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EnekmpuyHi mawuHu ma anapamu
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I. Yatchev, 1. Balabozov, K. Hinov, 1. Hadzhiev, V. Gueorgiev

INFLUENCE OF THE SHAPE OF THE INPUT PULSES ON THE CHARACTERISTICS
OF HYBRID ELECTROMAGNETIC SYSTEM WITH MAGNETIC FLUX MODULATION

Introduction. Nowadays, the accelerated development of materials and technologies and the finding of new ones is a prerequisite for
the improvement of well-known electromagnetic constructions used in various devices, as well as for the development of new ones.
New construction of hybrid electromagnetic system with magnetic flux modulation (HEMSMM) is studied. The construction is
composed of: ferromagnetic frame with air gaps, input and output coils and permanent magnets. Two input coils connected to the
pulsed power supply are used to change the path of the generated by the permanent magnets constant magnetic flux. Input pulses
with different shapes are applied to the input coils and signals in the output coils are obtained and compared. The main purpose of
the work is to find the shape of the input pulses which leads to higher output power in comparison with the other shapes. Methods.
Finite element method and COMSOL software is used for computer modelling of the proposed construction, where coupled
electromagnetic field — electric circuit analysis is carried out. Results. A mathematical and numerical 3D model of new HEMSMM
construction is realised and studied. The model allows to calculate and compare power efficiency of the studied device, when input
pulses with different shapes are applied. Practical value. The developed computer model enables the study of the HEMSMM and
other electromagnetic devices at different operating modes. It can be further improved and used in the search for optimal parameters
of a particular electromagnetic device. References 13, table 1, figures 13.

Key words: FEM modelling, hybrid electromagnetic system, magnetic flux modulation, permanent magnets.

Bcmyn. V naw uwac npuckopene 800CKOHANeHHSA ICHYIOUUX | 6UHAXIO HOBUX Mamepianie ma 0ONAOHAHHA € HeOOXIOHOI0 YMOBOIO
600CKOHANEHHS GIOOMUX €IeKMPOMACHIMHUX KOHCMPYKYI, WO BUKOPUCMOBYIOMbCA 8 PIZHUX NPUCMPOSX, A MAKOIC 015l pO3POOKU
nogux eupobis. [locniodcyemocs H06a KOHCMPYKYina 2iOpuonoi enekmpomazHimuoi cucmemu 3 MOOYIAYIEIO MASHIMHO20 NOMOKY
(TECMMM). Koncmpykyis ckia0acmucs 3: (pepomasHimuol Kapracy 3 nosimpsHuMu 3a30pamu, 6XIOHUX Ma 6UXIOHUX KOMYUWOK Mad
nocmiiHux macHimis. J[6i 6XiOHi KomywKuy, niOKIOYEH] 00 IMNYIbCHO20 0JCepela HCUBTEHHS, BUKOPUCTOBYIOMbCSL OISl 3MIHU WISXY
NOCMIIHO20 MASHIMHO20 NOMOKY, WO CMEOPIOEMbCA NOCMIUHUMU MacHImamuy. BXioui imnynscu pisHoi ¢popmu nooaromscs na 8xioHi
KOMYWIKU, 4 CUSHANU ) BUXIOHUX KOMYWIKAX OMPUMYIOMbCA ma nopieHioromuca. Ocnoena mema pobomu — sHaumu opmy 6XioHux
iMnynvbCis, wo npuzeooums 00 uwoi BUXIOHOL NOMYAUCHOCI 8 NOPIGHAHHI 3 THwuMu gopmamu. Memoodu. Memoo cKiHueHHUX
enemenmie ma npoepamue 3abesnevenns COMSOL eukopucmosyiomvcs 01 KOMN'TOMEPHO20 MOOen08aHHA 3anponoHO8AHOL
KOHCIPYKYIi, 0e Npo8oOUmMbCsl aHANI3 36 A3AHUX eleKMPOMACHIMHO20 OISl ma erekmpuyHozo kona. Pesynemamu. Peanizoeano ma
00CI0JNCEHO MAMEMAMUYHY Md YUCTO8Y MPUSUMIPHY Modenb Hoeoi koncmpykyii TECMMM. Moodens dossonse pospaxyseamu ma
NOPIGHAMU eHeP2emUYHy epeKmUGHICIb 00CTIONCYBAHO20 NPUCMPOIO, KOAU 3ACMOCO8YIOMbCS 6XIOHI IMnyabcu pizHol gopmu.
Ipakmuuna yinnicms. Pospobnena xomn'tomepna modenv 0036onsie odocnioxcysamu IECMMM ma inwi enekmpomacHimui
npucmpoi npu piznux pesjcumax pobomu. Bona mooice 6ymu 000amxo60 600CKoHANEHA MA GUKOPUCIAHA OISl NOULYKY ONMUMATbHUX
napamempie KOHKpemHoz2o eiekmpomachimmozo npucmpoio. bioin. 13, tabm. 1, puc. 13.

Kniouoei cnosa: MojeJOBaHHA MeTOAOM CKiHYEHHHMX eJIeMEeHTiB, TiOpHIHA eJeKTPOMArHiTHa CcHCTeMa, MOIYJIALis
MArHiTHOI0 OTOKY, MOCTilHI MaruiTu.

Introduction. Energy efficiency in the creation of = magnetic path (with one or more air gaps in the path of

new devices and in the modernization of existing ones is
one of the basic requirements laid down in their design.
The need to increase device efficiency leads to continuous
search for new constructive variants and application of
new materials and technologies. In electromagnetic
systems, a good opportunity to increase their energy
efficiency and to improve their technical parameters is the
application of permanent magnets by means of which the
neutral electromagnetic actuators can be replaced with
polarized ones. There are also electromagnetic systems in
which the magnetic flux created by a permanent magnet
(PM) is redirected to parallel ferromagnetic paths using a
control coil. The change of magnetic field in the system is
used to generate electricity. Such devices are hybrid
electromagnetic systems with magnetic flux modulation
(HEMSMM).

The idea of creating a hybrid device that uses a
magnetic flux of a permanent magnet in combination with
a variable magnetic flux created by a coil is not new [1-3].
Some of these designs are only conceptual and not
realized due to lack of available materials with suitable
characteristics.

Many HEMSMM constructions with closed (without
an air gap in the path of the magnetic flux) and open

the magnetic flux) and their working principles are
described in [1]. The patent application and patents of
motionless magnetic generator are described in [2-6].
Electromagnetic construction with two input and two
output coils and special microprocessor circuits are
described in [2]. The electronic control system of that
device ensures ferromagnetic resonance of the core.
Several modifications of construction with built-in PM
and airgaps with variable resistors is proposed in [3].
Construction with control coil that is positioned outside of
the frame with main magnetic flux is presented in [4].
Combination of DC and AC current source are used for
power feeding of the system. In [5], two PMs are placed
close to the coil with magnetic core and airgap between
them is controlled to achieve change in magnetic flux. A
device with perforated disks inserted in the airgaps is
presented in [6]. The control system is realized with
simple multivibrators. In [7] main working principles of
hybrid electromagnetic system are described and using of
new nanocrystalline materials for better energy efficiency
of such devices is proposed. A three-dimensional
computer model of magnetic field is used for studying
influence of geometry of permanent magnet over the

© 1. Yatchev, I. Balabozov, K. Hinov, 1. Hadzhiev, V. Gueorgiev

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanira, 2021, Ne 3 3



energy efficiency of an electromechanical system in [8].
Basic theoretical principles and formulations related to
electromagnetism and magnetic field are discussed in
[9] and [10].

The goal of the paper is to study the influence of
input pulses with different parameters, mainly their shape,
on the characteristics of a new construction of
HEMSMM. The obtained results from the FEM
simulations are compared.

Studied construction. Previous research by the
authors for HEMSMM device is published in [11], where
an existing simple construction with one PM and two
control coils is studied. Also, an experimental study with
a prototype of the HEMSMM system was conducted by
the authors in [12]. In the present paper, a new
construction with two built-in permanent magnets (PMs)
in ferromagnetic core is presented. The path of magnetic
flux from the PMs is controlled with two input coils
which are supplied with voltage pulses with different
shapes. It is also possible to set different amplitude,
frequency and filling factor of the voltage pulses. In the
ferromagnetic core, where the input coils are mounted,
two air gaps are included in the centre of the coils. Four
output coils are connected to resistive load and the output
power is determined.

In Fig. 1, the main parts of the studied construction
are shown. They are:

e | — ferromagnetic frame;
e 2 —input (control) coil 1;
e 3 —input (control) coil 2;
e 4 — output (signal) coil 6;
5 — output (signal) coil 5;

e 6 — output (signal) coil 4;
e 7 — output (signal) coil 3;
e 8 — permanent magnets;
e O —air gaps.

Fig. 1. Geometry of the studied new HEMSMM construction

Mathematical and numerical model. COMSOL
Multiphysics [13] software is used for computer
modelling, where coupled 3D electromagnetic field —
electric circuit problem is solved. Inductance and active
resistance of the coils are obtained from electromagnetic
field interface and are directly employed in electric
circuit. An active load is connected to the output coil.
The influence of the shape of the input (voltage) pulses
applied to the control coils is studied. Simulations with

sinusoidal, rectangular and triangular pulses are made.
The electric circuit used in the simulations is given
in Fig. 2.

RS R3 R4 RE

Output coil ﬂ ‘Output coil %
. Input coil 2

-
Output coil Output coil 3|

Input coil 1

Fig. 2. Electric circuit used in the simulations

The mathematical model consists of one field
equation and 6 circuit equations (one for each coil). The
computer model with studied HEMSMM construction is
solved in two steps. In the first step, the electric circuit
does not participate and a stationary problem with respect
to the electromagnetic field is solved. Results for the
static magnetic field created only by the permanent
magnets are achieved and are used as initial condition for
the next step. In second step, time dependent coupled
field-circuit problem is solved. Here, the coils are
connected and powered by the electric circuit in Fig. 2.

All simulations can be also used to study the system
for different frequencies and duty cycle of the input
pulses.

Field equation for the first step (static case) is:

Vx(luaIVxA—MS=O, )
where A4 is the magnetic vector potential; M is the
magnetization; g4 is the magnetic permeability of
vacuum.

Field equation for time dependent step is:

a-a—A+vX(y51vXA—M):N.@, )
ot S
where o is the electrical conductivity of the material; N is
number of turns in the coil; i is the current through the
coil; S is the coil cross section.
The circuit equations for the six coils are:

uy(¢)= Ry -iy(¢)+ 0, ot 3)
uy(1)=Ry i (1) + 8%, Jor; 4
— W5 /ot = Ry -i5(t); (5)
— 0¥, )0t =Ry -ig2); (6)
—0Ws /ot = Rs-is(1); (7)
— 0% /0t = R -ig (1), ®)

where uy(f) and u,(f) are voltages of coil 1 and coil 2
respectively; Ry to Re are active resistances of the coils;
i1(f) to ig(t) are currents through the coils; ¥ is flux
linkage.
Some of the main parameters used in computer

modelling of the construction are:

e all coils are cylindrical with 100 turns made of
copper conductor;

o the magnetic frames are of ferromagnetic material of
B-H curve presented in Fig. 3. The cross section of the
frame is 10x10 mm;
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e the permanent magnets are modelled with relative
permeability x, = 1.05 and coercive force of 970 kA/m.

2.5

0 50 100 150 200 250 300

H, kA/m
Fig. 3. B-H curve of used ferromagnetic material used
in the modelling

Results from simulations. Distribution of the
magnetic flux density of the studied construction, when
the control coils are not energized is shown in Fig. 4. In
this case the fluxes are due to PMs built in the
ferromagnetic frame.

1.2
1

0.8
0.6
0.4
0.2

Fig. 4. Magnetic flux density of the studied HEMSMM
construction, when the input coils are not energized

The flux density working point of the permanent
magnet is close to the point of the remanent flux density
and its variation is less than 1 %. The change of magnetic
flux density in the system, when voltage pulses are
applied to the input coil 1 and to input coil 2, is presented
in Fig. 5.

Fig. 5. Magnetic flux density of the studied HEMSMM
construction:
a) power supply of input coil 1
b) power supply of input coil 2

In Fig. 6 to Fig. 8, results for the voltage of input
coil 1 and output coil 5, when different shapes of input
pulses are applied, are presented. Due to similarity, the
results for the other coils are not given.

20

i5f

10

Valtage (V)
(=]

—#- Source voltage V1
- \foltage across input coil 1
-+ \oltage across output coll 5

201, { ; T 1
0 0.005 0.01 0.015 D.02 0.025
Time (s}
Fig. 6. Voltage of input coil 1 and output coil 5 with sinusoidal
waveforms
20r #
-# Source voltage V1
18- o Voltage across input cail 1
16+ —+- Voltage across output cail 5 |

Valtage (V)

b o bo M B e

y
oy
(=]

0.003 0.004 0.005

Time (s}

Y] 0.001 0.002

Fig. 7. Voltage of input coil 1 and output coil 5, pulses with
rectangular shape
-# Source voltage V1

20r

18- f]x o Voltage across input coil 1
16+ -+ Voltage across output coil 5 |4
1af \ l{

-
i=]
T

Valtage (V)

- -
: — .

m

0.003 0.004 0.005

Time (s}
Fig. 8. Voltage of input coil 1 and output coil 5, pulses with
triangular shape

Y] 0.001 0.002

Currents through input and output coils in the
system for two of the cases (rectangular and triangular
pulses) are given in Fig. 9 and Fig. 10. It is worth to note
that the current through output coils 3 and 4 is closer to
sinusoidal form when the input pulses are triangular, the
reason for that is the slower changing of the magnetic
fluxes in the magnetic core of that zone of the system,
when triangular pulses are applied.
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Fig. 9. Currents through the coils when triangular pulses are
applied
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Fig. 10. Currents through the coils when rectangular pulses are
applied

Results for the input and output power of each coil
of the system and for the studied three different shapes
(sinusoidal, rectangular and triangular) of the input
pulses, are obtained. Some of the results are shown in Fig.

11 to Fig. 13.
100f .
- ™\ A —#- Input-Ceil-1 (W)

r LY | Y & Input-Coil-2 [W)
80r e . |-+ Output-Coil-3 (W) ||
70r J \ ™ = Dutput-Coil-4 (W) [
sal + | || | -+ Output-Coil-5 (W) |-
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ol { |

£ 30 ( | L
I} 20 -
=
s 10 ! jf \
ok |
.10} i
20}
-30
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60k ; . ; ! .
0 0.001 0.002 0.003 0.004 0.005
Time (s}
Fig. 11. Input and output power when rectangular pulses are
applied

When rectangular pulses are used, the shape of
output power does not match the input power shape. In
the case with triangular pulses, the shapes of input and
output power match better.
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Fig. 12. Input power when triangular pulses are applied
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Fig. 13. Output power when triangular pulses are applied

The average input and output power of the coils is
calculated and is presented in Table 1, where and
comparison is made and efficiency of the system for input
pulses with different shapes is achieved.

Table 1

Comparison of input and output power of the studied system
Shape of the Average Average output

input power | input power power (coils Efficiency

pulse (coil 1 +2) 3+4+5+6)

Sinusoidal 46,14 W 8,10 W 17,55 %
Rectangular 60,69 W 2225 W 36,66 %
Triangular 24,44 W 9,73 W 39,82 %

The table shows the results obtained for the average
input and output power of the system under different
shapes of the input power pulses.

Conclusions.

The developed computer model enables the study of
the hybrid electromagnetic system with magnetic flux
modulation at different operating modes. For the proposed
construction, the influence of the shape of the input power
pulses on the efficiency of the system is studied. From the
results obtained for the studied pulse shapes, the best
results with respect to the efficiency are obtained with
triangular pulses. The developed computer models can
also be used to investigate other parameters, as well as to
optimize the design of such devices.
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EnekmpomexHi4yHi KoMrsiekcu ma cucmemu
UDC 621.3
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H. Benbouhenni, S. Lemdani

COMBINING SYNERGETIC CONTROL AND SUPER TWISTING ALGORITHM
TO REDUCE THE ACTIVE POWER UNDULATIONS OF DOUBLY FED INDUCTION
GENERATOR FOR DUAL-ROTOR WIND TURBINE SYSTEM

Aim. This work presents the amelioration of direct power control using synergetic-super twisting algorithms for asynchronous
generators integrated into dual-rotor wind turbine systems. Method. The main role of the direct power control is to control the active
and reactive powers and reduce the harmonic distortion of stator current of asynchronous generator for variable speed dual-rotor
wind turbine systems. The traditional strategy is more attractive due to its high efficiency and simple algorithm. Super twisting
algorithms are a non-linear command strategy,; characterized by robustness against the parameters change or disturbances, it gives
a good power quality under different conditions such as changing generator parameters. Novelty. Synergetic-super twisting
algorithms are designed. Synergetic-super twisting algorithms construction is based on synergetic command and super twisting
algorithms in order to obtain a robust control strategy and a fast system with acceptable precision. We use in our study a 1.5 MW
asynchronous generator integrated to dual-rotor wind turbine system in order to regulate the active and reactive powers. Results. As
shown in the results figures using synergetic-super twisting algorithms the ameliorate performances especially minimizes the torque,
active and reactive power undulations, and reduces harmonic distortion of stator current (THD = 0.19 %) compared to traditional
strategy. References 40, tables 2, figures 28.

Key words: super twisting algorithm, synergetic command, asynchronous generator, direct active and reactive power
command.

Mema. Poboma npedcmagnsic 600CKOHANEHHA 0e3n0CcepeoHbo20 pecynlo8anHs NOMYAICHOCMI 3a OONOMO2010 CUHEPLeMUUUX
aneopummie Cynep-cKpy4y6anHs ONsl ACUHXPOHHUX 2eHepamopis, iHmMezposamHux y cucmemu SiMpaHUX 2eHepamopis 3 NOOGIHUM
pomopom. Memoo. Ocrosna ponb be3nocepednbo2o pezynio8ants NOMYICHOCHI NONASAE Y KEPYBAHHI AKMUSHOIO MA PeaKmugHOIO
NOMYHCHOCMAMY A 3MEHWEHHI 2aPMOHIYHUX CHOMEOPEHb CMPYMY CMAmMopa ACUHXPOHHO20 2eHepamopa Oni  GimMpAHUX
2eHepamopis 3 NOOGItIHUM POMOPOM 3i 3MIHHOIO wieudKicmio obepmannus. Tpaduyiiina cmpamezis € 6inbu NPUEAOAUBOIO 3A60AKU iT
BUCOKIIl eghekmusHoCcmi ma npocmomy aneopummy. Aneopummu cynep-cKpyuyeamus — ye HeNHiliHA KOMAHOHA Cmpameis;
Xapakxmepuzyemvcs Cmitikicmio 00 3MiHU napamempie abo nopyuieHvb, ye 3ade3neyye Xopoury AKICMb eHepeii 8 pi3HUX yMosax,
makux AK 3mina napamempie eenepamopa. Hoeusna. Po3pobneni cunepeemuuni ancopummu cynep-ckpyuyeanns. llo6yodosa
AneOPUMMIB CUHEPLeMUYHO20 CYNep-CKPY4YBaHHsA 6a3yEmMbCsl HA ANOPUMMAX CUHEPLEMUYHUX KOMAHO MA CYnep-CKpYy4y8auHs, Os
mozo w06 ompumamu HAJIliHY cmpamezilo Kepy8anus ma WeUoKy CUcmemy 3 NPUUHAMHOIO MOYHICMIO. Y nawomy 00Caiodcenti mu
BUKOPUCTNOBYEMO ACUHXPOHHUL 2enepamop nomydcnicmio 1,5 MBm, inmezposanuti @ cucmemy impsaHux mypoOin 3 ROOGIHUM
POMOPOM 05t pe2ynIo6anHs akmueHoi ma peakmuenoi nomyscnocmeii. Pesynomamu. Ak noxasano na pucyunkax 3 pesyismamamu, iz
BUKOPUCTNAHHAM ANI2OPUMMIE CUHEPSEMUYHO20 CYNEP-CKPYYYBAHHS, NOKPAWeHi XapaKmepucmuky 0coOIu80 MiHIMI3yIoms KpymHui
MOMEHM, KOMUBAHHA AKMUBHOI MA peakmueHoi NOMYNCHOCMI Md 3MEHULYIOMb 2APMOHIYHI CNOMEOPEHHs CMpYyMy Cmamopa
(THD = 0,19%) nopisuano 3 mpaduyitinoro cmpamecicto. bion. 40, Tabun. 2, puc. 28.

Kniouosi crosa: anroputrMm cynep-cKpyyyBaHHsl, CHHEPreTHYHAa KOMAaHAa, ACHMHXPOHHHII reHepaTop, KOMaHJIa MNpsMoi
AKTHUBHOI Ta PEaAKTHBHOI OTYKHOCTI.

