient; 7,, 7, are the stator and rotor time
constants; L,, L, are the stator and rotor inductances; and:

=1 =1 — 728 — ws¢sq;
b :7/1¢sq _72¢rq + O ®)
—3=730ba + V4bra — a)r¢rq;
- Jfa= )/3¢sq + 74¢rq + Opfyg.
The rewrite of (7) gives
d
¢sd =fi+
d¢
f2 sqﬂ
©)
d
¢rd f3
¢
rq =fa+

Vector control strategy of the DFIG considers the
stator voltage shown as follows in the d-q axis [10]:

Veia =05
{Vsq =V,
The power expressions become
{PS =V, (21 + 11, )
0 =V (Adyq +18ya )

where Py, O, are the stator active and reactive power.
Choosing a Lyapunov function

vref)2 (Qv chef)z >0.
The functions derivate is
Vl = (PS PSVf?f' XPS _Psref)+ (Qs _eref XQS _eref)‘ (13)

Substituting (9) and (12) in (13) it results in
= ( srej Xal + AV sref )+

(10)

(11)

=P - (12)

14
(Q eref Xa2 +AV rd — Qs‘ref)’ ()
with
{alz/ws.ﬁ +7 (2 +V) (15)
o) :ﬂ'st,’) +7/f1'

Equation (14) can be clearly negative, if the control
law described below is established

1
Vrd = % (a2 + eref _KZ (Qs - eref ))’
S
(16)
1
qu = W ( 1t Psref _KI(PS _Psref))
N
Replacing (15) in (14) can be obtained

Vl Kl( ref)z K2<Qs eref)2<0

So (16) is stable, if K; (i =
all positive [11], in other words

(17)

1, 2) were, of course, are

lim (Qs - eref):
t—0
jim (P, - P,
t—0
Robust control. The robust non-linear state return
control law based on Lyapunov theory is designed to
address the problems of model uncertainties related to the
variation of machine parameters and measurement noise
[12, 13]. Model uncertainties in this type of control are
generally non-linear functions [14]. Generally, the
functions (f;, ;) are written as:

ref ) =

Replacing (18) in (9), can be obtained:

d¢—”’ = fl +Af +Vyy

¢

vq f2 +Af +V, 5q>
19)

d¢rd 7
———=f3+4f +V,

dr f3 f 7
dg,, -

= fqa+ A +V,
dt f4 f T

The new law control can be selected by taking into
account Af; as follows:

. _L{—azﬂLme—Kz(Qs—ere/')—}
T, | Ky senl0, Oy ) o
yo | [0!1+ Sref ~ KI(P Pcref)_] @0
SVTAEY 5 Sgn( srej) '

where K,‘,‘ > ,B,', K,‘,‘ > 0, I{, (l = 1, 2)
Equations (19), (20) were used to build the
Lyapunov function analog from (14)
V2. = (Ps sref XAO(] K Sgn( sref ))
+ <Qv - eref XAa2 —Ky Sgn(Qs - eref ))< 0.

Therefore, if chosen, the f; with enhanced system
stability, variances can be absorbed:

2D

Ky :|Aa1|; @
K22 = |Aa2|.

Finely, we can resume:
Vi <V, <0. (23)

For the convergent processes stability, the control
law given by (20) is applied for any a; The design of
robust controllers is illustrated in Fig. 5.

1
oy, 0y ———> o —> V..V,
du
P,

— K,

PQ

Fig. 5. Diagram design of robust controllers

New MPPT. In order to maximize the generated
power, a new MPPT has been developed based on the
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relationship of the aerodynamic power P, turbine speed (2,
and electromagnetic torque 7 of the DFIG (Fig. 6):
A=, -R/V,
P=05-p-R*.V3;

C,=a-T/P.

24
(25)
(26)

0O —
Hxéi CpE

rT—>
A
ik

v %-p-Rz-V3

— re
>

#le X

Fig. 6. New MPPT

In this research, a nonlinear empirical interpolation
to represent the C, is shown in Fig. 7.
08

06

04r

02r

oF

-0.2

Fig. 7. Coefficient various tip speed ratio characteristic

MPPT using fuzzy logic type-2. Stator power
active and speed turbine variation are the fuzzy
controller’s two inputs (Fig. 8).

Rules Base
......... AQy,

|
: |

Fig. 8. Proposed fuzzy controller type-2

The definitions of error variation AP and ACQ are [15]:

AP, = Py(t)= Py (t — At) = Py (k)— Py (k —1}; o
AQ, = Q,(1)- 2,(t— 4t)= 2, (k) - 2, (k-1).

where At is the time step; & is the time step number.
The output of the regulator is corresponding to the

coefficient variation AQm . The three quantities AP, A4Q,,
and A(,,, are standardized as:

APy =G Py;
AR, =GoAQ,
AQ,, =G 40402,

where G,, G, Gaq are the scale factors or normalization,
and they have a significant impact on both the control’s
static and dynamic performance.

The fuzzy logic type-2 membership functions for the
stator active power and speed turbine variation are selected
to be the same as Gaussian forms, with AP defined on the
interval [0, 1] in Fig. 9,a and AQ,, is defined on the interval

(28)

[-1, 1] in Fig. 9,b. The fuzzy logic type-2 membership
functions of the variation A¢2,, are chosen with intervals
formed on the interval [0, 1.2] (Fig. 9,c).

PS TpM " PB

1

0.8
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04

0.8

0.6 |
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02

-1 -0.5 0 0.5 1

" ps M
.
08
06
041
02
0.2 0.4 0.6 0.8

0 12
Fig. 9. Fuzzy type-2 membership functions

for the variation of AP (a); AQ,, (b); Afzm (o)

PB

1

Comparative study with fuzzy type-1 and
Perturbation and Observation (P&O) algorithm. In
order to show the performance of our approach based on
fuzzy logic type-2, a comparison with the approach based
on fuzzy logic type-1 and the P&O algorithm has been
carried out [16-21].

P&O algorithm stands out because it does not need
a database or training. This guarantees more versatility to
this algorithm, with direct application in the system,
without the need for previous information or wind speed
sensors or understanding of the curve of the aerodynamic
characteristics.

Figure 10 shows the P&O algorithm flow chart as it
should be implemented in the control microprocessor.

|

Calcul of P(k) and Q(t)

Fomsy)

AQ, (k) = lster| AQ, (k) = [step]

Q (k) =Q, (k=1)+40, (k) ‘

Fig. 10. P&O algorithm flow chart

20 (k) = =lepl| a0 (k) = -|step|

Fuzzy logic type-1. For the variation of the active
power of the stator AP and the speed of the turbine Q,,
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their membership functions have been chosen with
triangular forms and is defined on the interval [-1, 1]
(Fig. 11,a,b). The membership functions type-1 of the
variation of A.Om chosen from triangular shapes over the

interval [-1, 1] (Fig. 11,¢).

GN MN PN ZE PP \p GP
|

a
0.5r
0
-1 0.5 0 0.5 1
GN MN PN ZE PP pmp GP
1
b
0.5
0

GN MN PN ZE PP Mpp GP

0.5¢

0
-1 -0.5 0 0.5 1

Fig. 11. Fuzzy type-1 membership functions
for the variation of AP (a); AQ,, (b); A.Qm ()

Results. The results are arranged in accordance with
the following criteria, respectively:
e simulated system with a variable wind speed with an
average value of 5.8 m/s (Fig. 12);
e turbine speed (Fig. 13) fixed at 140 rad/s;
e power coefficient C, (Fig. 14);
e stator active power (Fig. 15).
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Fig. 12. Wind speed
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Fig. 13. Turbine speed
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Fig. 15. Stator active power

The active power varied between —5 kW to 1 kW
while the reactive power is fixed at 0 VAr. After seeing
the correct follow-up of the proposed instructions it is
necessary to assess the structure’s robustness to parameter
uncertainty. Therefore, the next step is to assess the
resistance to stator and rotor change.

Finally, the results evince that the method based on
fuzzy logic type-2 is superior in terms of effectiveness,
robustness, and response time.