Introduction. Nowadays, the increasing demand for
electrical energy, its sources and the ever-increasing
consumption has allowed more attention to be given to
the design of commands and techniques through which
high-quality, undulations-free energy can be obtained.
Also, the global warming crisis has created more
competition between countries and university researchers.
On the other hand, and the use of oil is no longer an
option because it causes an increase in global warming
and thus exacerbates the global crisis. Endangering
human health and social stability for the sake of primary
services such as electricity grids, transportation and
communication systems, and the production of goods
does not exist without thinking of a way to reduce global
warming and emissions into the atmosphere.

In the field of electric power generation, the use of
wind energy and renewable sources is essential to reduce
the greenhouse effect. For these reasons, it has been
suggested to use wind energy in generating electric
power, and the most important advantage is that it is free
to generate electricity and reduce the emission of toxic
gases in to the atmosphere, regardless of the negative
aspects of using wind energy. This source prevents the

risks of increasing global warming. On the other hand, the
financial cost and the difficulty of implementation and
control increase the possibility of not using wind energy,
which could cause an increase in the demand for the use
of non-renewable resources such as gas, for example, and
thus an increase in the emission of CO,. Also, an increase
in the cost of producing electrical energy, which leads to
imposing taxes on electric energy consumption.

In the field of electric power generation, there are
several electric generators used in generating electric
energy using wind energy, for example, asynchronous and
synchronous generators.

In our work, we will study the asynchronous
generator (ASG) in generating electrical energy using a
renewable source. Among the advantages of using an
ASG is that it is solid and simple to command, unlike
other generators [1]. In the industrial field, there are
several types of command methods for electrical
machines, especially electrical generators. Among these
methods, we mention direct torque command [2], direct
power command [3], hybrid command [4], and artificial
intelligence use command [5]. Direct power command is

© H. Benbouhenni, S. Lemdani

8 ISSN 2074-272X. Enexmpomexnika i Enexkmpomexanira, 2021, Ne 3



among the other methods used. This method has its pros
and cons just like the other methods, an easy and
uncomplicated way, all generators can be converted.
Among its disadvantages, we find ripples in the active and
reactive powers, which are the most prominent negatives
that characterized them. There are several scientific
studies in this field that have concluded that fluctuations
in reactive and active power oscillations can be reduced
by using modern technologies such as fuzzy logic [6],
neural networks [7], neuro-fuzzy command [8], sliding
mode control (SMC) technique [9], genetic algorithm
[10], synergetic control (SYC) [11], super twisting
algorithm (STA) [12], etc.

The sliding mode is a particular operating mode of
variable structure systems. It is considered one of the
simplest approaches for controlling nonlinear systems and
systems with an imprecise model. This command has the
following characteristics [13]:

e the response of the system is insensitive and robust
to variations in certain parameters and the effects of load
disturbances and disturbances;

e it suffices to know a terminal for u(f) which
simplifies the adjustment;

e it choice of the switching surface is fairly free;

e the order is softened by the presence of the
equivalent order, which can be deleted at the cost of an
increase of u(?).

The sliding surface S is a scalar function such that
the variable to be adjusted slides on this surface. The
purpose of the command is to keep the surface at zero.
The main drawback of the command in higher-order
sliding mode lies in the need to know the state variables
and their derivatives. A sliding regime of order » (noted
r-sliding) acts on the surface and its (r — 1) first
successive derivatives to time. The objective is to force
the system to evolve not only on the surface but also on
its (r — 1) first successive derivatives and to keep the
sliding set at zero:

s=§=§=.=(s")=0.
with r designates the relative degree of the system, and its
(r—1) first successive derivatives with respect to time.

STA algorithm is a kind of high-order SMC
technique. It is characterized by simplicity and durability
compared to some techniques. This method was proposed
by the Levant in 1993 [14]. This method has been applied
in several fields [15-19]. Furthermore, the SYC method is
also applied. It tries to overcome the problem of
controlling the power converter by using the internal
dynamic characteristics of the system, the most important
advantages of this approach are order reduction,
decoupling design procedure, and insensitivity to
parameter changes [20]. On the other hand, this method
reduces the vibrations present in the sliding command and
improves the stability of the system [21].

A new nonlinear control has been proposed in this
paper. This proposed nonlinear control is based on STA
algorithms and synergetic control theory.

The aim of this work is the improve the performance
of direct reactive and active power control (DRAPC)
using synergetic-super twisting algorithms (SYSTA) for
ASG-based dual-rotor wind power (DRWP) system under

variable speed wind and also to reduce fluctuations in
torque, current and active power.

This method is called SYSTA, and it is the product
of a marriage of properties of both synergetic control and
STA algorithms. This method can be applied to all
controls without exception, and it has provided very
satisfactory results compared to the classical method.

Model of DRWP. Traditionally, the applied systems
of wind turbine systems can be classified into variable
speed (VS) and fixed speed turbines (FST). The VS
turbine systems (VSTSs) are now more often applied than
the systems with FST. The main advantages of VSTSs
are: increasing the production of wind power, the ability
to achieve maximum power conversion efficiency, and
reduction of mechanical stresses. On the other hand, the
DRWP is a wind turbine used to generates electrical
power. The DRWP system has been proposed as new
wind energy, as shown in Fig. 1.

TN

P Sref I

- ©° !
G
= 1
S

—>

QSmf RSC

SSC — stator side converter
RSC — rotor side converter

Main Rotor

Pg,.r— active power reference
Qgsyor— reactive power reference

Fig. 1. Block diagram of DRWP with a ASG

The aerodynamic torque of the auxiliary rotor
is [22]:
1

3
2-Ay
and aerodynamic torque of the main rotor is:

1

Ty = T2 p-7 R -C, Wiy

M , )
where A4, 4y, are the tip speed ration of the auxiliary and
main rotors; Ry, R, are the blade radius of the main and
auxiliary rotors, p is the air density; wy, wy, are
mechanical speed of the auxiliary and main rotors; C, is
the power coefficient

The tip speed ratio of the auxiliary rotor (AR) is:

T,=

) )

A= WAV'RA
b 3
and the tip speed ratio of the main rotor (MR) is:
g = WMVA
M “

where V), is the speed of the unified wind on main rotor
and V; is the wind speed on an auxiliary wind turbine
(AWT).
The total aerodynamic torque of DRWP (7T7y) is the
sum of AR torque (7)) and the MR torque (T},):
Tprwr=Tr= T4+ Ty )
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The wind speed on the auxiliary and main turbines is
the essential element to calculating the tip speed ratio.
Equation (6) represents the wind speed in the main

turbine [23]
1- (1—CT)_1 2-x
2

+ , (6
\/1+4~x2]

where x is the non-dimensional distance from the
auxiliary rotor disk, V, is the velocity of the disturbed
wind between rotors at point x; Cr is the trust coefficient,
which is taken 0.9 [24]. The distance between the main
and the auxiliary turbines is 15 m.

The C, is given as:

Cp(1.f) =

Vx:V1 1-

1 0.035 R
A+0.088 A3l

where / is the tip speed ratio; £ is pitch angle.

Synergetic-super twisting algorithm. A system
with variable structure is a system whose structure
changes during its operation, it is characterized by the
choice of a structure and switching logic. This choice
allows the system to switch from one structure to another
at any time. Moreover, such a system can have new
properties which do not exist in every structure.

In the control of systems with variable structure by
sliding mode, the state trajectory is brought to a surface,
then using the switching law, it is forced to stays in the
vicinity of this surface, this latter is called surface sliding
movement and the movement along which occurs is
called sliding movement [25].

During the last century, many nonlinear methods
have been proposed for controlling electrical machines.
Among the most famous of them we find control by slip
control and this is due to the simplicity of the method and
durability. Recently a new theory has appeared called
synergetic control [26]. This method is more simple and
uncomplicated based on the area derivation calculation.
The SYC theory is one of the new methods of robust
control [27]. It is characterized by its external disturbance
rejection capabilities, simplicity of design, and the global
stability assurance of the system [28]. The SYC method is
a strategy quite close to the SMC strategy in the sense that
it forces the system to evolve with a dynamic pre-chosen
by the designer. This novel technique does not require the
linearization of the model and explicitly uses a nonlinear
model for the synthesis of the control. Also, the SYC
method eliminates more the chattering phenomenon
compared than the SMC strategy [29].

Equation (8) illustrates the principle of the SYC
method, as it depends on the derivation of the surface
TS(x)+8(x) =0, (8)
where 7> 0 is a speed of convergence of surfaces to the
intersection of manifolds S = 0.
The following to ensure the stability of SYC
method: S(0) =0, S(x)x > 0 for all x # 0.
The solution of Eq. (8) is given by:
S(t)=Spe"" . 9)
Basically, STA design follows two steps to
implement. In the STA strategy, the command input

applies on the second-order derivative of the sliding
surface, reverses the SMC it acts on the first derivative of

the sliding surface [30]. The command input of the STA
method comprises two inputs as (10)

w(t) =w +wy, (10)

where:
wi (1) = 8] -sign(s). (11)
wy(t)= lzjsign(Sﬁt . (12)

The designed strategy has the same objective as the
STA and SYC method, it will force the state trajectory to
operate on the surface § = 0. The surface is selected
according to system constraints. The proposed method is
a combination of the STA and SYC method. This
proposed controlled named SYSTA algorithm, where this
controller is a simple structure and more robust compared
to SYC and STA techniques. Our goal for this controller
is to minimize more and more the active and reactive
power undulations.

Equation (13) illustrates the principle of the SYSTA
controllers

u(t) = u(1) + ux(2). 13)
where the u(¢) and u,(f) represent the STA method and
the synergetic command, respectively

U (t) = alm . sign(S(t))+ ay Isign(S(t))dt , (14)

dslt
uz(t):a#m(t). (s)
The command input of the designed SYSTA method
is obtained as (16)

u(t) =0 |S(t] : sign(S(t))+ azjsign(S(t)}lt +

+ad§_£f)+s(t),

(16)
where the tuning constants «, ¢ and o, are used to tune
the SYSTA technique to smoothen the regulator.

This is the design process using the SYSTA
controller for the DRAPC method. On the other hand,
Fig. 2 shows a block diagram representation of the
SYSTA technique for DRAPC command in DRWP
systems.

Fig. 2. Structure of the command law of the proposed SYSTA
technique

This designed command is used in this work for
minimizing electromagnetic torque, rotor current, active
power, reactive power, and rotor flux undulations in an
ASG-based DRWP system using the DRAPC method
which the inverter was controlled by the modified space
vector modulation (SVM) technique.

DRAPC technique. The principle of the DRAPC
strategy is the direct regulation of the reactive and active
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powers of the generator, by applying different voltage
vectors to the inverter, which determines its state. The
two controlled variables are active and reactive powers
which are usually controlled by hysteresis comparators.
The idea is to keep the reactive power quantities and the
active powers within these hysteresis bands. The output of
these regulators determines the optimum voltage vector to
be applied at each switching instant [31].

This technique involves the operation of the inverter
at two standard levels with a variable control frequency
which is sometimes high and incompatible with high
power applications due to the level of switching losses.

Two command techniques have been used to
implement DRAPC commands:

e command by a lookup table;
e command by a SVM technique.

The purpose of a DRAPC strategy is to keep the
reactive power and active power modulus within the
hysteresis bands by choosing the output voltage of the
inverter. When the active power or reactive power
modulus reaches the upper or lower limit of the
hysteresis, an appropriate voltage vector is applied to
bring the relevant magnitude back from its hysteresis
band. To study the basic principle of the main direct
control strategies of the ASG, it is essential to be able to
characterized the behavior of the main variables which
govern the power state of the generator, namely the
reactive power and the active power. To this end, we will
establish below rules of behavior of the reactive power
and the active power on the scale of the sampling period,
thus allowing the establishment of a relation between the
application of a voltage vector and the direction of
variation of these variables.

The basic structure of the DRAPC strategy is shown
in Fig. 3, inverter command is instantaneous, which
requires a very small sampling period.

| [ Grid
I
_@ 3SC E —is the DC-bus
Oy heimive ] r=====- :
> power —>: | —HH E
| hysteresis 1 1 -
L C = ' Lookup 18abd] /
: |:> @ H asc DRWP
- 1 Table I
r Active : : :
power : RSC

| hysteresis ]

e ———

Active and reactive power estimation Q,

Py MPPT |«

-~

Fig. 3. Traditional DRAPC command technique

The principle is the direct regulation of the reactive
and active powers of the ASG by applying the various
voltage vectors of the rotor inverter, which rotor flux (‘¥,)
determines its state. The two controlled variables are the

active power and the reactive power which are controlled
by hysteresis regulators. In a DRAPC strategy, it is
preferable to work with a high calculation frequency to
reduce the reactive and active power oscillations caused
by the regulators [32]. A voltage inverter achieves seven
distinct positions in the phase plane, corresponding to the
eight sequences of the voltage vector at the output of the
rotor inverter [33].

The reactive power Q; is expressed as a function of
the quadrature rotor flux and the direct rotor flux as
follows:

3 Ve Vs L
= | Sy, s Tm .y | 17
Oy [ rf o Lg-L, raj (17)

The active power command depends directly on the
control of the rotation of the rotor flux vector.

3 L
P=—"—T"__\V .W¥,) 18
T2 oL, - 2p) (18
The rotor flux ¥, can be estimated from

measurements of the stator current and voltage of the
generator.
From the equation:

t
‘I’,,:,[(Vr_Rr'ir)dts (19)
0
we obtain the components o and f of the vector V,:
t
\Pra = I(Vl’a - RI‘ ’ira)dZQ
X (20)
? .
\Prﬂ = I(Vrﬂ -R, ~lrﬂ)dt.
0
The rotor flux amplitude is given by:
W, =B+ P @1
where
¥ =l /wr . 22)
The rotor flux (6,) angle is calculated by:
v
0. = arctg[ b J . (23)
\PI'O!

The estimation of the reactive power and the active
power requires prior knowledge of the components of the
current and those of the stator voltage. It is retained in the
case of a nonlinear command applied to the ASG in
particular and especially the command by DRAPC
strategy.

Figure 4 shows the logic output deviation /C, of the
controller following the evolution of the active power (P;)
compared to the reference active power (Ps,).

A HC,
+1 <+—
4 A
—~AP/2 P 0 &ps
-
A +APJ/2
24
— —1

Fig. 4. Active power hysteresis comparator
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This corrector makes it possible to command the
generator in both directions of rotation, either for a
positive or negative active power.

The corrector output, presented by the Boolean
variable HC, indicates directly whether the active power
amplitude must be increased in absolute value (HC, = 1)
for a positive setpoint and (HC, = —1) for a negative
setpoint, or reduced (HC, = 0) this corrector allows a
rapid decrease in active power.

This comparator is modeled by the following
algorithm, such that HC, represents the output state of the
comparator and AP; the limit of the hysteresis band

if Epg <AF;so HC), =1;

: dE

if 0< Ep; <AP, andd—Ps>OsoHCp =0;
t

if 0 < Epy < AP, and 9 p,

<OsoHCp=1;

. (24)
if Ep; <—APF;so HC), =—1;

dEp

if —AP, < Ep;<0and >0s0 HC), =0;

dE Ps

if —AP, < Ep, <0and <0so0 HC, =-1,

where Ep, = Pg,or— Ps.

Its purpose to keep the end of the reactive power
(Q,) in a circular crown as shown in Fig. 5. The output of
the corrector must indicate the direction of evolution of
the modulus of Q;, in order to select the corresponding
voltage vector.

4 ic,

+1

\ 4

y
\ 4
y

~AQ2 +AQ,2

Fig. 5. Reactive power hysteresis comparator

For this, a simple two-level hysteresis corrector is
ideal, and also allows very good dynamic performance to
be obtained.

The output of the corrector is represented by a
Boolean variable (HC,) and indicates directly whether the
amplitude of the flow must be increased (HC, = 1) or
decreased (HC, = 0) in order to maintain:

Q;k -0y €0s = AQ; .

where QS* = Qs 1s the reactive power reference;
AQ; is the corrector hysteresis width; &y, is half the width
of the corrector hysteresis band.

The choice of the voltage vector to apply depends on
the sign of the error between the reference reactive power
Ogrerand the estimated reactive power

HC, =1for Egg > £
HC, =0for Egp, <é&p;.

(25)

(26)

We can write like this:

if Eg; <AQ, so HC, =0;
dE g

if 0< Ep, <AQ, and >0s0 HC, =0;

@7

. dE _
if 0< Ep, <AQ, and 4 <0so HC, =1;

if Eg; <—AQ, so HC, =0.

Indeed, if we introduce the difference AQ;, between
the reference reactive power (Os.) and the estimated
reactive power (Qy) in a two-level hysteresis comparator
(see Fig. 5), it generates at its output the value HC, = +1
to increase the reactive power and HC, = 0 to reduce it,
this also allows obtaining a very good dynamic
performance of the reactive power [34].

The choice of the voltage vector to apply depends on
the sign of the error between the reference reactive power
(Osrep) and the estimated flux reactive power.

The Control Panel is built according to the state of
the variables HC, and HC,, and of the zone Ni of the
position of @;. It therefore, takes the following form [35]
from Table 1.

Table 1

Traditional lookup table of DRAPC technique

i 1 2 3 4 5 6
HC, | HC,
1 5 6 1 2 3 4
1 0 7 0 7 0 7 0
-1 3 4 5 6 1 2
1 6 1 2 3 4 5
0 0 0 7 0 7 0 7
-1 2 3 4 5 6 1
where: HC, = 0 reduce the reactive power;

HC, = 1 increased the reactive power;
HC, = 1 increase the active power;
HC, = 0 reduce the active power;
HC, = -1 maintain the active power.

DRAPC with synergetic STA control. Direct
reactive and active power control has been known to
produce a fast response and strong strategy over the
electrical generators used in the production of electric
current using wind energy. However, there are
undulations in active power, torque, reactive power, and
current. There are several theories and modern strategies
that have been used to minimizes the fluctuations that
occur in both active and reactive powers. Among these
methods, we find: backstepping control, neural networks,
neuro-fuzzy control, synergetic control, sliding mode
control, and fuzzy logic.

In this paper, a nonlinear DRAPC of ASG is
presented based on an SYSTA controller. The variation of
rotor and stator resistance due to changes DRAPC
controller by introducing errors in the estimated flux
linkage, reactive and active powers. The use of the
SYSTA strategy minimizes the risks of a risk in the
resistance value of the ASG, which leads to a decrease in
the undulations.

The DRAPC with SYSTA controllers (SYSTA-
DRAPC) is a modification of the classical DRAPC
strategy, where the switching table and hysteresis
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controllers, have been replaced by a space vector pulse
width modulation (SVPWM) technique and SYSTA
controllers as shown in Fig. 6. Both of them do not need
advanced mathematical models. The DRAPC with
SYSTA controller’s goal is to control the active and
reactive powers of the ASG. The active power is
regulated by the quadrature axis voltage Vqr*, while the
reactive power is regulated by the direct axis voltage V.

The sliding surfaces S(x) representing the error
between the measured and reference active and reactive
powers are given by this relation:

Sq = Osref =953 (28)
S, =Py — P, (29)
|—I|_-_ Grid
_@ SSC
o HH

?—vl SYSTA

MPPT (¢

-~

Fig. 6. DRAPC strategy with SYSTA controllers

Reactive and active power SYSTA controllers are
used to influence respectively on the two rotor voltage
components as in (30) and (31)

V;,, =qp- |Sp (q -sign (Sp (t))+
S s )
V;r =0 - ‘Sq(q -sign(Sq(t))—i-

a3, o))+ a‘%’) +5, 1)

This proposed controller is implemented for a
DRAPC technique based on the SYSTA controllers to
obtain a minimum active power undulations and to
minimize the chattering phenomenon. The controller
structure for the SYSTA controllers for the reactive power
and active power of the DRAPC technique are presented
in Fig. 7 and Fig. 8, respectively.

Numerical simulations. The behavior of the
structure of the proposed strategies, applied to a high
power ASG (1.5 MW), is simulated under the Matlab /
Simulink environment and the sampling time is 107 s.
The simulation is performed under the following
conditions:

The hysteresis band of the reactive power
comparator is, in this case, fixed at £0.05 VAR, and that
of the active power comparator at £0.001 W.

(30)

+ azjsign (Sp (t))+ a

(€2

Pg'—Ps1

Fig. 8. SYSTA-active power controller

The ASG used in our study has the following
parameters: two poles, 50 Hz, 380/696 V, P, = 1.5 MW,
L,=0.0135H, R,=0.012 Q, J= 1000 kg-n’, R, = 0.021 Q,
Ly,=0.0137 H, L,=0.0136 H, and f, = 0.0024 N-m/s [36].

A. First test. This first test is the reference tracking
test and the results obtained are shown in Fig. 9-18.
Figure 9 shows the torque of the proposed and classical
strategies. It can be seen, that the amplitudes of the torque
depend on the value of the load active power.

Figures 11, 12 represent the active and reactive
powers of both strategies. The reactive and active powers
track almost perfectly their reference values. Figure 10
shows the current of both DRAPC techniques. It,
therefore, confirms that the amplitudes of the currents
depend on the value of the load active power and the state
of the drive system.

5000 e N

Te(DRAPC)
Te(SYSTA-DRAPC)

-5000

I
I
I
1

0.2 0.4 0.6 0.8 1 1.2 1.4

-10000,
Fig. 9. Torque 7,
ao00 =R ‘ ‘ ‘
I I I I las(DRAPC)
2000] 4 = — =1 - — — — HHE B las(SYSTA-DRAPC)
| I ] ]
LTI R »
‘ M ?
Ly

-2000 - §

o
|—
—
| =

[, <
P B
—
|
|

I T

-4000
0
Fig. 10. Stator current /,,

The zoom in the current, torque, reactive power, and
active power is shown in Fig. 13—16, respectively. It can
be seen that the proposed strategy minimized the
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undulations in current, torque, reactive power, and active
power compared to the classical strategy.

Figures 17, 18 show the THD value of the current of
both DRAPC strategies. It can be seen through these
Figures that the THD value is reduced for the SYSTA-
DRAPC (0.19 %) when compared to the classical DRAPC
method (1.08 %). On the other hand, this designed strategy
minimized the THD value of current compared to other
strategies (see Table 2). Based on the results above, it can
be said that the SYSTA-DRAPC strategy has proven its
efficiency in minimizing undulations and chattering
phenomena in addition to keeping the same advantages of
the classical DRAPC strategy.

Table 2
Compare results with other methods
THD
Method Name (%)
Ref. [37] |Field Oriented Control FOC 3.7
Direct Power Control DPC 4.88
Ref.[38] |Virtual-Flux Direct Power Control 419
VFEDPC )
Ref. [39] |Sliding Mode Control SMC 3.05
Second Order Continuous Sliding Mode
Ref. [40] | Direct Torque Control SOCSM-DTC 0.98
Proposed |DRAPC 1.08
strategy  |SYSTA-DRAPC 0.19
X 10 Qs, VAR
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Fig. 18. THD of SYSTA-DRAPC method

B. Second test. In this test, we changed the values of
both L, L, R,, R. and M, in order to find out which
method is not affected by a change of parameters. The
results obtained are shown in Fig. 19-24. Note that there
is a change in reactive power, torque, active power, and
current due to the fact that both torque and current are
related to the changing values of parameters. On the other
hand, the classical method was greatly affected by the
change of parameters compared to the designed technique
(Fig. 25-28), and this is evident in the value of THD
(Fig. 19-20). Thus it can be concluded that the DRAPC
with proposed SYSTA controllers is more robust than the
traditional DRAPC technique.
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Conclusions.

In this work, a novel nonlinear command theory for
an asynchronous generator was designed based on a
synergetic-super twisting algorithm. This command
algorithm technique was employed to command the
reactive and active powers of the asynchronous generator.
The results indicated that the characteristics of the system
had improved by using the synergetic-super twisting
controllers and that this method could be applied to all
electrical generators without exception. This is due to the
results obtained. This designed method is easy to apply
and does not require any effort, unlike other methods,
where it requires mathematical calculations such as
sliding mode control and backstepping command, and it is
likely has a future in generating electrical energy using
electric generators.
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NEW DESIGN AND COMPARATIVE STUDY VIA TWO TECHNIQUES
FOR WIND ENERGY CONVERSION SYSTEM

Introduction. With the advancements in the variable speed direct drive design and control of wind energy systems, the efficiency and
energy capture of these systems is also increasing. As such, numerous linear controllers have also been developed, in literature, for
MPPT which use the linear characteristics of the wind turbine system. The major limitation in all of those linear controllers is that
they use the linearized model and they cannot deal with the nonlinear dynamics of a system. However, real systems exhibit nonlinear
dynamics and a nonlinear controller is required to handle such nonlinearities in real-world systems. The novelty of the proposed
work consists in the development of a robust nonlinear controller to ensure maximum power point tracking by handling
nonlinearities of a system and making it robust against changing environmental conditions. Purpose. In the beginning, sliding mode
control has been considered as one of the most powerful control techniques, this is due to the simplicity of its implementation and
robustness compared to uncertainties of the system and external disturbances. Unfortunately, this type of controller suffers from a
major disadvantage, that is, the phenomenon of chattering. Methods. So in this paper and in order to eliminate this phenomenon, a
novel non-linear control algorithm based on a synergetic controller is proposed. The objective of this control is to maximize the
power extraction of a variable speed wind energy conversion system compared to sliding mode control by eliminating the
phenomenon of chattering and have a good power quality by fixing the power coefficient at its maximum value and the Tip Speed
Ratio maintained at its optimum value. Results. The performance of the proposed nonlinear controllers has been validated in
MATLAB/Simulink environment. The simulation results show the effectiveness of the proposed scheme, suppression of the chattering
phenomenon and robustness of the proposed controller compared to the sliding mode control law. References 33, table 1, figures 17.

Key words: synergetic controller, sliding mode controller, maximum power point tracking, macro-variable, wind energy
conversion system.

Bcmyn. 3 oocaenennamu y npoekmyeanni ma Kepy8aHHi 6iMpaHUMU eHep2oCUCeMamu 3 pe2ylib08aHoi0 WEUOKICMIOo, 3p0cmaioms
AKodic epeKmusHicms ma 3axonieHHs enepeii yux cucmem. Tak, 8 nimepamypi maxoic po3pobneHo YucieHHi TiHIHI KOHmponepu
0N 8IOCMEdCEHHA MOUKU MAKCUMATLHOI NOMYICHOCI, AKI GUKOPUCINOBYIOMb JIHIUHI XAPAKMEPUCTNUKU CUCHeMU 3 8IMpaHUMU
mypoinamu. OCHOBHUM OOMEJICEHHAM Y 6CIX YUX NIHILIHUX KOHMPOIEPAx € me, Wo BOHU GUKOPUCIOBYIOMb NTHeAPU308aHY MOOeb i He
MOJICYMb MAmMu Cnpagy 3 HeainitiHo ounamikoro cucmemu. OOHAK peanvhi cucmemu 0eMOHCMPYIOMb HEeAIHIUHY OuHamiKy, i Ons
00pOoOKU MaKux HeNIHIUHOCMel Y PeaibHUX CUCmeMax HeoOXiOHutl Heminiunui xowmponep. Hoeusna zanpononosanoi pobomu
noasieae y po3poodyi HAOIIHO20 HENHIUH020 KOHMpOAEpa Oiisl 3a0e3neueHHs. GIOCMEdICEeHHs. MOUKU MAKCUMATbHOT NOMYNCHOCI
WAAXoM 00pOOKU HeMiHitiHoCcmi cucmemu ma 3abe3neyenHs ii cmikocmi 00 3MIiH YMO8 HABKOIUWMNBLO20 cepedosuuja. Mema.
Cnouamky ynpaeninHs KOG3HUM pedCUMOM 6BAJICANIOCS OOHUM 3 HAUNOMYIICHIWUX MemoOi@ YNpAasNiHHA, WO N0o8 A3aHO 3
NnpoCmMomoro 1020 peanizayii ma HAOIIHICIMIO NOPIGHAHO 3 HEBU3HAUEHICMIO cucmeMu ma 3068HiwHiMu 30ypenusamu. Ha dcanw, yeil
Mun KOHMponepa cmpaxicode 8io 201081020 HeOONIKy, a came Aguuja 6iopysanns. Memoou. Tomy y yiil pob6omi 3 Memoro yCcyHenms
Yb020 ABUWA NPONOHYEMbCA HOBULL HENIHIUHULL ANOPUMM YNPABNIHHA, 3ACHOBAHUL HA CUHEP2eMUYHOMY KOHmponepi. 3agoanms
Yb020 KOHMPOTIIO — MAKCUMI3Y8amu 800D NOMYICHOCHI CUCEMU NePemBOPeHH s eHepeii 6impy 31 3MIHHOI WEUOKICIIO NOPIGHSHO
i3 pecylioBaHHIM KOB3HO20 DPEdNCUMy, VCY8alouu seuuje GIOPYSAHHA, [ Mamu Xopouty SKIiCmb eHepeii, gikcyrouu koegiyienm
NOMYNCHOCMI HA 1020 MAKCUMAILHOMY 3HAYEHHI ma NIOMPUMyiouu KiHyesuil Koe@iyieHm weuoKocmi Ha 1020 ONMUMATbHOMY
sHauenni. Pesynomamu. Egexmusnicms 3anpononosanux HeuiniiHux Koumponepie nepegipena 6 cepedosuusi MATLAB/Simulink.
Pesynomamu modenosanus noxazylomos egekmueHicms 3anponoHOBaHOl cxemu, NPUOYWEHHS ABUWA 6IOPYSAHHA MaA CMIUKICMb
3anpPONOHO8AH020 KOHMPOIepa NOPIGHAHO i3 3aKOHOM YNPAGIIHHA K083H020 pexcumy. bibn. 33, Tadmn. 1, puc. 17.

Kniouosi crosa: cuHepreTHYHUNA KOHTPOJIep, KOHTPOJIEpP KOB3HOTO Pe:KMMY, BiicTe;KeHHS] TOUKH MAKCHMAJILHOI MOTYKHOCTI,
MAaKpoO3MiHHA, CHCTeMa NepeTBOPEHHS eHeprii BiTpy.

1. Introduction. Nowadays, most countries of the
world are facing difficulties in using conventional sources
for power generation due to exhaustion of fossil fuels and
environmental issues like air pollution and greenhouse
gases. For these reasons, energy producers are heading to
the use of renewable energy sources (sun, wind, biomass,
etc) to produce electricity. These new energies appear
today as a solution to energy production problems in the
world [1, 2]. As a renewable energy source, wind energy
is one of the most promising renewable energy resources
for generating electricity due to its cost competitiveness
compared to other conventional types of energy resources.

A wind energy conversion system (WECS) can be
separated into three main conversion stages, including the
transformation from the wind kinetic energy to the rotational
mechanical energy in the wind turbine, the transformation
from the turbine mechanical energy to the electrical energy
by an electrical generator, and the connection between the
electrical generator and the power grid by an electronic

power converter [3]. The generated energy can be used either
for standalone loads or fed into the power grid through an
appropriate power electronic interface [4].

In WECS, several types of electric generators are
used such as squired-cage induction generator, doubly fed
induction generator [5]. Lately, with the advances of
power electronic technology, permanent magnet
synchronous generator based variable speed WECS are
becoming more popular over other types of generators
which are used in wind energy systems because of
advantages such as its simple structure, ability of
operation at low velocities, self-excitation capability
leading to high power factor and high efficiency operation
[6], moreover permanent magnet synchronous motor can
be connected directly to the turbine without system of
gearbox [7]. According to Betz’s law, only 59.3 % of total
available wind energy can be converted into mechanical
energy considering no mechanical losses in the system [8]
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and in most cases about 20-60 % of the Betz’s limit can
be obtained from wind turbines [9].

However, the conventional way to get the maximum
power from wind is based on the optimum mathematical
relationship. The turbine output power is a function of rotor
speed if the wind speed is assumed to be constant. Thus
controlling the rotor speed allows control over power
production from the generator [10]. There are several other
mathematical relationships suitable for maximum power
tracking. In many cases electromagnetic torque vs. power
relation is used to obtain the maximum power [11].

Basically, the studied maximum power point
tracking (MPPT) methods for WECSs include three
strategies:

1. Relying on wind speed measurement used by tip
speed ratio (TSR) method;

2. Relying on wind turbine power curve used by power
signal feedback and optimal torque control methods;

3. Relying on hill climb search of wind turbine power
curve without any knowledge about this curve used by
perturb and observe method [12].

Control design, in WECS is becoming a challenging
task due to the nonlinear dynamics and uncertainties
present in these systems [13]. The requirements of the
control system include tracking a speed reference,
generated by MPPT, by controlling the rotational speed in
a variable speed wind turbine system [14, 15], while the
most important part of the control design for nonlinear
dynamical systems is to guarantee the stability.

Conventional control methods are based on
proportional-integral (PI) regulators, which were initially
developed for linear systems, and their design is limited
by the parameters tuning, which is delicate and requires
adjustment in a changing environment due to random
variations of the power source [16]. Different model
based control systems, such as sliding mode, known for
its simplicity, speed and robustness was widely adopted
and has shown its effectiveness in many applications.

Unfortunately, this type of controller suffers from a
major disadvantage, that is, the phenomenon of
chattering. The chattering phenomenon occurs due to
implementation issues of the sliding mode control signal
in digital devices operating with a finite sampling
frequency, where the switching frequency of the control
signal cannot be fully implemented [17].

In order to eliminate this phenomenon, a more recent
technique (synergistic approach) is proposed in [18], the
synergetic control method presents a suitable option to
control nonlinear uncertain systems operating in disturbed
environments. That’s why several studies have been
conducted in this field.

In this study, we adopted the tip speed ratio control
strategy with a non-linear control algorithm based on a
sliding mode theory and synergetic controller in order to
maximize the power extraction of a variable speed of
WECS. The main aspect of control design is definition of
a macro-variable for synergetic control and sliding
surface for sliding mode control.

In [19, 20] synergetic control is proposed as a
nonlinear control technique to track photovoltaic systems
and it is shown using simulation that synergetic control
eliminates chattering effect compared to sliding mode

control. The synergetic controller which has received
much attention for photovoltaic systems can also be
designed for WECS.

In our paper, the motivation is to use a nonlinear
synergetic control of the wind speed turbine in order to
operate at maximum power extraction. This new approach
does not require the linearization of the model and
explicitly uses a nonlinear model to design the control law.

The aim of paper is to optimize the power produced
by a wind energy system under varying conditions based
on two maximum power point tracking techniques.

The rest of the paper is organized as follows. The
modeling of all parts of the wind speed turbine and
problem formulation for MPPT to extract the maximum
power are presented in Section 2. The synergetic and
sliding mode control theory is summarized in Section 3,
followed by the design of the synergetic controller and
sliding mode. Simulation results and comparison with two
well known controllers, sliding mode controller and
synergetic controller, are presented in Section 4.
Conclusion is given in Section 5.

2. Wind turbine modeling. WECS includes various
multidisciplinary subsystems which can be classified as
aerodynamic, structural and electrical. The aerodynamic
subsystem represents the aerodynamic model of the wind
turbine. The structural subsystems include blades, tower
and drive train models. The electrical subsystems include
the generator, the back-to-back converter and the system
control models.

Model of wind turbine. The wind speed can be
modelled as a deterministic sum of harmonics with
frequency in range of 0.1-10 Hz as follows [21]:

l
V()= VO[H D" 4,sin a)nt} (1)
n=1

where 1V} is the average wind speed; 4, is the magnitude
of n™ kind of eigenswing, @, is the eigenfrequency of n"
kind of eigenswing excited in the turbine rotating.

The aerodynamic (mechanical) power developed by a
wind turbine is given by the following expression [22, 23]:

P=1

aer — 5
2

-Cp(4, )7 R*-V2, 2)

where p is the air density, kg/m’; R is the radius of the
turbine blade, m; V' is the wind speed, m/s; C,(4, f) is the
power coefficient which is a function of both a factor 4
known as the tip speed ratio (TSR) and blade pitch angle
B (deg).

TSR is defined as the ratio of the turbine’s blade-tip

speed to the wind velocity, and can be expressed as:
R-Q
A=—"L 3
V 3)

where Q, is the rotor speed of a wind turbine, rad/s.
Several numerical expressions exist for C,(4, f).
Here the used relation is given by [24]:

C,(4.8)=(05-0.0167(5-2))- sin[
~0.00184(2-3)B-2)

The C, curve is shown in Fig. 1, from which there is an
optimum A at which the power coefficient C, is maximal.

2(A+0.1) _
18-03(5-2)) @
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Speed ratio

Fig. 1. Power coefficient C,(4, B) versus tip-speed ratio for
various values of f

The value of the power coefficient C, is a function
of A and f, it reaches the maximum at the particular A
named A,,. Hence, to maximize the extracted energy of
wind turbine A should be maintained at A,, with the
optimal rotor speed of the turbine which is determined
from (3) and given as

lopt 4
Qref - R > (%)
where Q,. is the rotor speed reference, rad/s.

For a constant S Fig. 2 illustrates that there is only
one fixed value of TSR (4., = 9.14) for which C, is
maximum (Cpmax = 0.5). This special value A4,, is known
as the optimal peak speed ratio, it can be expressed by:

) _ Qref ‘R (6)
opt — % .
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Fig. 2. Power coefficient C, versus A at fixed S

Gear box model. The role of gear box is to
transform the mechanical speed of the turbine to the
generating speed, and the aerodynamic torque to the gear
box torque according to the following mathematical
formulas [25]:

Tg = Taer/G;
Q= Q/G; . (7N
Toer = Foer /Ql‘ur’

and the mechanical equation of the shaft, including both
the turbine and the generator masses, is given by [24]:
dQ

J?:Tg_Tem_f'Qv )
where Q is the mechanical generator speed; Q. is the
speed of the turbine; 7, is the torque applied on the shaft
of turbine; T, is the aerodynamic torque; P, is the
aerodynamic power; T,, is the electromagnetic torque;
J is the total moment of inertia; f is the viscous friction
coefficient; G is the gear box ratio.

The system of equations (1)-(8) permit to us to
construct the block diagram of the wind turbine as shown
on Fig. 3 [32, 33].

B | R Q| D
. "‘
; G i
0
v 1 v?
—P E.Cp,;).ﬁ, R""n T 3
turb | 2
Turbine Searbox | ) Sh'iﬂ

Fig. 3. Wind turbine block diagram.

3. MPPT control strategies. According to Fig. 1,
for a particular value of tip speed ratio A,,, C, has a
unique maximum value at which maximum power is
captured from wind by the wind turbine. As a result, to
achieve power efficiency maximization, the turbine tip
speed ratio must be sustained at its optimum value in spite
of wind variations. Also, for a given wind velocity, there
is an optimal value for rotor velocity which maximizes
the power supplied by the wind. That is equally saying,
the turbine system realizes the MPPT function [26].
Consequently, the system can operate at the peak of the
P(Q) curve, and the maximum power is extracted
continuously from the wind. That is illustrated in Fig. 4.
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Fig. 4. Turbine powers various speed characteristics for different
wind speeds with indication of the MPPT curve

So the MPPT technique consists of varying turbine
speed constantly according to wind speed variations, so
that the tip speed ratio is maintained in its optimum value,
thus the power generation is optimum. In order to extract
the maximum power from the wind, we adopted the speed
turbine control strategy. It permits to carry the speed of
the wind turbine into the desired value which corresponds
to the maximum power point. The wind turbine speed
control scheme is represented in Fig. 5, where Cq, is the
speed controller.

L 4

l.s+f

= t
Control | Process

Fig. 5. Speed generator feedback control

20 ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa, 2021, Ne 3



This control structure consists to adjust the torque
appearing on the turbine shaft in order to fix the turbine speed
at a reference that permits to track of the maximum wind
power. In this study, we assume that the electromagnetic
torque equals to its reference all the time [24].

Tom = Tem—ref : )

Controller design based to sliding mode. Sliding
mode control is one of the non-linear techniques. It is a
particular operation mode of variable structure control
systems. Its concept consists of moving the state
trajectory of the system to a predetermined surface called
sliding surface and maintaining it around this latter with
an appropriate logic commutation [27]. The design of
sliding mode controller is done in three steps [29, 30]:

1. Selection of the sliding surface;

2. Establishing the conditions of existence and
convergence;
3. Determination of the control law.
The sliding surface is given by [31]:
d r-1
S0)=[ 44| el (10)

where A, is the positive constant indicating the desired
control bandwidth; r is the relative degree, equal to the
number of times to derive the output to appear the
command; e(x) is the error between the variable and its
reference.

For n =1 the error as being the sliding surface:

Q)= -, (1)
where Q,./is the desired speed.
This surface derivative is:
{Q)=0Q,, -Q. (12)

Combining the previous equation with equation (8),
we obtain:

é(Q):Qref+%(—Tg+Tem+foQ), (13)

The controller structure includes two parts, one part
on the exact linearization and another said stabilizing
[26-28], so:

Tem :Teemq+Te,:n' (14)

Substituting the expression of the control speed by

their expressions given in (13), the equations below are
defined as follow:

{Q)=0Q,, +%(—Tg +(T;;;{ +Te’:,,)+f.Q). (15)
During the sliding mode and in permanent regime,
we have:
e(Q)=0; eQ)=0; T2, =0.
Where the equivalent control is:

Tod ==J-Qupp = [-Q+T, . (16)
Therefore, the correction factor is given by:
T}, =—k-sgne(Q), (17)
where £ is a positive constant.
The control expression:
Tp == Qo — [ Q+T, —k-sgne(Q).  (18)

Controller design based to synergetic control.
Synergetic control is a state space approach for the design
of control for complex highly connected nonlinear
systems [20]. It forces the system state variables to evolve
on a designer chosen invariant manifold enabling for
desired performance to be achieved despite uncertainties
and disturbances without damaging chattering inherent to
the sliding mode technique [20]. Synergetic synthesis
begins with the definition of the macro-variable based on
the equations of the state space. For the macro-variable, it
can be expressed as follows:

y=yx,0). (19)

The objective of the synergetic controller is to
operate the controlled system on the manifold for which
the macro-variable is null = 0.