Conclusions. The results obtained show the
performance of our type-2 fuzzy maximum power point
tracking (MPPT) compared to two other techniques
(Perturbation and Observation) and type-1 fuzzy. For
several reasons, the latter technique can replace
conventional optimization techniques. In practice, the
effectiveness of conventional MPPT methods depends
mainly on the accuracy of the information given and the
wind speed or the knowledge of the aerodynamic properties
of the wind system. However, this need an anemometer,
which raises the systems cost. Thus, knowledge of
aerodynamic properties requires the manufacturer to carry
out tests that are a bit complex and expensive. In addition,
these characteristics change from turbine to turbine. They
also vary with climatic conditions, which decrease the
reliability of the system. It is better to choose the command
strategies that do not depend on these parameters.
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L.I. Mazurenko, O.V. Dzhura, M.O. Shykhnenko

Steady-state analysis of a hybrid power supply system using an induction generator
with a shunt AC/DC converter

Hybrid power supply systems (HPSSs) are considered as a good option for electric power supply of remotely located from the grid
consumers due to significant fuel savings compared to diesel sets. Quick development and improvement of HPSSs may be achieved using
specialized methodologies and programs. In the paper a schematic diagram is proposed and operation principles of a 400 V / 50 Hz
HPSS were developed. The system’s main component is the master generating unit of the hydropower plant using a 250 kW induction
generator (IG). The voltage of the system is controlled by the controller of the AC/DC power converter. The electrical frequency of the
system is controlled by the speed controller of the hydropower turbine. A wind turbine, an energy storage system and a regulated dump
load are comnected to the IG through the AC/DC converter. Goal. The paper aims to develop a methodology for steady state
performance analysis of the hydraulic turbine driven isolated IG operating in parallel through an AC/DC power converter with
additional sources and consumers of active power. Methodology. The methodology for evaluation of performance characteristics of the
IG operating in the proposed system has been developed. The methodology is based on the equivalent circuit of the system, equations of
active and reactive power balance in the system and the superposition method. Results. The equations of frequency, voltage and power
regulators of the system are given. The performance characteristics of the IG operating in the system supplying resistive and RL load in
«constant voltage — constant frequency» mode are obtained. Novelty. The developed methodology is innovative in taking into account
the control algorithms of the system. The comparative analysis of the IG’s performance operating in the stand-alone generating unit and
in the generating unit connected to the proposed system is performed. Practical value. The developed methodology can be used for
development and performance improvement of hybrid AC power systems. References 19, table 1, figures 4.

Key words: hybrid power system, induction generator, superposition method, equivalent circuit.

Ti6puoni cucmemu enexmponocmauanna (I'CE) posensdaiomuvcs Ak Xopowuil eapianm OJisi e1eKmponocmaianis io0aneHux 8io
MEPENCI CROANCUBAUIE 3A60AKU 3HAYHIT eKOHOMII nanuea nopisHsHo 3 ouzenv-acpecamamu. [lleuoka pospodka i édockonanenns I'CE
MO2ICYymob Oymu 00cAHYmi 34 00NOMO20I0 CHeyianizoeanux Memooux i npospam. B cmammi s3anpononoeano cxemme piwenns ma
po3pobneno npunyunu pooomu I'CE npomuciosoi nanpyeu i vacmomu 400 B / 50 T'y. Cucmema nobyoosana Ha ocCHOSi 6e0y4020
ciopoenekmpoazpezama 3 acunxpounum cenepamopom (Al)) nomyorcricmrio 250 kBm. Cmabinizayis nanpyeu cucmemu 3a6e3newyemocs
cunosum AC/DC nepemeopiosauem, a cmabinizayis enekmpuyHoi Yacmomu Ccucmemy — peyismopoM Yacmomu obepmanis
2iopomypbinu. Bimpoycmanoska, nakonuuyeay enepeii i pecyivosane baiacmue naganmagicentst niokmouaiomocs 00 AI" uepes AC/DC
nepemsopiosay. Memorw pobomu € po3pooKka MemoouKu po3paxyHKy Xapakmepucmuxk asmonomno2o Al 3 2iopomypOinHumM npueooom,
wo npayroe napanenvro uepe3 AC/DC nepemeopiogay 3 000amKo8UMU ONCEPENAMU MA CHONCUBAUAMU AKMUBHOI NOMYIHCHOCHIL.
Pospobreno memoouky pospaxynxy xapaxmepucmukx A" 3anpononoearnoi cucmemu. Pospobnena memoouxa 6a3yemvcs Ha OCHOBI
EKBIBAIEHMHOT CXeMU 3aMIWeHHsl CUCIEeMU, PIBHSIHb 6ANAHCY AKMUBHOL | peaKmueHoi nomyscHocmi ma Memooy Haknadanis. Haeedeno
DIGHANNA pe2ynamopie yacmomu, Hanpyeu i nomysicnocmi cucmemu. 3 00nomoeoio pospodneHoi MemoouKu GUKOHAHO DO3PAXYHKU
xapaxmepucmux Al 3a akmu6noz2o i aKMUEHO-IHOYKMUBHO20 HABAHMAIICEHHS CNOJCUBAYIE NPU YMOGI NIOMPUMAHHA NOCMILHO20
sHayennsa nanpyeu Al i enexmpuunoi uacmomu @ cucmemi. Cmeopena MemoouKa Mac HOBU3IHY 6 YACTHUHI 8DAXYBAHHS ANCOPUMMIG
Kepyeanus cucmemoro. Ilposedeno awnaniz i cniecmaenenns xapaxmepucmux AT ompumanux 3a ioeo pobomu 6 ckuaodi
2idpoenekmpoazpeama npayio04o20 a6MoHOMHO i 6 CKIadi 3anpononoeanoi cucmemu. Ompumani pesynbmamu modxicymov Oymu
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cmpymy. bion. 19, Tadmn. 1, puc. 4.

Kniouoei cnoea: ribpuaHa cucTemMa eJIeKTPONIOCTAYAHHSA, ACHHXPOHHMII FeHepaTop, MeTO HAKJIA/IAHHS, CXeMa 3aMilllecHHH.

Introduction. Isolated power supply systems and
modern distributed generation systems are capable to
operate off-grid thus ensuring elimination of interruptions
in power supply during grid outages and blackouts. These
systems can reduce the cost of construction and losses of
both power transmission and distribution lines caused by
power transmission to local consumers located remotely
from power transmission lines [1-4]. Photovoltaic
systems, wind turbines (WTs), hydropower turbine
equipped generating units (HTGUs), geothermal power
plants, etc. are often combined with each other in
distributed generation and isolated power supply systems
to improve their performance. Electric power generating
systems using different renewable primary energy sources
are called hybrid power supply systems (HPSSs). When
necessarily to provide a more reliable power supply,
diesel power sets may be integrated in the HPSSs.

Today’s power ratings of HTGUs, WTs and diesel
power sets used in HPSSs are generally in the range
3-4 MW. WTs and HTGUs of this power range may be
designed using permanent magnet  generators,

synchronous generators, doubly-fed and squirrel cage 1Gs
[5-7]. The efficiencies of permanent magnet generators
and synchronous generators are somewhat higher
comparing to IGs, but IGs are simpler to service and
repair. Moreover, due to lower price and lower
maintenance costs, IGs are paid off sooner.

The solution of problems related to the performance
analysis and evaluation of indicators of efficiency of
energy conversion of IGs driven by regulated prime
movers, such as hydraulic turbines (HTs) and diesel
engines (DEs), has been successfully carried out and
reported in the literature [8-10]. At the same time it
should be noted, that methodologies developed for the
steady-state analysis of stand-alone IGs using IG
equivalent circuit are not adapted for performance
analysis of IGs operating in parallel with various electric
power sources within off-grid HPSSs. The study of the
performance characteristics of IGs interconnected to
electromechanical systems is a more complex objective
requiring the development of complex mathematical
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models [11, 12]. Complex dynamic models are a powerful
tool for scientific investigations but they require a lot of
computational efforts and time for debugging. Therefore,
development of static mathematical models and new
universal methodologies suitable for performing such
studies or revision of existing ones is up to date.

The purpose of the article is to develop and test a
methodology for steady state performance analysis of the
induction generator driven by a hydraulic turbine of the
master hydropower turbine equipped generating unit and
operating in «constant voltage — constant frequency»
mode in parallel through an electronic AC/DC power
converter with sources and consumers of active power in
the hydro-wind-battery hybrid power supply system
supplying a three phase load.