The expected dynamic evolution of the macro-
variable is given as a function of:

Ty+wy=0, T>0. (20)
where the derivative of the total macro-variable is noted
by ¥, and T is a parameter design which designates the

convergence rate from the closed loop system to the
manifold that is to be specified by = 0.

Finally, the control law (evolution in time of the
control output) is synthesized according to equation (14)
and the dynamic model of the system.

According to synergetic controller, we will select the
first set of macro-variables as equation (20):

=00 Q. 21
This derivative is:
y = Qref -Q. (22)

Combining equations (8), (20), and (21), we get the
electromagnetic torque as the following control law:

J|T-f T-T
Tom—ref = Tom :?{TQ— - +(Q,€f—Q)] (23)

4. Simulation results. In this section we evaluate
the performances and effectiveness of the control
strategies by simulating the wind turbine under the
turbulent wind speed profile of Fig. 6.

Wind speed (m/s)

Time(s)

Fig. 6. Wind speed profile

The system parameters that have been chosen for the
wind turbine are given in the Table 1.

Table 1
Wind turbine parameters
Parameters Values

Density of air, kg/m’ 1.22
Radius of rotor, m 3

Gear box ratio 1

Turbine total inertia, kg-m’ 16

Total viscous friction coefficient, N-m/s 0.06
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The sliding surface and power coefficient are shown
in Fig. 7-9 respectively. For sliding mode controller, good
tracking capability was observed but it is perturbed by the
high-frequency oscillations (the chattering) which can
cause instability and damage to the system and there are
no oscillations around the C,,,x for synergetic controller.
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Fig. 8. Power coefficient using synergetic control

Power coefficient C,

Fig. 9. Power coefficient using sliding mode

Figures 10, 11 show that the TSR follows its
reference very well corresponding to the maximum and
optimal value TSR /,, = 9.14 for both controllers, but
with sliding mode controller the appearance of high
chattering effect is always present.

10 T T T T T
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Fig. 10. Tip-speed ratio using synergetic control

Tip-Speed Ratio 4

Fig. 11. Tip-speed ratio using sliding mode

According to Fig. 12, 13 the wvariation of the
mechanical speed is adapted to the variation of the wind,
which shows the direct influence of the wind on the speed
of rotation of the shaft, we also note that the mechanical
speed perfectly follows its reference value for the two
controllers. But a zoom on these graphs shows that there
is an error between the speed of rotation and its reference
with the sliding mode controller. This confirms the
effectiveness and good performance of the synergetic
controller.

300

m Reference speed Qo
Mechanical speed Q
1

N
o
3

Mechanical speed (rad/s)

t(s)

300

N
a
=)

Mechanical speed (rad/s)

Fig. 13. Mechanical speed using sliding mode

Figures 14, 15 show the response of aerodynamic
power. It is clear that the produced power follows well its
optimal reference with good dynamics and track perfectly
the reference for the two controllers, which means that the
maximum power point can be achieved despite fast-
varying wind velocity.

We can clearly see that in Fig. 16, 17 the macro-
variable function and sliding mode surface equals zero,
which shows that the controller parameters are properly
chosen. But as we can see, Fig 16 the high chattering
effect on the sliding surface.
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From these results, we noticed that the MPPT
controller based on synergetic is the most efficient
technique compared to the sliding mode controller. It
achieves maximum power with more stability, precision
and better response time, and better trajectory tracking.
However, the sliding mode method requires slow
response time, with more oscillations and a chattering
effect. For that, it can be stated that the synergetic control
is a robust and efficient approach; it has better
performance and a good dynamic response under variable
wind speed conditions.

5. Conclusions.

In this paper, two maximum power point tracking
strategies techniques are developed and compared to

optimize the power produced by a wind energy system
under varying conditions. According to the performance
analysis of each method, it can be concluded that the
maximum power point tracking controller based on
synergetic control allows determining and tracking the
maximum power point with more efficiency, fast response
and high reliability compared to other controllers based
on sliding mode. The main advantage of the synergetic
controller, compared to the sliding mode, is the good
reference tracking, the suppression of the chattering
phenomenon and the reduction of the overshoot. The
effectiveness and the robustness to external disturbances,
noise and uncertainty parameters are shown in the
simulation results.
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A.C. Mapanuyk, F0.B. [llabarypa, O.0. Ky3uemnos

EJEKTPOMEXAHIYHA CUCTEMA HABEJIEHHSA O35PO€HHSA
HA OCHOBI HEYITKOI'O IIA-PET'YJIATOPA ITOJIOKEHHSA

3anpononosano nozuyiliny erekmpoMexaniuHy cucmemy HAGeOeHHs 030POEHHS HA OCHOBI A0ANMUBHO20 HEYIMKO20 NPONOPYINIHO-
ougpepenyitinoeo (I11]) pezynsmopa nonoscenns. Cmeopeno cmpykmypny Simulink-modens cucmemu no3uyionyeanHs 030pocHHs
OCHO8I HewimKkol adanmusHnoi moodeni kepysarnis. IIpoeedeno Komn 1omepHi 00CTiONCeHHs OUHAMIKU NPOYeCie NO3UYIOHY8AHHS NPU
BUKOPUCTAHHI NPONOPYILIHO20 MA 3aNPONOHO8AHO20 A0anmueHozo Hevimxozo I1J] peeyiamopa nonodcennsa. Pesynomamu docni-
0ofcenb NoKaA3au, wo npu 6UKOPUCMAHHE HEYimKOoi a0anmueHoi MOOei Kepy8anHsa npoyecom nO3UYioHy8aHHs peanizyiomsvcs Onmu-
ManvHi Oe3 nepepezyrio8ants ma pexicumie 00ma2y8ants 3aKonu pyxy 036poenns. bioim. 20, Tadn. 1, puc. 12.

Knrouoei cnosa: HeYiTKHii peryJisitop, No3unioHyBaHHSA, aJanTalis, nepeperyT0BaHHs, LIBHIKOTis.

TIpeonoiceno nosUyUOHHYIO NEKMPOMEXAHUYECKYIO CUCIEMY HABCOCHUS. BOOPYICEHUS HA OCHOBE A0ANMUBHO20 HEYEMKO20 NPONnop-
yuonanvro-ouggepenyuanvroeo (I1/]) peeynsmopa nonodxcenus. Paspabomano cmpykmypuyio Simulink-modens cucmemvl Hageoe-
HUSL BOOPYHCEHUsL HA OCHOBE HEeUemKou adanmueHoi mooenu ynpasienus. IIpogedenvl komnviomephvle UCCAeO08AHUSL OUHAMUKU
nPOYECCo8 NOUYUOHUPOBAHUSL NPU UCTONL308AHUL NPONOPYUOHATIBHO20 U NPEOLONCEHHO20 A0ANMUBHO20 HeuemKko2o T[] pezynamo-
pa nonoxcenus. Pesynomamol uccredosanuti noOKazau, 4mo npu UCHOIb306aHUL HEHeMKOU A0ANMUHO MOOeIU YRPAeLeHus npo-
Yeccom NOSUYUOHUPOBAHUS PEAU3yIOmcs ONMUMATbHbIE 0e3 Nepepezyiuposanus U PencumMos OOMASUSAHUS 3AKOHbL OBUNCCHUS

6oopycenus. budm. 20, tabi. 1, puc. 12.

Knrouesvie crosa: He4eTKHIl peryJisiTop, NO3MNHOHUPOBAaHNeE, aJallTaAllUs], lepeperyJupoBaHue, ObicTpoaeiicTBHe.

Beryn. Ha cygacHOMy eTami po3BHTKY 030pO€HHS
pakeTHHX BIMCBK Ta apTHiepil CIIOCTEPIra€Tbesl TEHICH-
1ist 301IBIIEHHST TaIbHOCTI, HiABHUIIEHHS MOOIIBLHOCTI Ta
TOYHOCTI 3ac00iB ypaxxeHHs. g TeHIeHIIs peai3yeThes
SIK TIPH CTBOPEHHI HOBHX BHCOKOTOYHHX 3aCO0IB ypakeH-
Hsl, TaK 1 B MPOIIECi MOJIEPHI3allii ICHYIOYHX.

3pa3kyl BKa3aHOTO 030pPOEHHS, SIKI CTBOPEHI 1 BUTOTOB-
sieri y 70-80 pokax MUHYJIOTO CTOJITTS, HE BiOBIIAIOTh Y
TIOBHIM Mipi Cy4aCHMM BUMOTaM JI0 TOYHOCTI Ta IIBHAKOJIT
HaBesieHHs. [Ipr4nHOI0 IIbOMY € HEIOCKOHAJIa eJIEMEHTHA
6a3a, cCTEMO- 1 CXEMOTEXHiKa CUCTEM KepyBaHHsI BKa3aHO-
TO YacOBOTO TIEPiOAY, SKa Ha CHOTOHIIIHIN Yac epeBasKHO
€ MOPAJTFHO 3aCTapiIo0 i Pi3UIHO 3HOIMIEHOIO.

3BaXkaro4uM Ha 1€ MOXKHA CTBEP/KYBaTH MO aKTya-
JIBHICTh 1 JOUUIBHICTh CIIPSIMyBaHHsI 3yCHJIb Ta (hiHAHCIB
Ha MOJIEpHI3aIlil0 BKa3aHUX 3pa3KiB PaKeTHOI TEXHIKH
y HampsMi MOKPALIEHHs X TAKTHKO-TEXHIYHMX XapaKTe-
puctuk [1, 2].

IMocranoBka mpo6aemu. /lo BkazaHMX 3pa3KiB pa-
KETHOTO O30pO€HHS BiJJHOCATBCS, HANPHKIIAJ, PEAKTHBHI
CHCTEMH 3aJIIIOBOTO BOTHIO Ha OCHOBI 00WOBOI MalIMHU
BM-21, um inmi. [Iporiec HaBeneHHs MakeTy HaNpsIMHUX
(ITH) mo a3uMyTy i TaHTaXy Y WX MAIIMHAX Peali3yeTh-
CSl pYYHHM IIPHBOAOM YH HETIO3UIIHHOI eNEKTPOMEXaHi-
yHOtO cucteMoro (EMC) 3a cxeMor0 «eTeKTpOMAaIIHHHUI
MiACWIIOBAaY — ABUTYH IOCTIHHOTO CTPYMY» 3 BHKOPHC-
TaHHSIM BiONOBITHUX (QOPMYIOUHX Ta CTaOUTI3YIOUNX
3BOPOTHHX 3B sI3KiB [2].

Bxazana EMC MicTuTh 110 TH, IPY>KHOCTI, 30KpeMa
napy TOpCiOHiB, 3a30pM Ta iHIIi HeMiHilHOCTI. [if BlacTH-
Ba HETIOCTIMHICTh MOMEHTY 1HEpIIii Ta HABAaHTAXKEHHS MPU
pizHOMY 3aBanTaxxeHHI ITH pakeramu, a Takok HECUMET-
PUYHICTh HaBaHTKEHHS NPH Pi3HUX HampsiMax pyxy. Lli
(haKTOpM HETAaTWBHO BIUIMBAIOTH HA MOKA3HUKH JAWHAMIKA
Ta CTaTUKU Ipouecy nosuiionyBanHs I[IH y mporeci
HaBEJICHHS.

KepyBaHHS pyxoM IakeTra HampsMHHX (IIPOILIECOM
HaBeJICHHS, TO3UIIIOHYBaHHSA) B 000X IUIOMIMHAX B iCHY-
tounx EMC BHUKOHY€ThCSI BPY4HY 3 IyJbTa HABEICHHS.
KoHTyp peryioBaHHSI HOJIOXKEHHSI BiACYTHiil. Y Takiii

CHUCTEMI KepyBaHHA Ha ONEPATHBHICTH Ta TOYHICTH HaBe-
JICHHA 030pPO€HHS y 3HAYHIN Mipi BIUTMBAE Cy0’ €KTUBHUI
(dakrop — kBamidikamisi omepatopa (HaBomumka). Jlis
YCYHEHHS 1bOT0 (haKTopa JOLUIBHOK € aBTOMAaTH3allis
nporecy mo3urioHyBaHHsS [IH muisxom BHKOpHCTaHHS
BUCOKOTOYHOTO JaBaya Ta 3ajaBaya KyTa HaBEAEHHs i
peaizalisi aBTOMaTHYHOTO PEryJIIOBaHHS KyTa 3a CHUTHa-
JIOM po3y3roJukeHHs. [Ipu TakoMy migxoii ycyBaeTbCs
BIUIUB Cy0’ €KTHBHOTO (hakTopa i TapaHTOBAHO OTPUMY-
IOTbCS TIPOTHO30BAHI NMOKa3HUKHM AMHAMIKH Ta CTATHKU
IpoLeCy HaBeACHHS 030pO€HHS, 30KpeMa CTaTH4YHA TOY-
HICTh MO3UIIOHYBaHHS.

AHaJi3 ocTaHHIX JOCTiXKeHb Ta mMyOaiKamiii.
Bimomo, mo mo3umiiiHi eNeKTPOIPUBOIN 31aTHI HACTLIIb-
KU SIKICHO peasi3yBaT 0a)kaHi 3aKOHH 1 TPaeKTopii pyxy
BUKOHABYMX MEXaHI3MIB, HACKUIbKH SIKICHO OyJie BIATBO-
PIOBAaTHCS CTATHYHA TOYHICTH Ta LIBHAKOIS MO3MIIOHY-
BaHHs. TOMy 3aBIaHHS OTPUMATH HAWBHILY IIBUAKO/IIO
pEryJIIOBaHHS 3a BiJICYTHOCTI PEXKUMIB II€pPEperytOBaHHs
Ta IOTSATYBaHHS Ha «IOB3YyYUX» NIBUAKOCTAX 1 HEOOXIIHY
CTaTHYHY TOYHICTh IO3MLIOHYBAaHHS MOXHa BBaKaTH
aKTyaJIbHUM Ta Ba)XXJIMBHM IIPH MOJIpHi3alii Ta ONTHUMI-
3amii eNeKTPOMEXaHIYHIX CHCTEM HaBEACHHS 030pO€HHS
0 a3UMYTY i TaHTaxXy 0oroBoi mamman BM-21 [3, 4].

EdexTHBHIM CHCTEMOTEXHIYHUAM ITiIXOJ0M IS BH-
pIIIEHHS I[,OTO 3aBOAHHS € peai3alis eIeKTpoMexa-
HiYHOI cuctemu KepyBaHHA pyxom IIH 3a cxemoro «mu-
POTHO-IMITYJIBCHUH TTepEeTBOPIOBAY — JBUTYH IOCTIHHOTO
crpymy» (IIIIT-AIIC) 3a mianopsiikoBaHUM MPHHIUIIOM
KepyBaHHS 3 BUKOPHUCTAHHSAM BHYTPILIHIX KOHTYpIB pe-
T'YJIIOBAaHHSI CTPyMy (MOMEHTY) Ta MIBUAKOCTI JIBUTYHA i
IX CTaHJapTHUM HAJAIUTyBaHHSAM Ha MOJYJbHUN OITH-
MYM Ta JIOAaTKOBO YBEICHOTO 30BHINIHBOTO KOHTYPY
peryJIroBaHHS MONOXKEHHS [5, 6].

KnacuunnM migxomoMm mpu moOynoBi MO3MLIHHMX
cucreM aBTroMaTmdHOro kepyBaHHiI (CAK) e Bukopwmc-
tauHs npomnopiiiiHoro (IT) perymstopa momoxxenus (PIT)
[3-7]. Taka ctpykrypa CAK mae 3mory oTpumyBaTu 06a-
JKaHl TIOKAa3HUKH JAWHAMIKH MO3UIIIOHYBAaHHS y PEXUMAax
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BEIIMKHUX TEpeMillleHb MpHU peajizamii TpamnenenoaioHol
TaxoIPaMH PyXy €JIeKTPONPHBOA.

AJie ipu BiTIpAaItOBaHHI 3aBIaHb HA MEHIII TepeMi-
IIEHHSI, SIKI BUKOHYIOTHCS] HA HI)KYMX ILIBHIKOCTSIX, ITPOLIE-
CH TIO3ULIIOHYBaHHS CYIPOBOKYIOTBCS PEKHUMaMHU JIOTSI-
T'YBaHHS, TPUBAIICTD SIKMX € CITIBBUMIPHOIO 3 4acOM T'allb-
MYBaHHS TIPH BiJIIPAIfOBaHHI BEJIMKHUX IIepeMilieHb [8].
J7st ycyHEHHSI X PeXUMIB BUKOPHUCTOBYIOThH IapaboIiy-
Huit PII, sxwii HaiigacTinre BKITIOYAETHCS B KOHTYp PETy-
JIFOBaHHS TIOJIOXKEHHSI TPUKOHTYPHOT CHCTEMH ITiAIOPSIIKO-
BaHOTO KEepPYBaHHA 3 BHYTPIIIHIMH KOHTYpaMH PETyIIo-
BaHHA cTpymy Ta mBuakocti 3 III- ta Il-perymsropamu
BIJIIOBITHO 1 CTAHAAPTHUMU X HAIAIITYBAaHHAMH [8].

[TporHo3oBaHa JWHaMiKa MPOLECY MO3MLIOHYBaHHS
y BKa3aHMX BHILIE CTPYKTypax IOCSTa€ThCS 3a YMOBH
HE3MIHHMX MOMEHTY HaBaHTa)KEHHsI, [I0YATKOBOI'O T10JIO-
JKEHHs, MOMEHTY iHepuii Ta iHmMX mnapamerpis. [Ipn
HEIOTPUMaHHI LIMX YMOB JIWHaMiKa pyXy BHUKOHaBUOI'O
oprany Oyje BIAXWIATHCS Bifl ONTUMAIBHOI, IO BiAIOBI-
nmae BuOpaniid ctpykrypi CAK Ta mpuHOUIY HajamTy-
BaHHSM PETyJIATOPiB KOOPJHHAT.

st yCyHEHHS1 HeraTUBHOTO BIUIMBY Ha ONTHMAJIbHI
3aKOHH PYXy BKa3aHHX BHUILE KOOPJHHATHHX Ta I1apameT-
PUYHUX 30ypeHb B Cy4aCHHUX MOAENSAX KepyBaHHS Ta MPH
HEeNoBHiH iH(popMamii mpo cTaH 06’ €KTa KepyBaHHS BUKO-
PHUCTOBYIOTH IHTEJEKTYasbHi IIAXOAM, SIKI IPYHTYIOTHCS,
30KpeMa, Ha ajaropurMmax HeuiTkoi Jyoriku [9-13]. Taxi
MOZIeTl KepyBaHHS BHMKOPHCTOBYIOTHCSI B TO3WI[IHHUX
CAK, y ToMy 4ucni i Ui 3a1a4 ONTHMI3aLlii Ta aJanTamii
KEepYBaHHS Y PEKMMax MO3WI[IOHYBAaHHS Ta CTEXEHHS B
YMOBax Jiii KOOPIMHATHHX Ta apaMeTPUYHHUX 30ypeHb.

Bimomo, mo kimacw4Hi mpomopIiitHo-nudepeHIiiHi
(IT) perymsaropu moOpe BHPI3HAIOTHCS CBOIMH BIIACTH-
BOCTSIMH TIOKpAIIEHHs SKOCTI TEPeXigHUX MPOIIECiB,
30KpeMa B MO3UMIHHUX CHCTEMAaX y PEeXMMax MO3HIIOHY-
BaHHS Ta CTeXEHHsA. Y pobotax [13-15] mokazano, mio
HeuiTki [1J[-perynsropu Ta HediTKi IPOMOPLIiHO-
inrerpanbHo-audepenuiini (IT1) perymsropu 3abesne-
YyIOTh 3HAYHE MIJBUILICHHS SIKOCTI JUHAMIKH CHCTEM,
30KpeMa IMO3MLIHHNX, NOPIBHSHO 3 BUKOPHCTaHHSIM KJla-
crnunux [1IJ]-perymnsaropis i ocoOnmBo y BUnagkax, Koim B
00’€eKTi KepyBaHHS € PI3HOTO pOAY HEIIHIHHOCTI Ta mapa-
METPUYHI HEBU3HAYEHOCTI.

OcHOBHa TIepeBara Ta 0COOJHMBICTE HEUITKOTO KEpy-
BaHHS TIOJITA€ Y MOXKIMBOCTI €()eKTUBHOTO HOTO BHKO-
PHUCTaHHS Y CHCTEMax i3 CKJIQJIHUM MaTeMaTHYHUM OITHU-
COM Ta TMapaMETPUYHHMHU 1 KOOpAWHATHUMHU (IyKTya-
LisIMM, HasBHUMH HEBH3HAYECHOCTSAMH, HPYNKHOCTAMH,
HEJHIHHOCTAMH, o TaMu, 3a30paMH TOILO.

Kpim Toro, sk nokazano y [14-18], nepeBaru HediT-
KUX PEryJisiTOpiB MOJATalOTh y 1X MPOCTOTI, a TAKOX HH-
3bKiH 9yTJIMBOCTI JJO TapaMeTPUYHKX 3MIH Ta HEBU3Haue-
HocTeH B 00’€KTi KepyBaHHs 3aBISKH MEXaHi3My oliepa-
TUBHOTO OMpAIfOBaHHS iH(OpMaIlii Ha OCHOBI Mojerneit
HEYITKOTO JIOTIYHOTO BHWBOAY. BKkazaHi 0COONMBOCTI €
BIIACTHBI MEXaHi3My HaBeIeHHsA 030poeHHs BM-21. Lle
JOIaTKOBO apryMEHTY€ MOLIIBHICTh BUKOPHUCTAHHS MO-
JeJIell HeHiTKOrO KepyBaHHS Ul MOKpallaHHS ITOKa3HU-
KiB TMHAMIKH Ta CTATHKH IIpoIieciB mo3umionyBanss [1H.

MeTorw crarTi € pO3pOOJCHHS CTPYKTYpU Ta J0-
CIi/KeHHST e()eKTHBHOCTI BHUKOPHCTaHHS aJalTHBHOIO
HeuiTkoro I1J[-perynsropa MosOKeHHS AJIS MiABUICHHS

TOYHOCTI Ta ONEPATHBHOCTI HABEIACHHS O30POEHHS ILIS-
XOM peajizailii ONTUMalIbHUX 3aKOHIB PyXy MakeTy Ha-
NPSIMHHUX Ha IOBHOMY Jliania3oHi peryJitoBaHHs MOJI0KEH-
HS B CTPYKTypi mo3uuiiiHoi TpukontypHoi EMC HaBe-
JICHHS IaKeTy HanpsIMHUX O0HOBOI MaimHu rpu ii Moje-
pHi3aii.

Tomy 3aBmaHHsS pO3POOJICHHS CHUCTEMOTEXHIYHHX
pilIeHs 3 METOr0 peaizarii TouHoro rnosunionysanss [TH
BM-21 6e3 mepeperymoBaHHS Ta PEKUMIB JOTATYBaHHS B
yMoBax Jii BKa3zaHWX 30ypeHb Ta MapaMeTPUIHHX 3MiH
JUIsL CUCTEMH BepTuKaibHOro HaBeaeHHA IIH € akryans-
HHM Ta BOK/IUBHM.

Ha cyugacnomy erami po3Butky EMC crioctepiraerses
TEHZEHLIiSl IIMPOKOTO 3aCTOCYBaHHs JUIS 33/1a4 aBTOMATH-
YHOTO PEryJIIOBaHHS KOOPJAMHAT Ta ONTHMAJIBHOTO Kepy-
BaHHS PEXMMaMH METOJIIB TEOpii IUTYYHOTO IHTEJNIEKTY,
CKJIAJIOBOIO SIKO1 € TpaHcdopmarlii THIIOBHX MPOMOPLIHHO-
IHTErpaJILHOTO, MPOTNOpPLiiHO-IU(EepeHiaIbHOTO Ta ITPo-
HOPLIHHO-IHTEr paTbHO-IU(EPEHIIATEHOTO 3aKOHIB Kepy-
BaHHJA Ha 1X fuzzy um HeliponediTki Bepcii [13-20].

00’exT kepyBaHHs po3risiayBaHoi EMC — MexaHi3M
BEepTHUKaJIbHOTO HaBeleHHsA [1H, BigHOCHTBCS A0 Kiacy
CKJIaJHUX CHUCTEM, OCKUIBKHM BIH MICTHTH HEJIHIHHI ejie-
MEHTH, HEBH3HAYEHOCTi, MEXaHiuHi JIAaHKH 3 JodTamu,
3aMi3HEHHSAM, 3 OOMEKEHOI0 >KOPCTKICTIO, MapaMeTpH
SIKMX, OKPIM TOTO, HE € CTAJIUMH 1 3MIHIOIOTLCS Y MPOILIECi
B HaBeJICHHS Ta 3aJIe)KaTh BiJ PiBHs 3aBaHTAKEHHS paKe-
tamu ITH Ta iHIIMX YUHHUKIB. 3BakaouW Ha 1€, I
KOHTYPY PEryJIIOBaHHS MOJOKEHHs po3risityBaHoi EMC
BUKOPHCTAa€EMO  HEUITKMHA  BapiaHT  NpOMNOpLiiHO-
mudepenuirinoro PII, mo ampiopHO Hazae KOHTYpY pery-
JIOBAHHS TOJIOXKCHHS aJalTHUBHI, IHBapiaHTHI OO Iii ma-
paMeTpuYHHX 30ypeHb, BIACTHBOCTI. IHIINMH CIOBaMH,
BUKOpHCTaHHS HewiTkoro Il1/I-perynsitopa MOJOXKEHHS
MOBUHHO 3a0e3MeYnTH peajizaiilo 0akaHWX ONTHMAaIIb-
HHX 0e3 IepeperyloBaHHs Ta PEXHUMIB JOTATYBaHHS IIPU
MaKCHMaJIbHI MBHIKOIT 3aKkoHiB pyxy ITH Ha nmoBHOMY
Jliara3oHi peryJIlOBaHHS MOJOXKEHb B MIPOCTOPI Jii peaib-
HUX MapaMEeTPUYHUX 3MIH Ta KOOPAMHATHUX 30ypEHb.

Jliist BKa3aHOT METH BHKOPUCTAEMO 3arajbHy CTPYK-
Typy HediTkoro perynsaropa (HP), Ha ocHOBI sikoro Mox-
Ha OTPUMYBATH Pi3HI BapiaHTH HEYITKHX IMPONOPLiiHO-
IU(pEepeHIIIfHNX PETyIATOPIB IpssMoi nii. Y sIKOCTi BXin-
HuX curHaniB HP mpuiiMemMo moxuOKy peryiroBaHHS KyTa
HaBe/IeHHs e(f) = @,/ (1) — p(f) 1 i1 noxinny de(f)/dt = (e(t;) —
—e(ti1)) / (t; — ti.)) — WBHAKICTH 3MiHK TTOXHUOKH. 3BaXKa-
104U Ha Te, 1[0 Ha Tellep BKa3aHi PeryisTopH B CTPYKTY-
pax CAK peanizoByoTh Ha HU(POBIH eleMeHTHINH 0a3i
(MiKpoKOHTpONEpax), TO HOTrO MaTeMaTHYHy MOJENb
MOJIaMO y TUCKPETHIH (opmi. 3a Takoro miaxoy noxiaHa
curHany moxuOku Ha Bxoni HP momaerscs ckiHueHHUMH
PUPOCTaMHU.

MaremaTtiuHa MOJAENb KJIACHYHOTO aHAJIOTrOBOTO
[I-perynsiTopa notaeTbcs HACTYIHAM PIBHSIHHSIM:

u(t) =k, [e(t) + T, - de(t)/ dt], (1)

ne e(f), u(f) — BXigHUH Ta BUXiOHUN cuTHAN, k., T, — KOe-
¢imienT mepemaui  Ta  crajma  AWQEPEHLIIOBAHHS
[T d-perynsTopa, BiAIOBIAHO.

Iepexin B (1) mo IOHCKpEeTHOTO dYacy Hae 3MOTy
OTpUMAaTH MareMaTHyHy wmonenb I1JI-perynsropa mis
fioro UQpoBoi peaizarii:

26 ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa, 2021, Ne 3



T
u(k) =k, . Ae(k)+e(k) |, 2)
Ty
ne Ty — IHTepBa KBAaHTYBaHHS 3a yacoM; k= 1,2.3,... — Homep

KpOKy Juckperuzarii 3a yacom; Ae(k) = e(k) — e(k— 1).

OCHOBHOIO BUMOI'0IO, II[0 CTABUTHCS 110 ITO3HMIIHHOL
EMC napenennsa IIH Ha 3ananuil KyT ¢, € peanisalis
ONTHUMAILHUX 3aKOHIB PyXY HANPSIMHUX Y MPOIEC MO3K-
HioHyBaHHA (0€3 MepeperymoBaHHs Ta PEeXKUMIB JTOTATY-
BaHHS) NIPH MaKCUMAaJIbHIl IIBUAKOI] Ha TOBHOMY Aiama-
30HI PEeryJIOBaHHS IOJOXKEHB MPH [Iii pealbHUX KOOPAU-
HaTHHX 1 MapaMeTpUYHKUX 30ypEHb.

[AFPDPC

in1 outt

et ANN{

3HauCHHS MaKCUMAILHOT IIBUIKOCTI, IPHCKOPEHHS Ta
Hanpyru HIIIT B 3anpononoBaniit nmo3uuiiinii EMC HaBe-
nensst [TH npuiiMaeMo TakumH K, SIK 1 B peasbHill iICHYI0UiH
cucreMi HajaHHs pyxy ITH GoitoBoi mamman BM-21.

Crpykrypa nosunifinoi EMC. CtpykTypHa cxema
3aMpoIIOHOBaHOI TPUKOHTYpHOI mo3uniitHoi EMC HaBe-
nenns [TH 6oiioBoi mammamn bM-21 3 amanTMBHUM HEUiT-
kuM [IJ[-perynsTopoM MONOXKEHHS MOKa3aHa Ha puc. 1.
Enextponpusos takoi EMC peainizoBaHo 3a peBepCHBHUI
cxemoro IIIIT-JAIIC. Perynstop BHYTPIIIHBOIO KOHTYPY
CTpyMy IIPONOPIIHHO-IHTETpaJbHAN, & KOHTYPY LIBHIKO-
CT1 — NPOTIOPLIIHHHHA.
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Puc. 1. CtpykrypHa cxema EMC Beprukansnoro Haseaensst [TH 3 Heditkum [1/]-peryistopom moaoxeHHs

JI1st nociiKeHHS TOKa3HUKIB JUHAMIKH Ta CTATHKH
mporecy HaBeneHHs [IH 3amponoHOBaHOT MO3UINHHOT
EMC ctBOpeHO 1ii CTpyKTYypHY MOJENIb B JAOAATKY
Simulink mporpamu Matlab 3 BapiaHTOM BHKOpPHCTAaHHS
JUTE MOKJIMBOCTI TIOPIBHSAHHS MOKA3HUKIB IWHAMIKH KIla-
CHUYHOTO TIPOTIOPIIIIHOTO i 3aIPOIIOHOBAHOTO aJIalITHBHO-
r0 HEYiTKOTO MPOTNOpLiiHO-AN(EPEHIIIHOTO peryisropa
B KOHTYDI PETYJIIOBaHHS MOJIOKECHHS.

TecTtyBaHHS CKJIaI€HOI TPUKOHTYPHOI IMO3UIIIIHOT 3
Ha3BaHUM BHILE MiIOPSAKOBAHUM PETYJIOBAHHSIM KOOD-
nuaat EMC naBenenss [TH BukoHaHO MpH BUKOPHCTaHHI
B KOHTYPI pEryJIFOBaHHS MOJ0XEHHS KIACHYHOTO HPOIIOo-
PUitHOTO peryisTopa 3 HaJlalITyBaHHS HOTO0 HA MOMYJb-
HUHI ONTHMYM.

Ha puc. 2 mokazaHo oTpuMaHi Ha [ild MOJIENI YacOBi
3aJIe)KHOCTI PETyNIOBaHHS KyTa HAaBEIACHHSA IS TPHOX
KyTiB mosumionyBanusa: 17°, 35° ta 60°. Il-perymstop
MOJIO’KEHHS HANAIITOBAaHWKA Ha ONTHUMAJbHY AMHAMIKY
(onmTEManRHHUN 3aKOH PyXy) IV KyTa MO3WIIIOHYBAaHHS
@rer = 35° 3 KOedinieaTOM MIEpenadi k,, = 2.11. Ilpu mo3u-
LIOHYBaHHI Ha IHII KyTH HaBEIEHHS CIIOCTEPIraroThCs
nepeperysIroBaHHs Ta PEXUMH JOTITYBaHHS.

s F T T =

o

?

a0 15 a5

Puc. 2. Peakuii ¢(f) EMC Ha cTpu0konoiOHi curaanm kepy-

BaHHs 3 nponopuiiiauM PI1 npu nouarkoBoMy BCTaHOBIICHHI

ITH Ha xyTtu 17°, 35° ta 60° i HacTynHum — Ha 0°, 0° Ta 35°
BiAmOBiIHO

Cunre3 HeuiTkoro I1/] peryastopa. CuHre3 Hedi-
tkoro [1/] perynsTopa Ta cTparerii HEUiTKOTO KepyBaHHS
nosioxxeHHsM [TH rpyHTyBaBcs Ha BUKOPHCTaHHI eMITipH-
YHO HAOyTUX 3HaHb NPO KOHCTPYKILIiIO, OCOOJIMBOCTI
KepyBaHHS, 30ypeHHS Ta MOKAa3HUKH PEXUMIB ITO3HIIO-
nyBanHs [TH BM-21.

Cucremy Heuitkoro BuBeneHHs (FIS — fuzzy infer-
ence system) (puc. 1) I1/]-perynsTopa monoXeHHS Tpea-
craBiaeHo Moneinnro Mamdani, sika Ma€ aBa BXOIM: IS
nponopuiiHoi x; = e(f) Ta mudepeHiinol x, = de(t)/dt
CKJIAJIOBHX, € e(f) — moXuOKa peryaioBaHHS KyTa e(f) =
= @reft) — @(1) (ne @A), ¢(f) — CUrHAIM 3aJaHOTO Ta
MOTOYHOTO KyTa no3uuionyBanus [TH BiamoBigHO).

Jnst MHTBICTMYHOTO ONKCY BXIJAHUX 3MIHHHX X| Ta
X, IpUHATO 1Ba Tpaneuienoaioni 3oBuiuHi (N, P) 1 ogun
TPUKYTHUH BHYTpINIHIN TepM (Z) i3 CUMETpUYHUMHU [ia-
na30HaMu 3MiHu (puc. 3).

Ne ' Ze ' "Pe

1

-60 -40 -20 0 20 40 60
X,V
Puc. 3. ®yHKIii IPUHATICKHOCTI BXITHAX 3MIHHHX X1 Ta X, FIS

Jnist MHrBICTUYHOTO OIUCY BHMXITHOT JITHTBICTHYHOT
3miHHOT FIS Upys , 110 TOfa€e cUrHam KepyBaHHS PEryJisi-
topa mBuaKocTi U, , = Ups, NIPUIHATO JBA TPANCLieno-
nioHi 30BHImHI (Nu, Pu) 1 oguH TpuKyTHHI BHYTpIIIHINA
TepM (Zu) i3 CUMETPpUYHUMH Jlialla30HaMH 3MiHH (puc. 4).

OyHKI[IOHATPHAN 3B’SI30K MK CHTHAJIOM 3aBIAaHHS
KYTa Qo 1 BUXIZHMM CUTHATOM FIS Upys, 0 € curaanom
3amannsa U, , [I-perymaropa mBHIKOCTI y TaKii cTparerii
KepyBaHHS TOHAEThCSA B JIHIBICTHYHIA (opmi, a came
cykymnHicTio HewiTkux mpasui tumy (IF...AND... THEN).
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Puc. 4. Oynkuii mpuHanexHocTi BUXigHoi 3minHoi Ugg FIS

ba3y npasun FIS chopmoBaHo Ha ocHOBI aHamizy 3Mi-
HH TOXMOKH PETYIIIOBAHHS NONOKEHHS e(f) = @,(1) — ¢(1),
i1 nmoxinHoi de(f)/dt Ta motouHoro kyra monoxenHus ITH
o(?). baza mpaBun hopmyBanacs Ha OCHOBI CIIBCTaBJICHHI
YacOBHUX 3aJIe)KHOCTEH 3MiHM OakaHOi Ta pakTU9HOT (TIpH
nponopiiitaomy PIT) peaknitit EMC npu nmo3unionyBaHHi
IH na xyT ¢,r = 35°. baxana peakuis Bixmosizana orm-
THMaJIbHOMY 3aKOHY PyXy — HO3HLIOHYBaHHS IPH Mak-
CHUMANbHIM MBHAKOMIT 1 3ynuHII 0e3 mepeperyoBaHHs
Ta PEeKUMY AOTATYBaHHSA. ONTUMaTbHUN Koe]illieHT
nepenaui [I-perynstTopa HOJIOKEHHSI pO3paxOBYBaBCS 3a
YMOBOIO MOJIYJIbHOTO ONITHMYMY.

Ckianena 0a3a TpaBWJI Ta IHII HapaMeTpU4HI Ta
ITOPUTMIYHI CTeneHi cBoOoau HewiTkoro I1J[-perysms-
TOpa yTOYHSJIMCS 3a pe3ysIbTaTaMi MaTeMaTHUHHIX eKCIie-
puMeHTiB Ha ckimaneHid Simulink-moneni po3pobaerHoi
mo3umiitnoi CAK (puc. 1) 3a 3HaueHHSAM BapiaHTa iHTeT-
paNbHOTO MOKa3HHUKA AKOCTI (7 — "ac peryinoBaHH:)

T
1= [te(?dt — min. 3)
0
Otpumana 6a3a mpaBmwi HewiTkoro [1/I-perymstopa
MTOJIO’KEHHA MTOKa3aHa y Tabu. 1.
Tabmuns 1
baza npasun FIS

[Toxubka peryaroBaHHS — X
Ne Ze Pe
) Nde N Z Z
IToxigHa moxuoku Zde N 7 P
peryJIloBaHHA — X
Pde Z Z P

Ha puc. 5 nokazano 3D noBepxHIO BHXiJHOTO CHI-
Hay cIpoeKkToBaHoro HediTkoro I1J[-perymstopa mosio-
JKCeHHS Ha TUTOIIMHI 3MiHU BXiTHHUX JIHTBICTHYHHX 3MiH-
HUX X| Ta X, cripoekroBanoi FIS.

Puc. 5. Xapakrepuctrka BXi/Buxig Ugs(X1, X2) CIPOESKTOBAHOTO
HeuiTkoro [1/[-perymnsropa nojgoxeHHs

Hocaimxenns mo3uniitnoi EMC. OtpumMani peakirii
EMC i3 cnpoekroBannM HewitkuM [1/[-perymstopom mo-
JIOKEHHSI TIPM BIANpAIIOBAaHHI CHUTHATIB KEpyBaHHsS Ha

maie (@ = 15° Ta 0°), cepenne (¢, =35° Ta 0°) Ta Benuke
(¢rer= 60° T2 0°) nepemimenns I[TH nokasano Ha puc. 6.

Hoe

beo 1P Ed ® 2 2 ®

Puc. 6. Peaknii EMC i3 neuitkum I1/]-peryistopom HONOKEHHS

VY nopisusuHi 3 [I-perynstopom (puc. 2), Ipu BUKO-
pucranHi HeuiTkoro I1J[-perynsitopa mosoxeHHs nepepe-
TYJIIOBAaHHS 1 4acy peryJIrOBaHHs € MEHIINMHU.

AJle [OCSATHYTH TIOBHOI I1HBapiaHTHOCTI TIOKAa3HUKIB
JMHAMIKA Ta CTATUKH TTO3UIIIOHYBAHHS 10 3HAUCHHS CHTHA-
Jy KepyBaHH (10 BEIMYHHH TIEPEMIIIEHHs), TOOTO OTpUMa-
TH ONTUMAaIIbHI 3akoHu pyxy [TH st 6yap-sikux KyTiB mo-
3UI[IOHYBaHHS JIMILE 3MIHOK MapaMETPUYHUX Ta aJrOpHT-
MIYHHMX CTENeHiB cBOOOmM crpoekToBaHoi FIS Mamdani
(neuitkoro [1/I-peryssropa mooKeHHs ) — He BAAJIOCS.