Configuration and operating principles of the
HPSS. The proposed HPSS (Fig. 1) consist of a master-
HTGU with IG, a variable speed WT, an energy storage
system (ESS) and a regulated dump load (RDL). The G2
generator of the WT is connected to the IG G1 through
AC/DC voltage source converters VSC1 and VSC2. Both

I
I
1
|
|
1
|

RDL and ESS are connected to the IG G1 through the
VSCI1. Power VSCs allow performing smooth power
control of the sources of electric energy [13, 14]. The ESS
can be of different types: flywheel ESS, battery ESS,
supercapacitor based, etc. [15, 16]. The HPSS of Fig. 1
can operate both on-grid and off-grid. The HTGU consists
of the IG G1, a regulated HT, the VSCI1 converter and a
bank of compensation capacitors (BCC) for self-
excitation of the IG when the HPSS is off-grid. If hydro
energy is unavailable in the region, diesel engines (DEs)
may be used instead of HTs. Regulation of the electrical
frequency in the system is carried out by the speed
controller of the HT or DE. The controller of the WT uses
wind speed and rotational speed of the WT for output
power control of the wind generator. The ESS is provided
to reduce frequency overshoot in transient modes and to
limit the active power of the IG Gl during short-term
peak demand. The RDL is intended mainly to consume
active power excess in the system when the ESS is fully
charged. It can also be used for «frequency-responsive
spinning reserve regulation [17, 18].

Compensating capacitors

I
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Fig. 1. Schematic diagram of the hybrid power supply system
Equations of frequenc oltage and power * ¥ ~ .
qu quency,  voltag pow APpry = maX(— Pex s Oink p1 + Iwminkil)s

controllers are as follows.

Con:r Olﬁfs voltage, DC voltage and HTGU speed Byiny = Oy — ( O + “’hl Brax = O — (a);‘nax - a)Z)
. e ESS controller
Ug = const; M Pgg1, ESSis charged and @, > @nyir s
U;c = const ; ) Pgsz, ESS is charged and o, < a):nm;
a): — const . 3) PES _ PES3» ESS is discharged, o, > oy, 5)
e RDL controller and [y <kgrlgy;
PBL _ PI;X +AP5L , 4) PES4: ESS is discharged and @, > @445
where 0, else,
_APEL, APEL <0and a):nm <w, < a);lax; where P - ma (0 7 - II )
AP[*)L _ APDLI, ESS is charged and @, > o, max, st = MaxX{0, g max K g maxkiz .
APy 5, ESS is discharged and @, < @iy Ppsy = max(O ~Oink py = [ Opninkiz )’
0, else; P Es3 =—1 dc.esUdc ;
APg; = Py + Py — By — Pgs ; Prsy —mm<0 ~ ok _J.E)maxkﬂ);
APELI = max(O, E)maxkpl + I(T)maxkil); Tg.max = Ig - I.thax :
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The WT speed control is described in [17].
In the above equations U;, is the RMS reference

value of phase voltage of the IG; a): is the angular
electrical frequency reference in the system; U:,c is the

DC-side voltage reference of the VSCl; P, is the
«frequency-responsive» spinning reserve reference
regulated with the RDL controller; P, — is the active

power demand; By, is the output active power of the
WT; Py is the output power of the ESS assumed to be of
positive sign while discharging of the ESS; P,;L is the

*

active power reference of the RDL; [, , 1, 1y,

I,y are

values of actual, maximum reference and nominal RMS
phase current of the IG; k,, k;, k ki, kg are

pl> ™ p2>

* *
Opax > Omin » ©®, are values of

e
maximum frequency reference, minimum frequency
reference and actual angular electrical frequency in the

positive constants;

* * * . .
system; 0 < @), <<\@pax = Omin ) 0,55 1., 1S the input

(o,
current reference of the ESS.
It is clear from (4), that when the sum of the active

power demand of the local load and spinning reserve
reference P, + P,y is greater than the total output power

of the WT and ESS and @, <®, <@ » then

Pp, = Pay. When Ppy <Py +Pgs—P,, we have an
excess of active power in the system. In this case, if

P;L = By + Pgg — P, and the output active power of the
IG is zero. If the electrical frequency in the system

exceeds (a);in...a);ax) limits and with current state of
charge the ESS cannot perform frequency regulation, then
the RDL performs this objective within the limits of its
functional capabilities.

When the ESS is charged, as can be seen from (5), if

o, <, , the ESS controller limits the current value of
*

the generator to the / value level or, if the @, value

g.max

falls below @, , it adjusts the @, value to the w, . + @,

level. At the same time, in accordance with (3), the
frequency of the HPSS of Fig. 1 is regulated by the speed
controller of the HTGU.

When the ESS is discharged and the output active
power of the IG is sufficiently lower than its rated output
and o,

min < @, , then the ESS is being charged. At the
same time, the value of the ESS power consumed is
regulated by adjusting the value of the current 7., . If

there is a frequency error such that @, > a);ax, and the

ESS is discharged, then the controller of the ESS adjusts

* *
@pmax — Oy level.

the w, value to the

The methodology for performance analysis of the
IG operating in the HPSS. To obtain performance
characteristics of the HPSS, we will use shown in Fig. 2
proposed equivalent circuit (EC) of the system where all
components of the system of Fig. 1 are represented by
equivalent impedances.

a);in <w, < a):mX , the power of the RDL is equal to

_______ 2 ettt
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A g ! |
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Fig. 2. Equivalent circuit of the hybrid power supply system

In Fig. 2 r, r, X;, X, are the stator and rotor
resistance and leakage reactance; «, is the electrical
angular speed of the rotor of the IG; R, is the core loss
resistance; F' = @,/@,y is the per unit stator frequency of
the IG; @,y is the nominal angular frequency of the stator;
X, is the magnetizing reactance; Rp;, Ry, Rg are
equivalent resistances of RDL, WT and ESS. The values
of reactances Xj;, X, Xop, Xup, X refer to the base (rated)
frequency of 50 Hz.

If we assume U, = const and @, = const the EC of
Fig. 2 can be used for performance analysis of the IG
operating both in the off-grid HPSS supplying local load
with Z; impedance and on-grid with Z,, input impedance
of the grid.

To maintain the balance between power supply and
demand for active and reactive power in the EC of Fig. 2,

both real and imaginary part of the sum of admittances Y,
Y,, and Y; must be zero
Re(Yg +7,, +Y)
Im(Yg +Y,, +Yg)

; (6)
; (N

T ;

1
B jX2+I"2/S ’

=0
=0
where

JXoZ

es“eq

X

Yo =|n+jX1- ;
eq ~ JAes

1 1

=t —"
JXn R
Xes =X+ X5 ZL:RL"'jXL:Zleij;
Zug =@+ (R Y (R )+ (R ) )=

Jjo v
=Zp4€ “ :Req +]Xeq,

Y,

m YR

m
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s:(a)e—a),)/a)e.
Let F = 1. Then from (6) the slip of the IG can be

given by
s=nli-dao} 1 aoxt).  ®

and from (7) the magnetizing reactance of the IG can be
obtained as

X, =X, =bh (r22 + X,Z,sz)/((blx,z, - bOX,,)sZ +byd ) )
where

2
aR,, + (a12 + a22 ) XesReq
ag = 5 a=n +
(al +ap )R as
2

Requs Xequs(Xeq - Xes) .
ay = XIS - - i

a3 a3

a3:Rezq+(Xeq_XeS b0=a12+a22; blz—az.
The air gap voltage of the IG U,, can be determined
from the X, = U,s(X,s) curve obtained from the
synchronous speed test at rated speed.
The rotor electrical speed, phase current, phase
voltage and per-phase input admittance of the IG are
computed using the following equations

w, =(1-5)w, (10)

Ly =Uy,Yss (11

Uph =—JjI hXesZequ(peq /[Z eﬂ/’eq _]Xes); (12)
. -1

ylz(r]+les+(Ym+YR) T =0. (13)

It should be noted that the EC of Fig. 2 allows us to
analyze not all the operating modes of the HPSS of Fig. 1,
but only those in which the condition @, = const or
o, = const is valid.