Tomy, At OTpUMaHHsI ONTUMAaJIbHUX 3aKOHIB PyXY
npu nosunionysanHi [TH Ha Oynp-siki Kyt 6e3 mepepe-
TYJIIOBaHHS Ta PEXUMIB JOTATYBaHHS IPH MAaKCHMAaJIBHO
MOXJIMBIH IIBUIKOJIT 3aIIPOIIOHOBAHO BHKOPUCTOBYBAaTH
amarrrariro mofeni Hewitkoro [1/I-perynsaTtopa moirosxeH-
Hs JI0 3MIiHU CHUTHAIly KE€PYBaHHA @,.(f). Ajanrauito 3a-
NPONIOHOBAHO BHKOHYBATH LUISIXOM HOPMYBAHHS BHXiJ-
Horo curnaina Heuitkoro [1/I-perynstopa:

Ukts = kn(@rer) Upts =Ucgy » 4

ne U f’:lS — HOPMOBAHWH BUXiTHUH curHan Hewitkoro [1/1-

PEryJIsTOpa TOJIOXKEHHS], 10 € CUTHAIOM KEPyBaHHS PEry-
nsiropa mBuakocti U, nosuniiinoi EMC HanmanHS pyxy
ITH; k,(¢.) — 3a71€5KHICTH HOPMYIOUOTO KoedillieHTa.

Juis oTpuMaHHS HOPMYOYOi (DYHKITIOHAIBHOI 3ale-
KHOCTI  k,(¢,) Ha Simulink-moneni BHUKOHaHO cepiro
MaTeMaTHYHUX €KCHEePUMEHTIB. [y pi3HUX JOMyCTHMHX
CHMTHAJIIB 3aBIaHHA @, NoNoxeHHs [1H BusHaganocs 3Ha-
YeHHsI HOPMYI04oro KoedilieHra k,, Mpu sIKOMY OTPUMY-
BaBCs ONITUMAJIbHUI 3aKkoH pyxy ITH.

AmHani3 pe3ynbTaTiB JOCHIPKEHHS OKa3aB, LI0 11
3aJIEKHICTh € HECUMETPUYHOIO BiJHOCHO CEPEIHbOTO
KyTa MO3MIIOHYBaHHSA 35° 1 pI3HOIO0 y peXuMax IIiJHi-
MaHHs Ta onyckanHs ITH (uist ¢, = 35° k, = 1). Ilosichro-
€THCS 11€ aKTUBHUM XapaKTEpOM MOMEHTY HaBaHTa)KCHHS,
PEaKTHBHUM MOMEHTOM TEpTS, PI3HOIO Mi€I0 TOPCIOHIB
tomo. Li akTopu 1o pi3HOMY BILTUBAIOTHh HA MMOKA3HUKU
IUHAMIKH pyXy IpH MmigHIMaHHI Ta omyckanHi [TH.
OtpumaHi 3aNeXHOCTI k(@) IPY MiTHIMAHHS (+—-) Ta
omyckanHi (=) [TH noka3zano Ha puc. 7.
ky*

5

10 » 30 20 50 8 Dor, deg
Puc. 7. 3anexHoCTi HOPMYHOUOT0o KOehilieHTa Ky (¢,or) BUXiIHOTO

curnaiy FIS ms pyxy ITH Bropy (=—-) i BHH3 (=—=)
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BiaTBOPIOIOTHCS 11i 3aJI€KHOCTI B CTPYKTYPI TAKOTO
amanTUBHOTO HewiTkoro [I/[-perymsropa MONOKEHHS
(AHITAPII — anrn. AFPDPC) nBoma mITyYHUMH HEHPOH-
Humu Mepeskamu (ANN1 ta ANN2, puc. 8 ta puc. 1)
IpAMOIro NOMIMPEHHS CUTHATTy YU IHIIUMHA CTaTUYHHUMHU
HeNiHIHHUMA (QYHKITIOHATEHUMH TIEPETBOPIOBAYAMHU.

Ha puc. 8 HaBeneHo (QyHKIIOHAJIBHY CXEMy 3aIlpo-
nmoroBaHoro AFPDPC makeTy HanpsMHEX, JIe TIO3HAYEHO:
PS — 3agaBau monoxenns, FPDPC — HeuiTkuii mporop-
ifHO-Iu(epeHIiiHNA peryaTop moiloxkeHHs, Plant —
00’€KT KepyBaHHS.

g

Puc. 8. CtpykTypHa cXxema aganTHBHOTO HEYiTKOTO
[T I-perynaropa nonoxxenus EMC nasenenns [TH

[epemukaHHS MK BITKAMH BrOpY/BHH3 3aJISKHOCTI
xoedinienTa amantauii k(@) B ctpyktypi AHIIJIPIT
BHUKOHY€EThCA Y (DYHKIII 3MiHH IIBHAKOCTI (3HAKY MPUCKO-
pEHHs1), 10 peanizyeTbesi B mepemukadi Switch (puc. 8).
Ha Buxoami nepemmkaua Switch ¢opmyerscst moroune
3HAYEHHs HOpMYIO4oro koedimieHTa k,, sike mocrynae Ha
BXiJl esleMeHTa MHOXeHHs Prod, Ha Buxoxi sikoro ¢popmy-
€ThCSl CUTHAN 3a1aHHs mBUAKOCTI U, , 3rigHo (4).

Otpumana crpykrypHa monens AHIT/IPIT immieme-
HTOBaHa y cTpykTypy Simulink-mozeni nosuuiiinoi EMC
Hasenenns [1H (puc. 1).

Ha puc. 9 ta puc. 10 mokaszaHo oTpuMaHi Ha mii MO-
JIeTli 4acoBi 3aJIeKHOCTI KyTa HaBelIeHHS ¢(f) mpu Bil-
MPaIOBaHHI JBOX IMPOTpaM AWUCKPETHOI 3MiHM CHTHAITY
KEPYBaHHSA ¢,.(f) monoxkenus ITH (----. ) npu ¢dyHKLiO-
HyBanHI 3anpononoBanoro AHIT/IPIT (—) i, msa mopi-
BHSHHSI, nipornopiiiHoro PIT (- - -).

Puc. 9. Yacogi 3anexHocTi ¢(f) mpu nmo3unionysanHi [TH
Ha Kyt 60°, 25°, 50°, Ta 0° npu nponopuiiiHomy PIT (----)
i AHITJAPIT (=), (~.--) — CHrHaJ 3aJaHHS IT0JI0XKEHHS

o » P » i ® i o bS]

Puc. 10. Yacosi 3anexxHocTi ¢(f) npu no3unionysanHi [TH
Ha KyTH 25°, 60°, 45°, 25° i 0° mpu nponopuiiHomy PIT (----)
i AHITAPII (——), (----) — curHaN 3agaHHs MOJI0KEHHS

3a mepmioro mporpamoto ITH moueproBo BcTaHOB-
JIOBAaBCS HA KYTH ¢,r = 60°, 25°, 50° 1 0°, (puc. 10), a 3a
JPYTOI0 — @,..r = 25°, 60°, 45°, 25°1 0° (puc. 11). L1i yaco-
Bi 3ayie)XHOCTI ¢(f) mpouecy no3uuionyBanus [TH otpu-
MaHi IIpH iX 3aBaHTaXeHHI pakeTamu Ha 50 %.

3HavyeHHs NPUHHATOrO IMOKa3HWKa sKocTi (3) mpu
poGori IT-perysitopa monoskeHHst cknano 4,15 rpax’-c, a
npu AHITJIPII — 3,72 pan*c (puc. 9, mepuia nporpama) i
3,91 rpag’c Ta 3,69 rpag’-c BiAMOBIAHO st APYTOi Mpo-
rpamu (puc. 10). IlokpamaHHs MOKa3HHMKa SIKOCTI IpH
BukopuctanHi AHIIJIPIT cxmamo 10,4 % i 5,6 % mis
THepIIoi Ta APYroi NPOrpaMu 3MiHH ¢,.(f) BiNOBIAHO.

[NopiBHAMPHUI aHAI3 OTPHUMAaHUX YACOBUX 3aJIeXkK-
HOCTel ¢(f) ISl MUCKPETHOTO (OOMHUYIHOTO) XapaKTepy
3MIHH ,(f) TOKa3ye MNOKpAIIEHHs IOKa3HUKIB SKOCTI
JUHAMIKKH Tpd  (YHKIIOHYBaHHI  3allpOIIOHOBAHOTO
AHITAPII mpu nmo3umionysanHi ITH Ha pi3Hi KyTH HaBe-
JICHHS HE3aJeKHO BiA HampsMmy pyxy (miIHIMaHHA YU
OIyCKaHHsI) /10 TOYKH BCTAHOBJICHHS Y IIOpPIBHSHHI 3
BUKOPHCTaHHSIM KilacuuHoro [l-perynsitopa B KOHTYpi
nosoxkeHHa EMC naenenns ITH.

JUiss oTprMaHHS TOBHIIIOI OI[IHKU JUHAMIKA CHHTE-
3oBaHoi no3uniinoi EMC nananns pyxy I1H 3 AHITJIPII,
JOCTIKCHO TPOICCH HaBEACHHS ¢(f) TPU CHUHYCOIMHIN
3MiHI CHTHally 3a/laHHs TOJIOXKEHHSA @,.(f) (LUeH pexum
poOOTH HE € THUIOBHM Ui MexaHi3My HaBexeHHs [1H).
OTtpumaHi 3alexHOCTI ¢(¢) TokazaHo Ha puc. 11.

- T T T T T =

Puc. 11. YacoBi 3a5exxHOCTI ¢(f) BiAnpamntoBaHHs CHHYCOITHOTO
CHTHAJTy 33JIaHHA @,o(f) (-—-—- ) mpu npomnopuiitnomy PIT (----)
i AHITJPIT (—)

OCHOBHUMH 30ypEHHSI, 1[0 BIUTUBAIOTh HA TUHAMIKY
pyxy IIH B 3anpononoBaniii nosuniitniit EMC nHaBenen-
HS, € MOMEHT CTaTHYHOIO HABAaHTAXEHHS Ta MOMEHT
iHepii Mexani3my HaBezneHHs ITH, siki 3MiHIOIOTBCS IpH
pi3HOMY X 3aBaHTa)XCHi paKeTaMU.

Ha puc. 12 moka3zaHo oTpuMaHi Ha MOZETI MPOIECH
o(f) mpu mo3umionyBanHi [IH nHa xyt 35° 3 HacTymHHM
BCTAHOBIIEHHS y mnouarkoBe mnoioxeHHa 0° mpu 50 %
3aBaHTaXeHH] (puc. 12,a) 1 mpu NOBHOMY 3aBaHTa)KEHHI
(puc. 12,6) npu ¢ynkuionyBanHi nponopuiiinoro PIT ta
3arponionoBanoro AHITJIPII, siki imocTpytoTh nmapamer-
puuny uytiuBicte EMC naBenenns [TH 3 unmu PII.

AHaii3 OTpUMaHHX TPOLECIB MO3ULIOHYBaHHS ¢(f)
nokaszye Hmwx4y uyrmmmsicte EMC 3 AHIIJIPIT y nopis-
HSHHI 3 KJIIACHYHUM Tponopuiinum PIT.

BucHoBku.

1. OOTpyHTOBaHO IOIUTBHICTh BUKOPHCTAHHS HEYIT-
KHX MOJENEH KepyBaHHS Ul ITOKPAIICHHS IOKA3HUKIB
JTUHAMIKH Ta CTaTHKH Iporiecy HaBeaeHHs 11H.

2. Po3po0ieHo CTpyKTypy Ta BUKOHAHO NMPOEKTYBAHHS
HEYITKOro mpomnopiiiitHo-gudepentiinoro PII 3 aganra-
LI€I0 10 CUTHAITY 33/IaHHS TIOJIOKEHHSI.
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Puc. 12. Yacosi 3anexxHocTi ¢(f) npu no3unionysanHi [TH Ha
KyT 35° Ta 0° npu nponopuiiHomy PIT (----) Ta AHITJIPII
( ) 1 50 % (a) Ta 100 % (6) 3aBanTaxkenns 11H,
(~---) — curHaJ 3aJIaHHsI TOJIOKCHHS

3. CTBOpPEHO CTPYKTYPHY MOZETH PO3pOOIeHOI MOo3H-
uifinoi EMC naBenenns 030poentss BM-21 i BukonaHo 1i
peanizaiito y foaarky Simulink mporpamu Matlab.

4. BUKOHaHO KOMIT FOTE€PHI JIOCHI/PKEHHS! MOKa3HUKIB
nuHamiku pyxy ITH mpu BcTaHOBiIeHI 030po€HHS Ha pi3HI
KyTH HaBEJIEHHS, PI3HOMY XapaKTepi ¢,.(f) Ta NpH pisHUX
3aBaHTAKEHHSX [1AKeTa HAPSIMHHUX.

5. Otpumani pe3yabTaTH KOMI IOTEPHHX JIOCIIHKEHb
NIOKA3aJId, [0 NP BHKOPHCTAHHI CIIPOESKTOBAHOTO ajall-
TUBHOTO HewiTkoro I1J/[-perymsTopa MONOXEHHS pealli-
3YIOTBCSI ONTHMAJbHI 0€3 MepeperyIroBaHHs Ta PEKIMIB
JOTATYBaHHA 1 3 MAaKCHMAaJbHOI IIBHUIKOMIEI 3aKOHH
pyXy IakeTiB HANPSIMHHUX HA [MOBHOMY [iana3oHi 3MiHU
KYTiB HaBeJICHHSI 1 IPH Pi3HKX 3aBaHTaxeHHsX [TH.

6.Ilpu BUKOpHUCTaHHI pPO3POOJIEHHX CHCTEMOTEX-
HIYHHMX pIlIEHb Ul KOHTYPY PEryJIIOBaHHS IOJIOKEHHS
EMC HaBenenns 030poenHst BM-21 nocsiraerbesi BUCO-
KW piBEHb POOACTHOCTI MOKA3HUKIB JUHAMIKA 10 3MiHU
MOMEHTY CTaTHYHOTO HaBAaHTA)XEHHS Ta MOMEHTY iHepuii
MeXaHi3My HaBeICHHS MaKeTa HalPSMHUX.

Konduikr inTepeciB. ABTOpH 3asMBISIIOTH TIPO
BIJICYTHICTh KOH(QIIIKTY iHTEpECIB.
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Electromechanical guidance system based on a fuzzy
proportional-plus-differential position controller.

Purpose. The purpose is to develop solutions for the implemen-
tation of optimal laws of arms positioning, overshoot-free and
requiring no post-adjustments. Method. The control model is
based on the fuzzy set theory, and the structural modeling meth-
odology is used to study the dynamics indices. Results. The
structural scheme of the positional electromechanical system
with a fuzzy proportional-plus-differential position controller
and the method of control adaptation to the position reference
signal change are obtained. Scientific novelty. A model of a
fuzzy proportional-differential controller signal adaptation in
the structure of a positional electromechanical system is pro-
posed. Practical value. A solution is obtained for the implemen-
tation of optimal guidance process, non-overshooting and re-
quiring no post-adjustments, also featuring the maximum weap-
ons speed and minimal sensitivity to parametric disturbances.
References 20, tables 1, figures 12.

Key words: fuzzy controller, positioning, adaptation, over-
shoot, speed.
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AHAJII3 BIIVIUBY IHAYKTUBHOCTI HABAHTA’KEHHA HA CHPUYUHEHI
«MEPTBUM YACOM» HEJITHIMHI CIIOTBOPEHHSA HNIJACHUJIIOBAYA KJIACY D

B pobomi Odocnidoceno enaug indyxmuenocmi nasanmasicents niocuniogaya kiacy D na 3mnauenns xoeghiyienmy eapmoHiuHux
cnomeopens (KI'C) na 6uxo0i 014 pi3Hux 3Ha4eHb mMpuaiocmi «Mepmeozo 4acyy abo SUMKHEHO20 CIAHY 6UXIOHUX MPAH3UCMO-
pie. Oyinena adexgamHicmy iCHYIOUUX MameMamuyHux mooeneti 01 pospaxyuky KI'C na euxo0i niocuniosaua 8 3anexcnocmi 6io
mpuganocmi «mepmeozo uacyy. Hageoeno pezynomamu xomn 'tomepno2o mooenoganus niocunioeada xracy D ma docaiodceno
snauennss KI'C na 6uxo0i 6 3anedqcnocmi 6i0 pisHux HOMinanie indykmugHocmi uxiono2o opocens. Bukonano nopisusanns meope-
MUYHO OOYUCTEHUX 3HAYEHb 3 Pe3YAbMAMAaMil KOMN I0MepHo20 MoOentoeants. B pesynemami 0ocniodcentss 6cmanosneto, wo
KI'C, cnpuuunenuil HAsA8HICMIO «(MEPMBO20 HACY» 3ANeHCUMb 8I0 IHOYKMUSHOCMI Haganmasicenus. Ompumanuil y pe3yiomami
mooenweanns KI'C cnienadae 3 po3paxosanum 3a popmyno0 miibKu Ons NEGHUX 3HAYEHb [HOYKMUSHOCHI HABAHMAdCEHHA. B
modeni suxopucmano GaN mpansucmopu, wo 00380aUN0 O0CAIOUMU poOOMY NIOCUNI08AYA Y WUPOKOMY O0iand30Hi yacmom ne-
pemuxanns. bion. 10, Tabm. 2, puc. 8.

Knrouosi cnosa: GaN TpaH3ucTopH, miacuiaoBayi kiaacy D, HesiHiliHi cOTBOpeHHs, «MepTBHUI Yacy, kKoedilieHT rapMoHiy-
HHUX CMIOTBOPEHb.

B pabome uccnedosano enuanue uHOyKmMugHOCMU Ha2py3Ku ycunumens kiacca D na 3mnauenue xodgguyuenma eapmonuyeckux
uckaxcenuit (KI'M) na evixooe 015 pasnuyHblx 3HAYEHUI NPOOOACUMENLHOCHIU «MEPMBO20 BPEMEHU» UNU BbIKTIOYEHHO20 COCMOs-
HUSL 8bIXOOHBIX mMpan3ucmopos. Oyenena adekeamuocnms Cyuecmgyouux mamemamuyeckux mooeneii ons pacuema KI'H na evixooe
YCUnUmens 6 3a8UCUMOCIU O HPOOOIIHCUMENLHOCIU «MePME020 epemenuy. TIpusedensl pe3yibmanmbl KOMHbIOMEPHO20 MOOENUPO-
sanus ycunumena knacca D u uccredosanst snavenue KI'H na 6vixode 6 3a8ucumocmu om pasnuiHulX HOMUHAL08 UHOYKIMUSHOCIU
opoccens. Bvinonneno cpasnenue meopemudecky 6bI4UCTIEHHBIX 3HAYEHULl C Pe3YIbMamamit. KOMHbIOMEPHO20 MOOenuposanus. B
pe3ynbmame ucciedosanus ycmanogieno, umo KI'M, @vl36annvlii nanuuuem «mMepmeozo epemeHu» 3aucum om uHOYKMueHOCHuU
nazpysku. Ionyuennwiii 6 pezynomame mooenupoganus KI'M cognadaem c paccuumantvim no gopmyine moavko 015 onpeoeneHHblX
3HaueHull UHOYKMmusHocmuy Hazpysku. B moodenu ucnonvszosanvt GaN mpan3ucmopsl, 4mo no301uio ucciedosams pabomy ycuiume-
JIA 8 WUPOKOM ouanazone yacmom nepexniovenus. buoin. 10, Tabm. 2, puc. 8.

Knrouesvie cnosa: GaN TpaH3HCTOPBI, yCHIUTEH Kiaacca D, HelnHeliHbIe HCKAKeHHsA, MEPTBOe BpeMs, K03 duuueHT rap-

MOHHYECKHX HCKAKEHHIA.

Beryn. Ilincumosaui xiracy D mmpoko BUKOPHCTO-
BYIOTBCSI B €JIEKTPOIPHBOJI, ayaioanaparypi Ta B iHIIUX
chepax, e MOTPIOHO MIICHINTH BXIJHUNA CUTHAT 3 MaK-
cumanbHuM KK/l Ta MiHIMaJIBHEMHU CIIOTBOPEHHSIMH.
KirouoBuii pesxxum pobotu 3abesneuye KK Teopetudno
10 100 %, a cami mixcuimoBaya xiacy D MaloTh HeBelHKi
rabapuTu Ta Macy y NOPIiBHSIHHI 3 JIIHIHHUMH ITiICHITIOBa-
gamu. HeromikoM KITF0OYOBOTO PEKUMY € eIeKTPOMAarHiT-
Hi 3aBanu. J{ns migcwmroBadiB knmacy D, sk 1 anms iHImx
TUTIB MiICHIIOBadiB, MPUTaMaHHI TaKOX HEJiHiiHI cIo-
TBOPEHHSI MiACHIIOBAaHOTO CUTHATY. OIHUM 3 Pi3HOBHUIB
HEJHIHHUX CIIOTBOPEHBb € CIIOTBOPEHHS CIPHYWHEHI Tak
3BaHUM «MEPTBHUM YacOM» — YaCOBUM IHTEPBaJIOM, BIIPO-
JIOBX SIKOTO BHXIJIHI TPAaH3HCTOPHU MAlOTh OYTH BHMKHE-
HUMHU JUIsl YHUKHEHHsI HAacKpi3HMX cTpyMiB. HemniniiiHi
CIIOTBOPEHHSI BUXIJHOTO CHTHAJY BHACHIJOK «MEPTBOTO
Yacy» 4acTO irHOPYIOTh, BHACJi/IOK iX HMOpPIBHSHO HEBe-
JUKUX 3HadeHb. OjHAK NpW MiACHIIOBaHHI 3BYKOBOTO
CUTHAITy TaKi CHOTBOpPEHHs 10Ope MOMITHI Ha CIyX i CyT-
TEBO 3HWXKYIOTh SKICTh CHPUHAHATTA (oHOTpaM. Takox
HeOaXkaHi CIIOTBOPEHHS BHXIIHOI HANIPYTH IUISI TIEPETBO-
pIOBadiB, SKi MPAIIOIOTh y CKJIAl €HeprocucTeM (power
grid).

JlocikeHHST BIUIUBY «MEpPTBOTO Yacy» Ha PiBEHb
HEJIHIHHUX CIIOTBOPEHBb HA BUXOI MiCHIIOBaYa Kiacy D
JIOCTaTHHO OIKCaHI B JiTeparypi. AHali3 CIHOTBOPEHb,
CIIPUYMHEHUX «MEPTBUM 4acOM», OMKCcaHo B [1], ne mpo-
aHaJi30BaHO BiAMIHHOCTI MK (opmMaMu BXigHOTO Ta
BHXIIHOTO CHTHAJIB JJIs PI3HUX THUIIIB MOIyJsimii. B pe-
3yJIbTaTi OTPUMaHI pPO3pPaxyHKOBI CIEKTPH CHIHAIy Ha

BUXOZI JUIs 3alaHUX 3HaU€Hb «MEPTBOTO dacy». B craTti
[2] Buximumit curHan mpeacraBieHo sk Bximaui 11IM
CUTHaJ 3 JOAABaHHSM IHTEPBAIIB «MEPTBOTO 4Yacy», Ha-
BEJICHI aHANITH4HI BHpa3su s OOYMCIICHHS 3HAa4YeHb
TapMOHIK BHXIIHOTO CUTHAIY.

B po6ori [3] po3risiHyTO MeXaHi3MU CTBOPEHHS He-
JMHIAHAX CIIOTBOPEHb, CIPUYMHCHHUX «MEPTBUM YaCOM)»
JUIS TIepeTBOpIOBadYa Hampyru. [IpoaHani3oBaHO BILIHB
Mapa3suTHUX BHUXITHUX €MHOCTEH TPaH3HUCTOPIB Ta ITyJIb-
cariif cTpyMy BUXITHOTO Ipoceis Ha piBeHb CIIOTBOPEHb,
3aIPONOHOBAHO croci0 iX kommeHcamii. OnHaKk He HaBe-
JICHO BiATIOBIAHOT METOIHKH I PO3PaXyHKy KoedilieH-
Ta rapmoHiitHux cnorBopenb (KI'C). ExcriepumenTanbhe
JociipKeHHs: (akTopiB, ski BmiuBaroTh Ha KI'C migcu-
moBava kiaacy D wa GaN/SiC TpaH3uCTOpax BUKOHAHO B
[4]. BcranoBneno 3pocranns KI'C 3 poctom «MepTBOro
qacy» JUIsl akTUBHOTO HaBaHTakeHHs. B po0OoTi [5] Buko-
HaHO nociimkenHs 3anexkHocti KI'C Bin cTpyMy HaBaH-
Ta)XCHHS IS Pi3HUX 3HAYCHb «MEPTBOTO Yacy», MOKa3a-
HO, 110 OCHOBHUH BHECOK JAIOTh HEMAapHi TApMOHIKH.

TpyHTOBHI JOC/IKEHHS BILIMBY TPUBAJIOCTI «MEPTBO-
ro yacy» Ha KI'C Bukonano Yepui (Chierchie) ta in. y [6-8].
Hageneno TeopeTiyHi po3paxyHKH, BUKOHAHO KOMIT IOTEPHE
MOJICTIFOBAHHS Ta €KCIEPHMEHTANBHI JOCIIIKeHHS 3aJIekK-
Hocti KI'C Bij 3HaUCHHST «MEPTBOTO Yacy», HaJIaHO IpakK-
THUYHI peKOMEHAIIT 10 BUOOPY HOro TPUBAJIOCTI.

OpHak y HaBeIEeHUX BUIIE POOOTaX BIUIUB BEIHYH-
HU 1HAYKTUBHOCTI HaBaHTaxkeHHS Ha K['C He OLiHIOETH-
s, X04a CTPYM 4Yepe3 BUXITHUH IPOCEINh PO3TIISAAETHCS B
SIKOCTI OJTHOTO 3 YHHHUKIB HENiIHIHHUX CIIOTBOPCHB.
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TakuM 9YUHOM € AOUIIBHUM AOCTIANTH 3aJIeKHICTH MPO-
teciB (OpMyBaHHSI HENIHIHHUX CIOTBOPEHb Ha BHXOjI
HiICHITIOBayYa BIPOJIOBXK IHTEPBAIY «MEPTBOTO Yacy» Bill
IHAYKTHBHOCTI HABaHTKEHHS.

MeTo10 po6oTH € aHali3 BIUIUBY iHIYKTUBHOCTI Ha-
BaHTaXeHHs mijgcwioBadya kimacy D wa KI'C, cipuunne-
HUX HasBHICTIO «MEPTBOT'O Hacy» Ta OLiHKa aJIeKBaTHOCTI
ICHYyIOUMX MaTeMaTH4HUX Mozeneil st po3paxyHky KI'C
Ha BUXOJI MiACHIIOBaYa JJS Pi3HUX 3HAYCHb TPUBAJIOCTI
«MEpTBOTO Yacy».

Jlns mocsATHEHHS TOCTAaBIIeHOT MeTH OYII0 HEOOXiTHO
BUPIIIUTH TaKi 3aBIAHHS:

® IIpOaHaNI3yBaTH 3a JOTIOMOTOI0 KOMII IOTEpPHOI MO-
neni 3Havenns: KI'C Ha Buxoni miacumoBaua kiacy D B
3aJICKHOCTI BiJl Pi3HUX HOMIHAJIB IHAYKTUBHOCTI Jpoce-
JIA AJIA aKTl/IBHO-iH[lyKTI/IBHOFO HaBaHTaXXCHHA

e nopiBHATH o0uncnennii reoperrnano KI'C 3 pesyis-
TaTaM¥ KOMIT FOTEPHOTO MOJICITIOBaHHS;

® JaTW TOSICHEHHS OTPUMAaHUM pe3yJibTaTaM Ta BH-
3HAYUTHA HEOOXiMHICTh Ta MOAATBINI MUIAXH HPOBEICHHS
IOCITIIKEHB.

Onuc xomMm’0TepHoi Moaei. J{ocmiKeHHS BILIH-
BY «MepTBoro yacy» Ha KI'C BUKOHaHO 3 BUKOPUCTAHHIM
KOMIT'IOTEPHOI MOJEN TJIaTH HaIlliBMOCTOBOTO IMEPETBO-
proBaua EPC9035 Bin xommnanii Efficient Power Conver-
sion. Lls mmara micrute GaN Ttpansucropu EPC2022
eGaN®, BiaNOBiIHMI ApaliBep YNpaBIiHHS Ta iHII He-
00xinHi U1 podoTu enemeHTH. Bukopucranns GaN tpa-
H3UCTOPIB JIO3BOJIWIIO JIOCHIJUTH POOOTY Y IIUPOKOMY
Jiara3oHi 4yacTo NMepeMHUKaHHS, SIK JJISl KEPYBaHHS €JIEKT-
POIBHUTYHOM, TaK i IUISl IMiJICHJICHHS 3BYKOBOTO CHTHANY.
OcnoBHi mapamerpu L[IIM curHamy mnpu MOJAETIOBaHHI
BKa3aHO B Tab. 1.

Tabmuus 1
IMapamerpu IIIM curnairy
YacToTu nepeMUKaHHs 1 xI'm, 2 kI, 100 kI, 400 k'
YacToTu cursaity 50T
I'mubuna Moaymsmii 0,6

Jnsi KOMIT'IOTEpHOTO0 MOZENIOBAHHS BUKOPHCTAHO
MOM(IKOBaHy MOJIENb HAMliBMOCTOBOTO IEPETBOpPIOBAaYA
Ha GaN TpaH3ucropax, ska onucaHa y po6oti [9]. Ocob-
JIUBICTIO JTaHOi MOJENI € Te, M0 MIKpOCXeMy JpaiiBepa
BUXiZHUX TpaH3ucTopiB LM5113 3amiHeHO Ha BipTyasbHi
kiroui S1, S2 Ta Jpkepena Hanpyru KepyBaHHsS TpaH3UC-
Topamu V4, V5. Icnytoua monens mikpocxemn LMS5113
He 3a0e3nedye TOYHE BIATBOPEHHS MPOLECIB y yaci, sK
ommcaHo B [10], kpiM TOTO BUKOPUCTAHHS KIFOYIB i JKe-
pel HamlpyTH CIPOILY€e MOJIENb Ta 3MEHIIYE Jac CUMYJIS-
ii. B 3ampomnoHoBaHii MOJEIN HKEPENo JKUBICHHS TIpe-
CTaBJICHO ABOIMOJIIPHUM AJSI CUMETPHUYHOTO MiACHIICHHS
CHUHYCOIJAJIBHOTO CUTHAILY.

Komn’rorepry mozens miacmmobaya Ha GaN Tpas-
3ucTOpax HaBeneHo Ha puc. 1. Enement Ul € mupoTHO-
IMITYJIbCHUM MOJYJISITOPOM 3 BOYIOBaHHM T'€HEpaTopoM
nitkornoioHoi Hampyru. Jloriuni enementn U2 i U3 e
BXimHUMH Oydepamu. Enement U2 Takox iHBEpTye BXif-
Huii curnai. Jloriuni enementu U4 1 U5 e Oydepamu kin
¢dopmyBanHs «mepTBOro dacy». RC-xkomo R1, Cl i mion
D1 ¢opmyroTs gac 3aTpUMKN BMUKAHHS («MEPTBHHA dacy)
tparsuctopa Q1, RC-xomo R2, C2 i giog D2 dopmyroTs
gac 3aTpUMKH BMHUKaHHS TpaHzuctopa Q2. Ha BHCOkHX
4acToTax MmepeTBopeHHs RC-Kolla € €IWHUM CIoCOO0M
(hopMyBaHHS «MEPTBOTO Hacy», KOTU HOTO TPHUBAJICThH
CKJIaZiae NECATKH HaHOCeKyHJ 1 MeHme. [Ipu mocratHbo
HHU3bKHMX 4aCTOTax MEpEeTBOPEHHs (popMyBaHHS MEPTBOTO
4acy MOXJIMBO LU(ppOBUMH MeToamu [3].

u2 R9 R11
= va MM
= 10mQ 30mQ
NC7SZ00_5V c1 - — 46V c3 L3
SMMSD301T1G T~ 68nF ‘K s1 o ——10pF 100nH
u3 D1 U4 — L
1¢ @ _EPC2022
o V2
NC7SZ08_5V NC7SZ08_5V R3 e
R1 R10 —6v
10mQ
2kQ ? L1 §40mg
U1 g g p WS
Vs 22mH v
SMMSD301T1G us [ =X —6V
D2 ; 4\ — 4.6V "
¢ NC7SZos_sv 1 " |52 Q2 380 §L2 L4
v3 R2 (ChEPC2022 1 10nH 100nH
9.6vpk M R4 1 R12
i 2k c2 10mQ
0 = 68nF ? R7 30mQ
5mQ

|||—

Puc. 1. KoMn’1oTepHa MozieNnb HalliBMOCTOBOTO IIEPETBOPIOBAYa IS OL[IHKU BIUIUBY TPHBAJIOCTI «MepTBoro dacy» Ha KI'C

Kiroui S1, S2, Bukopuctano i GopMyBaHHS Ke-
pyrouux Hanpyr Tpausuctopis Q1, Q2. IIpu 3amukaHHi
kaoua S1 Hampyra Jokepena V4 TpUKIANAEThCS MK
BUTOKOM 1 3aTtBopoM Tpanzuctopa Ql. Crtpym 3apsany
BXi/tHOi eMHOCTI TpaH3zucropa Q1 oOMexyeTbcs BHYTpi-
mHiM oropoM Kiroya S1. ITiciast po3MHKaHHS IBOTO KITIO-

4a po3psi/l BXiHOT EMHOCTI BiIOYBAEThCS Yepe3 PE3UCTOP
R3. Ananoriuni npouecu BinOyBalOThCs 1 IPH KEPYBAHHS
Tpanzucropom Q2. HaBaHTaXeHHSAM MiJCHIIOBAYA € JPO-
cenb L1 i pesucrop R8. KommnoneHTr ans MonenroBaHHS
BTpaT Ha JApyKoBaHii mrati me pesucropu R1, R10.
Po3p’si3yBanbHuil koHAeHcarop C3 mojgaHo Ha cxeMi
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3 Mapa3uTHUMH Hapamerpamu: apoceneM L2 (iHZyKTUB-
HICTh BHMBOJIB), Ta pesucropoM R10 (BHyTpiwHii omip).
[apa3utHi napameTpu APOTIB KUBJIEHHS II0JIaHO Jpoce-
msmu L3, L4 i pesucropamu R11, R12. Jxepeno >xus-
neHHs 12 B g npuckopeHHS Hpolecy MOJIENIOBAHHS
po3nineno HaBmil. Todka 3’€qHAHHS JHKEPEN ITiIKITF0YeHA
JI0 «3eMJTi», IO A0 MOMJIUBICTH BiTMOBHUTHCH Bij BHU-
KOPHCTaHHS Y CXEMi KOHJCHCATOPHOTO MUTbHHKA, SKUM
HEOOXiTHUI MpH poOOTi HAIIIBMOCTOBOTO IIEPETBOPIOBaYa
TIPH KUBJICHHI BiJl OJHOTIOISIPHOTO JKEpea.

Onuc npodaemu. Ha puc. 2 mpoinrocTpoBaHO TIpo-
1IeC CTBOPEHHS HEIHIMHMX CIIOTBOPEHb BHACIINOK BBE-
JIeHHa «MepTBoro yacy». Bximai IHIM immynscu U, (f)
NO3HAYEHO JIIHIEI0 3 TPUKYTHUKAMH, IMITyJIbCH HA BUXOJI
nincumoBaua Uy(f) — cylinbHOIO JIiHIEI0, BUXIIHUA CTPYM
1y(t) — MyHKTHUPHOIO, «MEPTBUI yac» — 3aTpUXOBaHo. Sk
BHJHO 3 PHUC. 2, TPUBAJICTh BXIHUX 1 BUXITHUX iMITyJIb-
CiB HE CIIIBIIAJa€, KOJM 3HAK BUXIIHOTO CTPyMy € He-
3MiHHUH. Y [bOMY BHUNAJIKy Ha BUXOJHI IiJICHIIIOBaYa
BHHUKAIOTh HEINIHIIHI CIIOTBOPEHHS CHUTHANY, IO Mi/ICH-
JOETHhCSA, PUIOMY HE 3alIe)KHO Bix cmocoOy peaizarii
LIIM. IIpuuuHOIO € Te, MO Ha MPOTA3i 000X IHTEpBaTiB
«MEpTBOT0 4acy» MPAIIO€ 10/ TUIbKK OAHOTO 3 TPaH3HUC-
TOpIB 1 3a0e3Meuye MPOTIKAHHS CTPyMy 4epe3 Opocelib Y
IHTEpBaJ «MEPTBOTO Yacy», 3aTATyIOUM 3MIiHY 3HaKy
CUTHAJIy Ha BHXO[i, KOJU BXiIHHIA CHUTHAJ BXXE 3MIHUB
3HaK.

10 ‘ Up®  Uo® L) ‘
o
S-A-E s—p A
A Iy
0 A A
5
No error
10
40m 41m Time (s) 42m 43m

Puc. 2. Imoctparist mporiecy CTBOPSHHS HEMiHIHHAX
CIIOTBOPEHH B HACIIIIOK BBEICHHS «MEPTBOTO 4acy»

SIKIIo 3HAaK BHXIJHOTO CTPYMY 3MIHIOETBCS BIIPO-
JIOBX TPUBAJIOCTI IMITyJIbCY, TO CTPYM 4epe3 JApoceib B
pi3HI IHTEpBAJIM «MEPTBOTO Yacy» IPOTIKae 4epe3 Iioau
pi3HUX TpaH3UCTOpiB. TpPUBAIICTD BXIJHHX 1 BUXIJHHX
IMITyJIBCIB CITiBIIAJIA€, i CIIOTBOPEHHS HE BUHUKAIOTh. Llei
iHTEepBaJ TMO3HaueHo Ha puc. 2 sk «No error». Takum
YUHOM, TIPU NIeBHUX 3HAYCHHSIX 1HIYKTHBHOCTI HAa BUXOZ1
MICUIIOBAYa Ta TJIHOWHU MOMIYJALII 3aTpUMKa 3MiHH
3HAKy BHUXITHOI HAIPYTH 3HUKAE, a OTXKE 1 3arajbHE 3Ha-
yeaHa KI'C 3meHmyerscs. ToMy IOIIIBHO TOCTIAUTH
BIUIMB 1HAYKTUBHOCTI IpOCENs Ha BHXOII MiACHIIOBa4a
Ha KI'C, BpaxoBylouu Te, 110 IHAYKTHBHICTh HaBaHTa-
JKEHH:I, 30KpeMa 3BYKOBHX MiJIcHiItoBaviB kinacy D, moxe
MaTy IUPOKUii Jiara3oH 3Ha4YeHb.

Onuc MaTteMaTHYHOI MOJeJIi CIIEKTPY BHXiTHOTO
CUTHANY AJds po3paxyHky 3anaexxknocTi KI'C Big Tpu-
BaJIOCTI «<MepTBOro 4acy». B poGoti [6] aBTopu 3anpo-
noHyBanu mMero] pospaxyHky KI'C, po3ninmmBimm mupoT-
HO-MOIyJThOBAaHWI CHTHAJl HAa BHUXOJi MiJCHIIOBada Ha
TPU CKJIAJOBi: CHMETPUYHUHA TNPSIMOKYTHHH CHTHAI 3
koegimieaTom 3amoBHEeHHS 0,5p(f); TOCTIIOBHICTE iMITY-

JbCIB, TPHUBAJICTh SIKHX 3aJIEKUTh BiJ] MOAYIIOIYOTO
CUTHaNy, py(f) Ta CUTHAIy TOXHOKH e(f), CIPUIMHEHOI
«MEpTBUM 4acom». BuxXisHy Hampyry mijcuioBada 00-
YHCIICHO 3a (GOPMYJIOr0, HaBeICHO B [6]:
Vo(6) = pe(t) + py(t) —elt) (1)
BinmoBimHO, CIIEKTp BUXITHOTO CHTHAIY € CYMOIO
CIIEKTPiB CkIanoBuUX. [IOBHUH CHEKTp Ha BUXOJI MiACH-
JOBava Ta aMIUTITyId OKpeMHX rapMoHik C, po3paxoBa-
HO 32 HACTyMHUMHU Qopmyiiamu [6]:

Vo,p(f)=Fe p(f)+Fs p (f) = Ep(f), 2

Jc
o (TN (T sin(zMTf)
e e
M-1 B | .
P, (f)= ZL e jark T IERTE0T ) (g
i /7
E, ()= Z e /2 (kT) _ Z o2 (kT+7)
0 = )
2
« oA SIUA) s
A
T :Z[l+£c0t(0 )+LCSCH (—2M +
k T 3 A
2 T 2mm 6)
+ \/4M2 + 6m§7r2 - 2m7r[4M cos 8, + mmcos(26; ])];
Qk = 271'(k+0,5)/M ; (7)
1
CHZWVo,p(fﬂf:La ®)
MT

ne M = f./f; — xoedillieHT BiTHONICHHS YaCTOTH IEPEMHU-
KaHHA f, 710 4yacToTu curHany f;, T = 1/f. — nepiox nepe-
MUKaHHSI, A — TPUBAIICTh «MEPTBOTO Yacy» BiIHOCHO
nepioxy 7, m — rimuOuHa MoIyIALii, kK — HOMEp IHTepBay
TepeMUKaHHS.