The methodology for performance analysis of the IG
driven by the HT of the master-HTGU and operating in
the proposed system of Fig. 1 is outlined as follows.

At first, we will obtain the performance
characteristics of the stand-alone IG.

1. Set up the power factor of the load cos¢;, a k1x1
column vector of the impedance of the local load Z; and a
h1x1 column vector of trial values of the total reactive

impedance of the BCC and VSC1 X8

Zp= (Zk,h )k1><1 > ng = (xh,k )h1><1 : (14)

2. Find the elements of the air gap voltage matrix
using magnetization characteristic of the IG and (9),
phase current and voltage matrixes according to (11),
(12), slip and input admittance matrixes of the IG
according to (8), (13) using all combinations of elements

of Z; and X} ig vectors
U = (”mk h)klxhl’ Iph (’phk h)kl 1’
Uph = (”phk h)kl Nk SI*% = (Sk>h)kl><h1 )

v = (i h)klxhl
3. Set the phase voltage reference of the IG and in

(15)

each row of the U, f;%' (k = const, h = var) array determine
the number of the column corresponding to the minimum

deviation of the actual voltage from the reference

£ .
U g =const. Save the found column numbers into a one-

dimensional array. Further, from the matrices (15), we

form k1x1 column vectors of the air gap voltage U S"¢

phase current I;‘f,’,"c, phase voltage U;;g;l"c, input

admittance of the IG ¥1%®"¢ slip SI%®"¢, electrical

angular speed of the rotor W,

impedance of the BCC and VSC1 X" ensuring the

performance with the least voltage error for each load
value .

4. From the X&"¢

impedance of the BCC X,; = X$“[i1], where the index

il corresponds to the element w1th maximum impedance
of the local load array Z; [il] = max(zk’h )klxl .

and the total reactive

vector we find the reactive

5. Find the elements of the per-phase reactance, the
phase current and the apparent power of the VSC1 arrays

Iig,uc

ig,uc
X vsci -

2eT S{%’é‘, , the power factor array and

efficiency array PF ;'(gj"‘ , EF IigG’"c of the IG

-1
1 1
Xguk]=| ———-—1 ;  (16)
VSC1 [ g,uc[k] an]
lguc[k]
I%¢ilk]= g—[k] (17)
VSCI
. 2
‘ ig,uc k]
VSCI VSCl [[/%‘Z‘Cl[k]
; RelY1€%[k]
PFi&"[k]= ; 1
it k] ‘Ylig’“c[kl (19)
) Pig,uc[k]
EF&"“[k]=— L= . +(20)
O W AN AWy
where P’g ”C[k] é‘g;i‘c[k]+ Péé;gc[k], PLig’"", Pg;’;f“',

ig,uc
PCuZ >

of the load, stator copper losses, rotor copper losses, core
losses and friction losses;

) (Uig,uc[k])z
pigucfi]= 3\ rh .
L [ ] |ZL[k] cos@y ;

plseli] =35 il o

vl [

Pl’%;’"c, Pl?;’"c are column vectors of real power

Plg uc [k] Q|

Tix, v el ;

) yiguc .

i) VUL p)_
m

kg, — friction coefficient; P,y — nominal power of the IG.
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Next, we will use the principle of superposition and
compute the performance characteristics of the IG
operating in the system of Fig. 1 by superposition of
power curves of other elements and power curves of the
stand-alone 1G. The principle and method of
superposition are applied to determine currents and
voltages in linear circuits and sometimes for obtaining
performance characteristics of AC systems with parallel
power sources [19]. For the off-grid mode of the HPSS
of Fig. 1 when the Fig. 2 EC is used, the relation
between the active power of the IG and the active power
of the load due to the power transmission losses
neglected is linear. Other elements such as WT, RDL
and ESS are represented in the EC by linear resistances.
Therefore, the principle of superposition can be applied
in this case.

Assume the ESS is charged and the output power of
the WT Py is constant. First, let's add WT and RDL to
the stand-alone HTGU with IG, assuming that ESS has no
influence on the control of the RDL. Accordingly to (4)

and (5) if a);lin <w, < a);ax, this is possible under the
condition that the ESS is not used or the ESS controller
limits the current value of the IG when AP, >0, ie.

when there is no excess of active power in the system.
The said condition in the system of Fig. 1 will be satisfied
if the charged ESS will not be discharged in the no load
mode of the IG, that is, practically always in steady state.
Taking into account the above assumptions, in the
absence of a steady state power error, the power of the
RDL will be given by

Ppy [k]= Pey + APy [K].
where
0, Ao P[] < Fix
By = P k]~ Pex, By — P [k]= Phy

(e2))

ApsL[k]:{

6. Determine the active power of the IG when the
RDL and WT are connected (ON) and the ESS is
disconnected (OFF) from the HPSS

P [k]= PE k] Po[k]- Py (@2)
7. The phase current of the IG when the RDL and WT

are ON and the ESS is OFF can be obtained by
interpolation of the relation between values of elements of

the array of the real power of the load PLig’"c and the array

of the phase current values 1 ;';g}’l"c of the stand-alone IG

Plk]= inter(Pig’"”,ljﬁ;"”,P}gD [k])- (23)
The next step is to add the ESS to the system and
determine the following values.
8. The ESS power provided there is no steady state
power error

PI%D[k]_ Pg.max’ ];VJVhD[k]Z Ig.max»

* . * .
where P, = mter(l 1’,';,1) ,PI%D v g_max) is real power of

g.max

the IG with ESS is OFF and /

*

ph = Ig.max :

9. Real power of the IG when RDL ,WT and ESS
are ON

PePE k)= P [k]+ Pp[k]- By - Pes[k].  (25)

10. Equivalent impedance of the per-phase load of

the IG when RDL ,WT and ESS are ON
-1

LI Py k)= By — Peslk]
2O
~ 11z, K]+ v/ RIRER]T

where R%%€ is the column vector of the per-phase

217 - -

equivalent resistances of the VSC1
11. Repeat steps 2—5 using the Z;VD £ array instead
of the Z; array. As a result, we get new klx1 air gap

voltage array U, ,Z/DE , phase current array I;’;,D £ , phase
voltage array U;’;,D E , input admittance array of the IG

yI"PE slip array S7 WDE ' electrical angular speed array
of the rotor WrWDE , total per phase reactance of the BCC

and VSCI array X ZDE , and reactance array of the

VSCI1 when RDL ,WT and ESS are ON XJls .

Compute the elements of the following arrays for the
«full» HPSS (RDL ,WT and ESS are ON).

12. The per phase impedance array and phase
current array of the VSC1

WDE - WDE WDE
zZyset k)= —jxvseilk]+ Riset [k] 5
WDE WDE WDE
Iysei k)= UpPt (k) zpses k]

13. The real power array, reactive power array and

apparent (total) power array of the VSC1

@7
(28)

2
AR - P RIS 29)
OIRE )= JuiPP ] XU 0)
st = (el «loeenlf . 6

14. The power factor array PF I%D E  and efficiency

array EF I%D E of the IG are determined from (19), (20)

using YI"PE I;’;,DE, U;’;,DE, U,I:/DE, S1"PE arrays

instead of Y18*, I;f';l"c , U;;g,’l"c , UBHe | S1%" arrays.

Results. The performance analysis of the 250 kW IG
operating both in the stand-alone HTGU and in the
HTGU of the HPSS of Fig. 1 was carried out using the
explained above methodology with values of the power
factor of the load 1 (Fig. 3) and 0.9 (Fig. 4). It was

set PE*X =0.1 pu., Py = 03 pu, U; =1 p.u. and

*

1 =1 p.u

g.max
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Fig. 3. Characteristics of the hybrid power supply system with resistive load
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Fig. 4. Characteristics of the hybrid power supply system with RL-load

Electrical Engineering & Electromechanics, 2024, no. 2



As can be seen from Fig. 3 and Fig. 4, the
characteristics of the IG under resistive and RL local load

are much similar. Since PByg > Py, then during

operation of the HTGU with IG in the HPSS running on
low (0...0.2 p.u.) load, there is excess of active power
generated in the system, which is consumed by the RDL,
the real power of the IG Gl is zero, and the electrical
rotor speed is near to the synchronous speed. When the IG
current value reaches 1 p.u., the linear increasing in power
of the ESS is observed and due to this the current and
active power values of the IG stay at the nominal level.
The power factor and efficiency values of the IG remain
unchanged while there is excess of active power
generated. The rotor speed within the load power range
corresponding to 1 p.u. IG current value is constant
as well.

Differences between Fig. 3 and Fig. 4 refer only to
the characteristics of the VSC1 converter. Since the VSC1
converter for voltage control of the IG load, in addition to
the compensation of the reactive power of the IG, must
compensate under RL local load its reactive power,
accordingly the values of the phase current and apparent
power of the VSC1 are much greater than while supplying
the resistive load. As can be seen from Fig. 3 and Fig. 4,
when the value of the real power component of the load
P; is 1 p.u. and the IG is operating in the stand-alone
HTGU, then the ratio of currents and apparent powers of
the VSCI1 obtained under resistive and RL-load is 1:4.7.
When the IG is operating in the HPSS of Fig. 1, this ratio
is 1:2.8.

At the same time, the values of the current and
apparent power of the VSCI1 during the operation of the
IG in the «full» HPSS running under P, = 1 p.u. load
power when the load is resistive are 1.7 greater than
during stand-alone operation of the HTGU and
approximate to each other under RL-load. The power
factor of the IG operating in the stand-alone HTGU in the
entire load range, except for no load point, is greater than
the power factor of the IG operating in the HPSS of
Fig. 1. The maximum efficiency value of the IG operating
in the stand-alone HTGU and in the HPSS of Fig. 1 was
0.947, and the maximum power factor value of the IG was
0.91 and 0.88 in stand-alone mode and for in system
operation, respectively. These values correlate well with
specifications of serial induction machines.

Simulation parameters and characteristics.

IG G1. Rated power / voltage / frequency / poles /
(connection) — 250 kW / 400 V / 50 Hz / 4 / (Y);
resistance of the stator / rotor winding, mQ — 7.7 / 7.7;
stator / rotor leakage reactance, mQ — 33 / 33; core loss
resistance, Q — 42.3; friction coefficient, N-m-s/rad —
0.015. The magnetization characteristic of the IG is given
in the Table 1.

Table 1

Magnetization characteristic of the IG G1
Phase current, A [20] 27 | 54 [105[141|191]|290{421|592|836
Phase voltage, V |99[110|154|201]221|243]265|287|310|331

WT, RDL, ESS, VSC1, load, BCC, inductors. The
output power of the WT is 0.3 p.u.; P;X = 0.1 p.u.; the
ESS is charged and limits the current value of the

generator to the 1 p.u. value; losses in the VSC1 converter
and inductors are neglected; the local load is symmetrical
resistive or RL with a power factor of 0.9; the per phase
capacity of the BCC is 2.2 mF.

Base quantities of power, voltage, current, speed
and frequency for Fig. 3, 4 data. 250 kW = 1 p.u. of
power; 230 V =1 p.u. of voltage; 418 A =1 p.u. of current;
1500 rpm = 1 p.u. of rotational speed; 50 Hz = 1 p.u. of
frequency.

Conclusions. The methodology for steady state
performance analysis of the induction generator driven by
a hydraulic turbine of the master hydropower turbine
equipped generating unit and operating in «constant
voltage — constant frequency» mode in parallel through an
electronic AC/DC power converter with sources and
consumers of active power in the hydro-wind-battery
hybrid power supply system supplying a three phase load
has been developed.

Known methodologies for steady state performance
analysis of isolated hybrid power systems using induction
generators and regulated static energy converters are
dynamic model based and thus are quite complex in use
and modification. In contrast to known methodologies of
steady state performance analysis of self-excited
induction generator and parallel operated induction
generators, superposition method and interpolation of
characteristics are used to take into account additional
power sources and consumers with preset control
algorithms in the developed methodology. With the
developed methodology it is possible to calculate
performance of the system under study for an arbitrary
output voltage reference thanks to the parametric analysis
of this system provided in the methodology.

Approbation of the developed methodology was
carried out on the isolated power system using a 250 kW
induction generator. The obtained characteristics of the
induction generator operating in the system differ from
the characteristics of the stand-alone hydropower turbine
equipped generating unit and depend on the
characteristics and control algorithms of the additional
sources and consumers of active power of the system. It
was shown that, when the system supplied a local load
with nominal real power component, the reduction of the
power factor of the load from 1 to 0.9 led to an increase in
the values of the apparent power and input currents of the
AC/DC converter by 4.7 times in the stand-alone mode of
operation of the hydropower turbine equipped generating
unit and 2.8 times when the unit operated in the system.
Due to this a significant increase in the installed capacity
of the AC/DC converter both for stand-alone operation
mode of the hydropower turbine equipped generating unit,
and for its operation in the system supplying RL-load, is
required in contrast to operation with resistive load. The
obtained values of the maximum power factor and
efficiency of the induction generator correlate well with
the technical characteristics of serial asynchronous
machines.

Further improvement and development of the
outlined methodology can be carried out thanks to a more
accurate calculation of losses and consideration of new
modes of operation and circuit solutions of hybrid power
systems.
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Analytical method of determining conditions for full compensation of reactive power
in the power supply system

Goal. The purpose of the article is the development of an analytical method for determining the conditions for achieving full
compensation in the generalized power supply system based on the use of substitute circuits, which are obtained using equivalent
transformations of the topology of the original circuit. Methodology. The article proposes a methodology for replacing series
reactive power compensation in high-voltage paths of the power supply system with parallel reactive power compensation in a low-
voltage load node. Results. An algorithm for successive transformations of the power supply circuit has been developed, which
makes it possible to estimate the values of the capacitances of compensating capacitors, at which full compensation of reactive
power in the system is achieved. Originality. The proposed analytical method for calculating the parameters of the compensation
unit makes it possible to dispense with complex optimization computer methods and makes it possible to estimate the compensation
capacities that fall on the share of the load and the network. Practical value. The proposed technique allows, using a simple
algorithm, to determine with high accuracy the necessary parameters of the compensating device, which provide the optimal mode in
the power supply system. The proposed algorithm can easily be implemented in a microcontroller system for automatic control of the
modes of the power supply system. References 15, table 1, figures 6.

Key words: electrical system, reactive power, full compensation,
transformations, substitute circuit.

search optimization, power factor, equivalent

Mema. Memoio cmammi € po3pobka ananimuuHo20 Memoody GU3HAHUEHHs YMO8 O0CA2HeHHs NO6HOI KomneHcayii 6 y3azanbHeHill
cucmemi en1ekmponoCmaianis, Ha OCHOBI BUKOPUCMAHHS 3AMIHHUX CXeM, KI OMPUMAHT 3a OONOMO2010 eKGIBANEHMHUX NepemBopeHb
monoaoeii euxionoi cxemu. Memoodonozia. Y cmammi 3anponoHo8aHo Memoouxy 3amiHu NOCAI008HOI KOMNeHcayii peakmueHoi
NOMYACHOCMI Y BUCOKOBOLMHUX MPAKMAX CUCHIEMU eIeKMPONOCMAYAHHS HA NAPATeNbHY KOMNEHCAyilo peakmugHoi NOmyicHocmi
y 8y31i Hasanmaoicents Huzbkoi Hanpyeu. Pesynemamu. Po3pobieno ancopumm nociioo8HUX NepemeopeHb CXemu JHCUBTEHHS, WO
odace 3mo2y oyinumu 3Ha4eHHs EMHOCMEl KOMNEHCYBANbHUX KOHOCHCAMOPIB, NPU AKUX 00CAAEMbCS NOBHA KOMNEHCAYis peaKmugHoi
nomyoicHocmi 6 cucmemi. OpuzinanvHicmy. 3anponoHO6anHa AHANIMUYHA MEMOOUKA PO3PAXYHKY RAPAMEmpie 8y3la KOMNEHCayil
00360715€  GIOMOBUMUCST 6i0 CKIAOHUX KOMR IOMEPHUX Memooig ONnMmuMizayii ma 0ae MONCIUBICIb OYIHUMU KOMNEHCAYIliHI
Modicnugocmi, AKI NpUnaoaomv HA 4acmky Hasawmadicenns ma mepedxci. Ilpakmuuna winnicme. 3anpononoeana memoouxa
00380J1A€ 34 NPOCMUM AI2OPUMMOM 3 GUCOKOIO MOYHICMIO GU3HAYUMU HeOOXIOHI napamempu KOMNEHCAYIiHO20 NPUCMPOIO, AKI
3abe3neyyioms ONMUMANLHUL PECUM 6 CUCMeMi eNeKmpOnoCMayanHs. 3anponoHo8anHull areopumm ae2Ko peanizyemuvcs 6
MIKDOKOHMPOIePHIll cucmemi asmomMamuiHo20 Kepy8aHHs pexcumamu cucmemu enrekmponocmadanns. biomn. 15, Tabin. 1, puc. 6.
Knrouoei cnosa: eNeKTpUYHA CHCTEMA, PEAKTHBHA NMOTYKHICTb, IIOBHA KOMIICHCALisl, NOIIYKOBAa ONTHMi3anis, KoediuieHT
MOTY KHOCTi, eKBiBaJIeHTHi NepeTBOPEHHs, 3aCTYNNHA cXeMa.

Introduction and problem definition. Reactive
power compensation remains one of the main means of
increasing the energy efficiency of power supply systems
[1-6]. In Ukraine, under the current conditions of martial
law, these issues should become one of the main factors
in increasing the possibilities of emergency-free
electricity supply, in particular, the compensation of
reactive power will allow to relieve the load on electric
networks and increase the efficiency of the systems as a
whole [4, 5]. Along with the traditional approach of
partial compensation of reactive power of loads, the mode
of full compensation of reactive power deserves attention,
in which in three-phase networks the inverse and zero
symmetrical components are compensated [7-11], as well
as the reactive power of the load directly and, in addition,
the reactive power in the electrical network itself [12-14].
The latter are traditionally compensated by the so-called
longitudinal compensation, in which compensating
capacitors are connected in series in the power
transmission line [1, 2]. But, as shown in [14], the
compensation of the components caused by the
inductances of the power transmission lines can be
achieved by increasing the capacities of the transverse
compensation capacitors, which shunt the load in the
electricity collection nodes. In the general case, the
determination of full compensation can be carried out
with the help of search optimization [12, 13] by
approximate numerical methods, since in essence it is

necessary to solve a system of nonlinear equations, which
contain both system parameters and currents with
voltages, and they are interconnected by multiplication
and division operations. This is characteristic, as will be
shown below, for the variant of the single-line generalized
circuit, which can be applied even when considering
branched electrical networks. However, numerical
methods are able to conduct research for specific
numerical values that characterize the mode of full
compensation. Analytical symbolic methods allow to
conduct a qualitative analysis and obtain generalized
results, recommendations and conclusions.

The goal of the article is to create an analytical
method for determining the conditions for achieving full
compensation in a generalized power supply system in
order to simplify the methodology for determining the
parameters of compensating devices and achieving results
without using relatively complex procedures based on
optimization algorithms.

The main part of the study. We consider the
traditional power supply system with transverse
compensation of reactive power [1-3, 5, 6, 10], which is
shown in Fig. 1 in the generally accepted form for the
electric power industry.

This system should be called a generalized power
supply system, as it highlights the main components of
the power supply system in compliance with the generally
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accepted conditions in the power industry. These
conditions are, first of all, the assumption that a three-
phase power supply system wusually operates in a
symmetrical mode, and therefore it is sufficient to analyze
it in terms of only one of the three phases, and thanks to
this, it is possible to consider the so-called single-line
version of the system, i.e., a single-phase substitute circuit
with one source voltage. Secondly, the parameters of the
substitute circuit are redived to one side — either to the
generator side, or to the load side, as is done, for example,
when calculating short-circuit modes. Thirdly, the
network, which can have a branched topology, is replaced
by one complex active-inductive resistance based on the
theorem on the equivalent active bipolar.

O e o
| ——

Fig. 1. Generalized single-line power supply system
with reactive power compensator

In this circuit, e, is the voltage source that generates
and supplies electricity; Z; is the complex active-inductive
resistance that reflects the power transmission line and
takes into account the internal resistance of the generator
itself; Z, is the complex active-inductive load; C; is the
capacity of a battery of capacitors that compensate for
reactive power in the power supply system. Usually, quite
approximate estimates of the value of this capacity are
traditionally used in the electric power industry. It is
determined as such that it is capable of compensating a
certain given part of the reactive power of the load. This
is due to the constant change in loads, for example, in the
electricity supply networks of utility consumers.In
addition, it is impossible to set the exact value of the
capacity of the capacitor battery even when this value is
determined, because it affects the discreteness of the
values of the capacities of the individual capacitors that
make up the battery. However, the development of
semiconductor power electronics and means of automatic
control of electrotechnical systems have trends in the
digitalization of electronics and the transition to
intelligent power supply systems [11], which will make it
possible to solve these problems in general and provide an
opportunity to achieve accurate parameters of
compensating devices even in conditions of load
variations. This refers to the use of controlled inductances
with counter-switched thyristors, as well as power active
filters with pulse width modulation.

Figure 2 shows a substitute circuit of a generalized
power supply system with a compensator.

In this circuit, R, and L, are the active resistance and
inductance of the power transmission line, which also
include the corresponding parameters of the real
generator; R, and L, are the active resistance and
inductance of the load when the load is represented by a
series equivalent.

The system of equations by the method of complex
amplitudes describing this equivalent substitute circuit

looks as follows in the basis of variables I, I, U, :

Is Rs Ls
LI

n

Ln

Fig. 2. Substitute circuit of the generalized power supply system
with compensator

Ry + joL ), + U, =é,; (1)
(R, + joL)l,-U.=0; )
I's_jn_ja)ck UCZO' 3)

It should be noted that the system of these equations
contains unknown currents I, I, and voltage U, , and in
addition, the unknown quantity is the capacity C;, which
together with U, forms the product CUC. This, in turn,

leaves the system (1) — (3) linear, and in addition, three
equations are no longer enough to uniquely determine

I,, I,,U. and C. In the search optimization method,

this problem is solved by imposing additional conditions
for reactive power compensation with the subsequent use
of numerical algorithms using Newtonian methods or the
algorithm optimization method, for example, a deformed
polyhedron [12, 13].

We will apply the following stages of equivalent
transformations of substitute circuits of the generalized
power supply system.

Stage 1. Convert the series equivalent of the load
with complex resistance R, + jwL, into the parallel
equivalent with complex conductivity G,; —jY,1:

1 3 R,

R, +joL, R,% + a)zL}z,l
. oL R X
]R,f +0’l2 R+ X} ]R,$+X3

In addition, the capacitor Cj is replaced by two
capacitors C; = C, + C,, where C; is designed to
compensate the reactance of the purely load, and C,
complements the compensation process to the level when
the source e, will not be connected to the reactive power,
that is, the voltage and current phases of the sources will
coincide and thereby complete compensation of the

reactive power in the system will be achieved. The
substitute obtained after stage 1 is shown in Fig. 3.

G —JjYn =

n n n

Rs Ls
~ A
| S|

C2—/—= C1—== Yn1§ Gn1|:|

Fig. 3. Substitute circuit of the system with a parallel load
equivalent and a distributed compensator
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Stage 2. We determine the capacity of the capacitor
Ci, which must compensate for the inductance of the
parallel equivalent of the load:

_ X
RZ+x2%’

joC - jY,1=0 or oC =

where:

G = fn/wz - 2L” 2" )
R, +X, R,+X,

At the same stage, we can also get rid of two
reactive elements in the substitute circuit (Fig. 3). We
mean the inductance of the parallel equivalent of the load
with conductivity Y,; and the capacitor C;, which fully
compensates for this inductance. The sum of the
conductances of these elements is zero, therefore, from
the point of view of the method of complex amplitudes
used here for analysis, these elements can simply be
excluded from the circuit in Fig. 3. As a result, we get a
substitute circuit without the specified elements, which is
presented in Fig. 4.

Rs Ls
| ~
LI

o]

Fig. 4. Substitute circuit of the system with a compensator
of the reactive component of the power transmission line

Stage 3. Now it is necessary to determine the
capacity of the capacitor C,, which is connected in
parallel with the conductivity G,; and must compensate
for the reactive power of the inductance L, of the power
line. Next, let’s turn the parallel circuit G,; — C, into a
series connection of the equivalent resistor R; and
capacitor C; (Fig. 5).

Rs Ls ?3
1 A |
LT 1

e (1) -

Fig. 5. Substitute circuit of the system at the stage of
determining the capacity of the compensator for the power
transmission line

We denote: )(: = CULS, YC2 = a)Cz, Xc3 = 1/Yc3,
Y3 = wC;. Then the parameters of the new load circuit
will be obtained from the obvious relationships:

1 _Gu—JYc
Gu+j¥er GH+Y3

From here it is clear that

Ry—jXc3 = ®)

G
Rpz=—F"—>" . (6)
G +Ye
Y,
Xe3=—5 (M
G +Yo

In the circuit in Fig. 5 reactive elements are
connected in series, and the conditions for the
longitudinal compensation of the reactive power are to
fulfill the condition X = X3, that is

X =Yer (G +YEs), ®)
which leads to the solution of the algebraic quadratic
equation

2 1 2
Yor ——Yc2 + Gy =0. )
Xg

From here we can determine the conductivity of the

capacitor C:
1 1 2
2Xg \/ axz "

As can be seen from the obtained expression, the
solution has two roots, from which, for the real case, the
equation with the "minus" mark beforethe root should be
chosen. The second value confirms the existence of two
modes of full compensation of reactive power in the
power supply system, which was indicated in previous
works [14, 15], where the parameters of the second mode
were obtained by a numerical method during optimization
using the deformed polyhedron method. The second root
corresponds to an overestimated compensation capacity
and a significant increase in the current consumed from
the source. Capacitance of capacitor C,: Co= Yy, / . Total
capacity required for full compensation: C; = C; + C,.

Conditions for achieving the mode of full
compensation. From expression (10), we can obtain the
condition for achieving the full compensation mode,
which consists in the fact that the radical

(10)

2
—5 " Gnl >0 (1 1)
4X3
This leads to the expression:
1
Xg < . 12
S <26, (12)
Taking into account that
R
Gy = . >
2 2
R, + X,
we obtain:
1 X
XS <E(Rn+ R;) (13)
n
Thus, the method of wusing the calculation

relationships obtained above can be described as follows:

o We calculate the parallel load equivalent.

e Using the inductive component of the parallel
equivalent, we find the capacity of the compensator,
which compensates the purely reactive component of the
load according to the relationship (4).

e We exclude the inductive component of the parallel
equivalent of the load together with its capacitive
compensator from the substitute circuit, since their total
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conductivity is zero. We introduce into the substitute
circuit the capacity C,, which is designed to compensate
for the reactive component of the power transmission line.

e According to relationipm3 (13), we check the
conditions for achieving full compensation of reactive
power in the system.

e If full compensation can be achieved, we form
equation (9) and solve it according to relationship (10),
which allows us to determine the conductivity of
compensator C,.

e We calculate the capacity C, and the total capacity
of the compensator, which ensures full compensation of
the reactive power in the system.

Results of numerical analysis and modeling.
Consider the generalized power supply system (Fig. 2)
with the following parameters: e,(f) = 100sin(«r), where
o=1007; R,=3Q;L,=0.03H; R, =7 Q; L,=0.05H.
Complex load resistance Z, =7 +j15.708.

The complex conductance of parallel equivalent of
the load

Gu—JjYm 74715708 0,0237-0,05311.

Conductivity of the capacitor C;, which compensates
for the reactance of the load Y = 0.053119 S.

Capacitor C, capacity:

&_ 0,05311
w 100z

=169,07 WF.

Quadratic equation for finding conductivity Y¢:
Y2, —0,1061- Ypy +5,6024-1074 =0,

where

Ye» =0,05305 —\/0,0028—5,24 -107* =0,0055728 S.

The capacity of the capacitor C,, which compensates
for the inductance of the power transmission line:

Yoo
C, =—€2 _ 17739 uF.
27 1007 H

Capacity that provides full compensation of reactive
power in the system

C, =C +C, =186,81 puF.

According to the obtained results, the system was
modeled for three options:

I — without compensating capacitor;

I - with capacity C, = C;, when partial
compensation of only load reactivity is provided;

[T — with capacity C, = C, + C,, which ensures full
compensation of reactive power in the system.

For simulation, a visual model was created in the
MATLAB/Simulink/SimPowerSystem system.

The configuration of the model actually repeats the
circuit shown in Fig. 2, and therefore is not given. The

complex values of the voltage on the capacitor U c > that
is, the voltage on the load, is measured; as well as power
source current Ig; capacitor’s C, current I ; current

I, through the load. The simulation results are given
in Table 1.

Table 1
Simulation results

Parameters Option | Option 11 Option 11
Cy 0 C G +G
UC 63,8£4-2,32° | 91,41 £-11,77° | 95,57£-13,25°
js 3,7/4-68,3° | 2,16£-11,77° 2,32£20°
jC 0 4,86.78,23° 5,61.£76,75°
jZn 3,7£-68,3° | 5,33£-77,75° | 5,56.£-79,23°

Analyzing the given results, it is worth noting that in
the absence of a compensating capacitor, the mode is
characterized by an extremely low level of voltage
supplied to the load. A relatively large current is
consumed from the source, which creates a sufficiently
large voltage drop on the complex resistance of the power
transmission line, the amplitude of which reaches more
than 30 % of the voltage of the source itself. Calculation
of the value of the power factor gives a very low value of
c0s(68,30°) = 0.369. Application of partial compensation
at C, = C, fully compensates the reactive power of the
load. This is evidenced by the same phase shifts of the

load voltage U and current g, i.e. the load behaves like

an active resistor in conjunction with the capacitor Cj.
This, in turn, confirms the effectiveness of the substitute
circuit shown in Fig. 4 at C, = 0. Indeed, by dividing the

current /g by the voltage U, we obtain the conductivity
of the load equivalent

_2,16£-11,77°

“ " 9141/-11,77°

which coincides with G,; of the substitute circuit in

Fig. 4. Equivalent resistance R,; = 1 / G,; = 42.319 Q.
Without compensation, the load module was

|Z,|=47% +15,708% =17,971 Q.

Thus, the connection of the capacitor C;, which
compensates for the reactance of the load, can be
interpreted as a significant increase in the equivalent
resistance of the load. Due to this, the current consumed
from the source is reduced. At the same time, the share of
the source voltage, which goes directly to the load nodes,
increases. Although the voltage drop on the power
transmission line is reduced by almost three times and is
now about 10 % of the source voltage, the voltage at the
load still does not reach 5 % of the permissible deviation.
In the third option, C, = C; + C,, and here full
compensation of the reactive power in the system is
achieved. This is evidenced by the coincidence of the

=0,02363 Q"

phase of the current / s of the source with the phase of its

voltage e(¢). Thanks to the additional compensation of the
inductance of the power transmission line, the load voltage

U increases and reaches 5 % of the permissible deviation

from the source voltage. The current consumed from the
source increases slightly. This can be explained by the
substitute circuit shown in Fig. 5, if we take into account
that the sum of the reactances of the inductance L, and the
capacitor C; is zero. Therefore, these elements can be
removed from the circuit by replacing them with a short-
circuited conductor. We get a simple substitute circuit with
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serial connection of resistors R, and R,;. Let’s calculate the
resistance of the last resistor according to (6):

G 0,0237
G4 +Y2, 002377 +0,0055728>

n

R = =39,983 Q.
As can be seen, the resistance R,; slightly decreases

compared to R,;. Current I ¢ calculated taking into

account R, and R,;3:

B 100

©3+39,9834

which coincides with the simulation results in Table 1.
The voltage on the load is calculated as the
geometric sum of the voltages on R,; and Cs:

Ig =2326A,

1/2
Uns = (]sRn3)2 + (L '13)2 =9559V,
a)C3

which also coincides with the simulation results.

A visual model in the MATLAB/SimPowerSystem
system was used for modeling in time space (Fig. 6).
Virtual devices allow to determine the amplitudes of
currents and voltages, as well as active and reactive power
on system elements.

Pe
116.2 Ims
2324
—»
Lol
Qe
Fourier1 Fils

'
= AT
Is
|: Rs=3 Ls=0.03
||+
S

Us Ps

D
t e — v

C=C1+C2

Shown in Fig. 6 results correspond to the mode of
full compensation. It can be seen here that the source
gives only active power P, = 116.2 W, active load power
is P, = 108.1 W, active losses on the power transmission
line and generator resistance is P; = 8.102 W. The reactive
power associated with the power source is zero, and
therefore the power factor cosp = 1. The efficiency of the
system is 7= 108.1 / 116.2 = 0.93. At the same time, for
the uncompensated mode, these values are P, = 68.34 W,
P, =4784 W, P, =205 W, n =47.84 / 68.34 = 0.7.
The reactive power given by the source in this case is
0. = 171.8 VAr, which causes a low value of the power
factor cosp = 0.37. These results clearly show in favor of
the full compensation mode, thanks to which the load
consumes a voltage close to the nominal one, which in
turn ensures the appropriate level of power consumption,
losses on the power transmission line are reduced by 2.5
times, and the efficiency is increased by 23 %. Thus,
when full compensation is implemented, the energy
indicators of the power supply system are significantly
increased and normal power supply of the load is ensured,
which in the absence of compensation overloads the
network and thereby unacceptably lowers the voltage at
the point of connection of this load.

!l[

P
In1
|+ | > Q
Ss2
In

v =] - 8.102

Ss

\_4 @ E=100 f=50 ‘ . - —

Ums Qs

Jul 2299
~u 72.35
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Fourier2
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Umn

Jul | 95.57
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™

™ ufr

Rn=7 Ln=0.05 Fourier FiUn

Continuous
powergul

Fig. 6. Visual model of the system for verification of the full compensation mode

Conclusions.

1. An analytical method for determining the conditions
for achieving full compensation of reactive power in a
generalized power supply system is proposed, which is
based on equivalent transformations of the topology of the
power supply system and allows not to apply complex
methods of solving nonlinear equations by iterative and
optimization methods.

2. On the basis of the proposed method, an analytical
technique for calculating the parameters of the
compensating device and the mode parameters of the
system was developed, and its verification was
performed, which confirmed the coincidence of the
obtained results with known examples of the
implementation of full compensation of reactive power.

3.1t follows from the conducted analysis that the
generally accepted partial compensation of the load
reactance may not ensure a proper increase in the load
voltage, at the same time, the use of full reactive power
compensation ensures a further increase in the load
voltage.

4.1t is shown that the processes of increasing the load
voltage and decreasing the source current can be
interpreted as an increase in the equivalent resistance of
the load.

5. The proposed method and calculation methodology
based on it have the prospect of being applied in the
analysis of reactive power compensation processes in
electrical networks with many loads and several sources
of electricity supply.

Electrical Engineering & Electromechanics, 2024, no. 2

79



6. The results of modeling the mode in the system on
the model compiled in the
MATLAB/Simulink/SimPowerSysten package with the
specified initial parameters and the found parameters of
the compensator show an absolute coincidence with the
results of mode calculations obtained using the
developed methodology.

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

REFERENCES
1. Kyrylenko O., Zharkin A., Butkevych O., Blinov L., Zaitsev
1., Zaporozhets A. Power Systems Research and Operation.
Studies in Systems, Decision and Control, 2022, vol. 388. 174 p.
doi: https://doi.org/10.1007/978-3-030-82926-1.
2. Kundur P. Power system stability and control. McGraw-Hill
Inc., 1994. 1176 p.
3. Wang H,, Li Q., Wang S., Song D., Jia Y., Peng X., Deng X.,
Huang Y. Modeling and Control Strategy of Reactive Power
Coordination in the Combined System of New Energy Plant and
Energy Storage Station. 2023 9th International Conference on
Electrical Engineering, Control and Robotics (EECR), 2023, pp.
235-239. doi: https://doi.org/10.1109/EECR56827.2023.10149982.
4. Wang A., Zhang J. A novel reactive power control strategy
in virtual flux droop control. 2017 18th International
Symposium on Electromagnetic Fields in Mechatronics,
Electrical and Electronic Engineering (ISEF) Book of Abstracts,
2017, pp. 1-2. doi: https://doi.org/10.1109/ISEF.2017.8090711.
5. Qu S., Zhaohui Q., Zhaowei L., MingMing S., Yuchen H.,
Zhenhua L. Energy Storage Active and Reactive Power
Coordinated Control Considering DC Commutation Failue
Voltage Recovery and Restraining AC Line Active Power
Fluctuation. 2022 7th Asia Conference on Power and Electrical
Engineering  (ACPEE), 2022, pp. 1163-1168. doi:
https://doi.org/10.1109/ACPEES3904.2022.9783988.
6. Miller J.E. Reactive power controlled in electric systems.
John Willey & Sons, 1982. 416 p.
7. Yaoyun L. Research on Voltage and Reactive Power Control
Strategy Based on Intelligent Detection of Abnormal Data and
Coordinated Control of Dynamic Reactive Power. 2022 IEEE 5th
International Conference on Automation, Electronics and
Electrical Engineering (AUTEEE), 2022, pp. 71-76. doi:
https://doi.org/10.1109/AUTEEES6487.2022.9994561.
8. Srinivasan G., Mahesh Kumar Reddy V., Venkatesh P.,
Parimalasundar E. Reactive power optimization in distribution
systems considering load levels for economic benefit
maximization. Electrical Engineering <& Electromechanics,

How to cite this article:

2023, no. 3, pp. 83-89. doi: https://doi.org/10.20998/2074-
272X.2023.3.12.

9. Kobayashi H., Hatta H. Reactive power control method
between DG using ICT for proper voltage control of utility
distribution system. 2011 IEEE Power and Energy Society
General Meeting, 2011, pp- 1-6. doi:
https://doi.org/10.1109/PES.2011.6039569.

10. Yang K., Gong Y., Zhang P., Liu Z. A reactive power
compensation method based on tracing the power flow and loss
function of power system. 2015 5th International Conference on
Electric Utility Deregulation and Restructuring and Power
Technologies ~ (DRPT), 2015, pp. 615-619.  doi:
https://doi.org/10.1109/DRPT.2015.7432309.

11. European Smart Grids Technology Platform: Vision and
Strategy for Europe’s Electricity Networks of the Future.
European Commission, 2006. 44 p.

12. Miron A., Cziker A.C., Ungureanu S., Beleiu H.G., Darab
C.P. Reactive Power Compensation at Industrial Consumers:
Romanian Study Case. 2022 International Conference and
Exposition on Electrical And Power Engineering (EPE), 2022, pp.
101-106. doi: https://doi.org/10.1109/EPE56121.2022.9959800.
13. Yagup V.G., Yagup K.V. Calculating the parameters of
symmetry-compensating device for three-phase electrical power
system based on the system decomposition. Technical
Electrodynamics, 2016, no. 6, pp. 20-26. (Rus). doi:
https://doi.org/10.15407/techned2016.06.020.

14. Yagup V.G., Yagup K.V. Power compensation modes
research in generalized electrical supply system. Technical
Electrodynamics, 2022, no. 6, pp. 63-71. (Ukr). doi:
https://doi.org/10.15407/techned2022.06.063.

15. Yagup V.G., Yagup E.V. Research of the modes of full
compensation of reactive power in a three-phase power supply
system. Electrical Engineering & Electromechanics, 2019, no.
2, pp- 61-65. doi: https://doi.org/10.20998/2074-
272X.2019.2.09.

Received 05.08.2023
Accepted 25.09.2023
Published 02.03.2024

V.G. Yagup', Doctor of Technical Science, Professor,

K.V. Yagup®, Doctor of Technical Science, Professor,

! Kharkiv National Automobile and Highway University,

25, Yaroslava Mudrogo Str., Kharkiv, 61002, Ukraine,

e-mail: yagup.walery@gmail.com (Corresponding Author)

? National Technical University «Kharkiv Polytechnic Institutey,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine.

Yagup V.G., Yagup K.V. Analytical method of determining conditions for full compensation of reactive power in the power supply
system. Electrical Engineering & Electromechanics, 2024, no. 2, pp. 75-80. doi: https://doi.org/10.20998/2074-272X.2024.2.11

80

Electrical Engineering & Electromechanics, 2024, no. 2



=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