KT'C, sxuii BUKOPHCTOBYBaBCS IJIsi TOPIBHSHHS 3
pe3yiapTaTaMi KOMIT IOTEPHOTO MOJICITIOBAHHS, PO3Paxo-
BaHo 32 (hopmyIioro B %, HaBEACHOI Hixkue [6]:

6
THD = ig
el
ne C| — aMIUTiTyJa epIoi TapMOHIKN CUTHATY.

OuinoBaHHSl BIJIMBY IHIYKTHBHOCTI HAaBaHTa-
skeHHsA Ha 3HadeHHaA KI'C, cnpuymHeHHUX «MepTBHM
gyacom». O0uncienns KI'C Ha BUXOi MiJcHIIOBaYa BU-
KOHaHO 3a (hopMyJ10t0

\/Azz +A32 +Af +...+A;§
THD = s
4
ne Ay, As, ... A — TAPMOHIKH BUXIJHOTO CUTHAIY.

Juist o6uncnennss KI'C B3sTO 7 mepIux rapMOHIK, 3a
aHaoriero 3 popmyior (9).

Komn’rotepHa MoJielb, M0 HaBeJeHa Ha puc. 1, mic-
TUTh MHAPOTHO-IMITYIbCHUH Moxyssitop Ul, sxuit 30i1b-
IIy€e HENiHIHI CIOTBOPEHHS BUXIAHOTO cHTHamy. Jlms
TOTO, MO0 OLIHUTH BHECOK HENIHIHHUX CHOTBOPEHH MO-
IyasTopa y 3arajbHUi piBeHb, po3paxoBaHo KI'C Ha
HOro BUXOi I KOXKHOT 3 pOOOYHX Y4aCTOT ITiACHITIOBaYA.

[ ©)
n=2

(10)
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PesynbraTi po3paxyHKiB HaBeAEHO B Ta0I. 2.

Tabnurs 2
KI'C na Buxoxi exementa PWM mist pisHux gactot
NIePETBOPEHHS

[Tapamerpu KI'C, %

fe=1kln1 0,033

fe=2kl1 0,05
f.=100 kI'y 0,012
[ =400 k' 0,01

Sx BunHO 3 Tabn. 2 3HaveHHs KI'C mis pisHEX 9ac-
TOT MEPETBOPEHHS 3MiHIOIOThCS Yy aianazoni 0,01-0,05 %
i OynyTh BpaxoBaHi IpU IOAANBIIOMY IOPIBHSHHI pe-
3ynbraTiB. BapTo 3ayBaxuth, mo ocobmusicTio 1M
enementa Ul e 3menmenns KI'C Ha BUCOKHX YacTOTax
MEPETBOPCHHS.
Ha puc. 3 nHaBeneno pesynsrat obumcienus KI'C
Ha BUXOJI HiJACHIIIOBAaYa B 3aJ€)KHOCTI Bij 3HAYEHHS 1H-
JQYKTHBHOCTI BHUXIJHOTO Ipoceins. MoJemoBaHHS BHKO-
HaHO Ui yactoTh curHainy 50 ' i yacToT mepeTBOpeHHs
1 xI'm, 2 k[, 100 k[ ta 400 x['11. TpuBamicTs «MepTBO-
ro Jacy» mix gac MojaemoBaHHs ckianana 10 %. 3naden-
Hs1 IHJyKTUBHOCTI 3MiHIOBaUCs B Aiana3oHi Bix 47 Mx['H
1o 22 mI'H. 3HaueHHS PE3UCTOpa HABAHTAXKEHHSI 3aUIIIa-
JIOCh HE3MIHHAM — 8 OM.
20

10 | ** =1 kHz
5|+ £=2 kHz

2
1
0,5

THD, %

0,2
0,1
0,05

0,02
0,02 00501 02 05 1
L,mH
Puc. 3. 3anexnicts KI'C Bix 3HaYCHHS iHAYKTUBHOCTI
BHX1THOTO IPOCEIISt

2 345710 2030 50

Sk BuAHO 3 puc. 3, 31 30UIBIICHHAM 1HJIYKTHBHOCTI
HaBaHTaxeHHs 3poctae KI'C. Ilpu mMakcumanpHOMY 3Ha-
4yeHHI iHAyKTHBHOCTI 22 MI'H cnocrepiraeTbcsi Makcuma-
neHuE KI'C stk 1y wactotn neperBopenHs 1 kI, Tak i
1t yactoty 2 kI 'm. Xoya 3aiexHicTsb 11 9acToTh 2 Kl I
Mae OiJIbII MOJIOTHH XapakTep.

CX0Xi 3aleXHOCTI CITOCTEPIraroThCs 1 MPH IMiACH-
JeHHI 3BYKOBOTO CHTHAJTy, 3 YacTOTaMH IEpPETBOPCHHS
100 xI'r i 400 [’y (puc. 4). 31 30iMBIIEHHSM HIYKTHB-
HOCTI Apocenst 301IbIIyIOThCS CIIOTBOPEHHS, CIIPUYNHEH]
«MepTBUM dYacom». Xoda st gactotu 400 x['m micms
MeBHOTO MakcuMyMy € 3MmeHmreHHs KI'C.

TakuM 4MHOM MOJXKHA CTBEPJKYBATH, IO 3HAYEHHS
IHAYKTHBHOCTI HAa BHMXOJI IiJCHIIOBaYa BIUIUBAE Ha pi-
BEHb HEJIHIHHMX CIIOTBOPEHb, CIPMYMHEHHX «MEPTBHM
4acoMm», 3MIHOIO CITiBBIJHOIICHHS IHTEPBaTiB KOJIM 3HAK
CTPYMY HE 3MIHIOETHCS (BXIJHUH 1 BUXIIHUIA CUTHAIN HE
CHIBIANAIOTh 10 TPUBAJIOCTI) 1 3MIHIOETHCS (TPHUBAJICTH
immynbceiB IIIM curHamy Ha BXOAi 1 BUXOZI CITIBIIAJIAE).
3MeHIIIeHHST TIOCTIHHOT Yacy Kojla HaBaHTAXCHHS TaKOX
smenmye KI'C BHXIZHOrO CHrHajiy, IO BiJ3HAYEHO B
pobori [5].

THD, %

&8 /:=100 kHz
++ /=400 kHz

0,05
0,001 0,002

0,005 0,01 0,02
L, mH
Puc. 4. 3anexnicts KI'C Bin 3HaYeHHs IHIYKTUBHOCTI BUXITHOTO
npocenst ais yactot nepersoperHs 100 ta 400 k[’

0,05 01 0203 05

JloaTKOBUMH YMHHHKAMH, SIKi BIutuBatoTh Ha KI'C
NPH HU3BKHUX HATPYTaX )KUBIICHHS, MOXKYTh OyTH BHKUIA
HANpyrd Ha JMi0Jax TPaH3UCTOPIB B PEXHMI, KOJIH 3HAK
CTPYMY He 3MIHIOETHCS BIIPOJIOBIK IEPIOy MEePEeMUKAHHS.
36inpmenno KI'C Mosxe cripusiti Te, 110 00MBa TpaH3M-
CTOpPH 3aKpHTi, a CTPYM JAPOCENs JBidYi MPOTIKAE uepes
nion omHOrO 3 TpaH3ucTopiB. [lamiHHsA Hampyru Ha miomi
U, nonaetscst 10 HaNpyru XuBJeHHS (puc. 5,a) 1 3MiHIOE
aMIuTiTy 1y cTpymy Iy(f) uepes apocerb. 3MEHIIICHHS TPH-
BAJIOCTI «MEPTBOTO Yacy» 3MEHIIY€E BIUIMB BUKHIIB BHXi-
nHoi Hanpyru Uy(f) Ha KI'C. BrummB najniHHs Hanpyru Ha
nionax Ha KI'C morpebye noganbux J0CIiIKEHb.

Ha puc. 5,6 HaBeneHo (popMy BHXIJHHX IMITyJIbCIB
s gactotu mepemukands 400 k[ (cyminbHa JniHIN),
KOJIM 3HaK BUXIZHOTO cTpymy [y(f) He 3MiHtoeThCs. [Ipn
3MiHI BXigHOT Hampyru Uy, (f) 10 Hyns CHOCTepiraeThes
MpoIlec 3aTATYBaHHA cnaxy BuximHoi Hanpyru Uy(f) BHa-
CIIZIOK 3apsiy BUXIJHOI €MHOCTI TpaH3UCTOpa Ha IHTEp-
BaJli «MepTBOrO 4acy». Ha HacTynmHOMYy iHTepBalll «MepT-
BOTO 9acy» CTPYM MIPOTIKae depe3 Miox i CTBOPIOE 3aTPH-
MKy TEpEeKITIOYEeHHs] BHXIJIHOI HANpyrd y IOPIBHSHHI 3i
BX1JTHUM CHT'HAJIOM (JIiHisl 3 TPUKYTHUKAMH).

U, 8
5 e s T LN
- Us(t) 4F ______ S
217y T
01{ O Y s Lt) Uy =
2
In(t) 4
-5 Jo(?)
-GL
a 7]

Puc. 5. BUkuau BUXiHOI HAIpyry BHACHIOK IIaAiHHS HAPYTH
Ha Jiiofiax (@) Ta BIUTMB BUXIIHOT EMHOCTI TpaH3UCTOPA
Ha GOpMY BUXiJHHX IMITYJbCIB (6)

IlopiBHSIHHA Ppe3yabTaTiB MaTeMaTHYHOrO Ta
KOMII’KOTEPHOI0 MOJENIOBaHb. J[ani BUKOHAHO MOPIB-
usirHss KI'C, po3paxoBaHOro 3rifiHo 3 opMyiiamu, HaBe-
neanmu Buie, 3 KI'C, oTpumannM B pe3ynbTaTi Moje-
JIOBAHHS JUIA Pi3HUX 3HAYCHb IHAYKTUBHOCTI IPOCEIS.
Ha puc. 6 naBemeno 3anexnocti KI'C Big tpuBanocti
«MEpTBOTO dacy» po3paxoBadi 3a ¢opmyroro (1) i 3mo-
JINIbOBAHI U TaKUX MapaMeTpiB MiJACHIIOBAYa: 4acTOTa
curHaiy f; = 50 I'u, yacrotn neperBopenns f, = 1 kl'm,
2 k[, rmmbuHa MoayIrwii m = 0,6.
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3 KpuBHX BHIHO, 110 3anexHicTh KI'C Big TpuBao-
CTI «MEpPTBOTO 4acy» y pe3yJbTaTi MOZIEIIOBAaHHs Iepe-
BUIIIye po3paxyHku 3a (opmynoro (1) Ha 0,6% — 4%.
Bucoki 3nayennss KI'C MOXHa MOSICHATH TUM, IO 1HIYK-
THUBHICTh BHXIJHOTO Jpoceisi 3a0e3rnedye 3HaK CTpyMy
HE3MIHHUM IPAKTHYHO BIIPOJOBK BCHOTO MEPiOAy CHUTHA-
ny, sikui nigcnmoeTbes, Tomy KI'C 3poctae 31 301bIIeH-
HsIM A.

20
10

g

THD, %

0,2 ¢ =1 kHz simulated

0,1 & =1 kHz, calculated
005 e fc=2 kHz simulated

T %~ f.=2 kHz,calculated

0,02

1 2 3 4 5 6 7 8 9 10
A, %
Puc. 6. 3anexwnicte KI'C Bix 3HaYeHHS A 175 iHAYKTHBHOCTI
npocens 22 MI'H

Ha puc. 7 maBemeno kpuBi 3ajexHocti KI'C Bix
TPUBAJIOCTI «MEPTBOTO 4acy» JJIsl BUIIAJIKY, KOJIM BUXIJHA
IHIYKTUBHICT 3a0e3Medye 3MiHy 3HaKy CTpyMy JBidi Ha
nepion nepemukanns. Y nupomy Bunaaky KI'C 3nauHo He
3MiHIO€ThCS Tpu 3MiHI A Bix 1 % mo 10 %, mio Bigpisus-
eTbes Bin 3HaueHb KI'C Ha BHXOI MiICHIIOBaYa, po3pa-
XOBaHUX 3a GopmyIioro (9).

10 \
5
2
2 1 ¢ /=1 kHz simulated
-~ 05 &4 f.=1 kHz, calculated
% ’ +e f; =2 kHz simulated
- o2 —¥%= f.=2 kHz, calculated
01 S~
/I
0,05
— - f__/
0,02
1 2 3 4 5 6 7 8 9 10
A, %
Puc. 7. 3anexwnicte KI'C Binx 3HaueHHS A 1751 iHAYKTHBHOCTI
npocens 470 mx['H

Haii0inpmmii iHTEepeC CTAaHOBUTH BIUIMB iHIYKTHB-
HocTi HaBaHTakeHHS Ha KI'C Ha gacrorax mepeMuKaHHS
Binm 100 x['m, Ha AKHUX MPAMIOOTH 3BYKOBI ITiICIUTIOBAYi
knacy D. 3anexnocti KI'C Big TpuBanocti «MepTBOro
yacy» HaBEACHO Ha pHC. § Ausd iHAYKTHBHOCTI 47 MKI H.
Bukopucranns GaN TpaH3HCTOPIB Yy IbOMY BHIAAKY
3abe3mneuye yactory nepemukanss B 400 k' i Buiie.

Sxmo ans yactotu nepemukanHg 100 k[’ crocre-
piraerbes pict KI'C 3i 36umbmennsm A Big 0,5 % 10 3 %,
To ans yactoth nepemukaHus 400 k[ piBeHb CIIOTBO-
peHb NpH 3HauYeHHSIX A > 6 % NpakTHUYHO HE 3pOCTaE.
[Ipu Tomy, mo BmMB iHAYKTUBHOCTI 47 MK['H Mae OyTu
6inpmM Ha yactoTi 100 k['m. Takmit pesynbraT MOXHA
TIOSICHUTH TI€Pe3apsioM BHXITHOT €EMHOCTI TPaH3HCTOPIB,
sIka KOMIICHCY€ BUKH/H HAarpyry (IuB. puc. 3,0).

Takum uwuHOM, 3anexHicth KI'C Big TpuBamocTi
«MEpPTBOTI'O 4acy» y pe3yjbTaTi MOJAETIOBAHHS BiAPi3HsI-
€TBCS B1JI pO3PaxOBaHOI.

++ /c =400 kHz simulated
P —e- £.=400 kHz, calculated

1 2 3 4 5 6 7 8 9 10
A, %
Puc. 8. 3anexunicts KI'C Bin 3HaYeHHS A 17151 iHAYKTHBHOCTI
npocenst 47 mxl'aH

BucHoskmn.

B po0oTi omiHeHO BIUIMB iHJYKTHBHOCTI HaBaHTa-
JKCHHSI Ha BHXOJI MiJCIIIOBava kKiacy D Ha piBeHb Heli-
HIITHUX CHOTBOPEHb, SIKi CHPUYMHEH] «MEPTBHM YacOM.
B pesynbTaTi BCTAHOBIEGHO, LIO 3MEHIICHHS y HEBHUX
Me)kax 3HaueHHs iHgyktuBHOCTI 3HIKye KI'C. Le BinOy-
BA€ThCS BHACIINOK 3MEHIUEHHS KUTBKOCTI MOXHOOK MIXK
BXIJIHUM 1 BUXIOHMM CHTHAJIOM, SIKI MalOTh MICIE IPH
HE3MIHHOMY 3HaKy CTPyMy IHIYKTHBHOCTI BIPOIOBXK
BUXIZHOro immyisibcy. [Ipu 3MeHIIeHi iHIYKTUBHOCTI
30UIBIIY€EThCS KUIBKICTh IHTEpBaNiB, y SKHUX IOXHOKa
BiaCyTHs. TakuM YMHOM, 3MiHA BEJIMYUHH 1HIYKTHBHOCTI
HaBaHTAXEHHS NPU3BOJIUTH 1O 3MiHU CIIiBBIJHOIICHHS
IHTEpBaJIB 3 MOXHOKOIO 1 6e3 Hel, a oTxe i 1o 3miHu KI'C.

Ha Bucokux YacToTax NepeTBOPEHHS BUKHIU Ha-
MPYTH, CIPHUYUHEHI CTPYMOM dYepe3 BOyHOBaHI Tionw,
BIPOZOBK «MEPTBOIO Yacy» YacTKOBO KOMIICHCYIOTHCS
mepe3apsIoM BUXiTHOI €EMHOCTI TPAH3HUCTOPIB, IO TaKOXK
3MEHIIY€ HEeNiHIiTHI CIIOTBOPEHHSI.

HactynHuM eTanom AOCHiIKeHb € CTBOPEHHS MaTe-
marnunoi mozeni IIIM curnany Ha BUXO.i IifCHIIIOBaYa
knacy D, sika BpaxoBye BIUIMB iHJYKTHBHOCTI HaBaHTa-
xenns Ha KI'C, Ta 11 ekcriepuMeHTalbHa MepeBipKa.

Konduiikt iHTepeciB. ABTOpH 3afBISIOTH IIPO
BIZICYTHICTH KOH(QUIIKTY iHTEpECIB.
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Analysis of the influence of load inductance on nonlinear
distortions of a class D amplifier caused by «dead time».
Goal. Analysis of the effect of load inductance at the output of the
class D amplifier for different values of the duration of «dead
timey» and assessment of the adequacy of existing mathematical
models for calculating the THD at the output of the amplifier
depending on the duration of «dead timey». Methodology. The
study of the effect of «dead time» on the THD was performed
using a computer model of the half-bridge converter board
EPCY9035 from Efficient Power Conversion. This board contains
GaN transistors EPC2022 eGaN®, the corresponding control
driver and other necessary elements for operation. The use of
GaN transistors has made it possible to investigate the operation
in a wide range of frequent switching, both to control the motor
and to amplify the audio signal. Results. It is established that the
value of load inductance affects the level of nonlinear distortions
caused by «dead timey. At inductance values that provide a
constant sign of the output current, a difference arises between
the duration of the input and output pulses, which increases the
THD. At inductance values, when the choke current changes sign
during a pulse, there is no error between the duration of the
input and output pulses. Changing the inductance changes the
relationship between the error signal and the non-error signal.
THD changes accordingly. At high conversion frequencies, the
voltage spikes caused by the choke current through the built-in
diodes during the dead time are partially compensated by over-
charging the output capacitance of the transistors, which also
reduces harmonic distortion. Originality. For the first time, the
value of the THD at the outlets in the fallowness of the different
indices of the inductance of the choke and the theoretical calcu-
lation of the value in the results of the computer model was ob-
tained. Practical significance. The dependence of the THD val-
ues on the inductance of the choke for converters with a switch-
ing frequency range from 1 kHz to 400 kHz, which allows them to
be used both to control the motor and to amplify the audio signal.
References 10, tables 2, figures 8.

Key words: GaN transistors, class D amplifier, nonlinear
distortion, dead time, THD.
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NORMALIZATION OF DOUBLE-CIRCUIT OVERHEAD LINE MAGNETIC FIELD
INSIDE KHRUSHCHEYV BUILDING

This paper deals with the mitigation of 110 kV double-circuit overhead line magnetic field inside five-story Khrushchev buildings.
We show that the magnetic field can exceed the reference level 0.5 uT in 90 % part of living space. To mitigate the magnetic field, we
propose the inverted L-shaped grid shield with conductors on the wall and in the attic of the building. Using the analytical model of
the grid shield and the numerical simulation, we determine the parameters of the L-shaped grid shield which provides the magnetic
field normalization in 97 % part of living space. Further improvement of the grid shield profile, in particular, the placement of some
conductors in the basement, allows to reduce the quantity of metal of the shield by 15 % while maintaining the shielding efficiency.
Also we consider the magnetic field normalization for the overhead line with a rated current of 500 A. In this case, the quantity of
metal of the grid shield increases 2.74 times. References 19, table 1, figures 5.

Key words: magnetic field, overhead line, grid shield, reference level, quantity of metal.

Y pobomi noxazamno, wo 6 n’amunosepxosux 6yOUHKAX XPYWj0GCbKOI CnOpyoOu, pO3MAUOBaAHUX HA 2SPAHUYAX OXOPOHHUX 30H
060KO0I06UX NOGIMpANUX NiHil enexmponepedayi 110 kB, eenuuuna maznimmo20 nOAsL NPOMUCIOBOI YACMOMU MOdICE NepesUUyeami
epanuuno oonycmumuil pisenv 0,5 mxTn 6 90 % owcumnogoco npocmopy. i 3MeHWEHHA MASHIMHO20 N0 3aNPONOHOBAHO
suxopucmosyeamu I -nodibnuil rpamuacmuil eKpau, nposooU AKO20 POIMAUOBYIOMbCA HA CMIHI ma Ha copuwyi O6younky. Llliaxom
AHATIMUYHO20 MA YUCETbHO2O MOOeTIO8AHHA BU3HAYeHO napamempu I -nodibHo2o Tpamuacmoeo eKkpand, 3acmocy8ants K020 0ae
3MO02y HOpManizyeamu pieensb maznHimuozo noas 6 97 % sicumnosozo npocmopy. Iooanvute 800CKoHANEHHSA NPOPINIO TPAMYACHOZ0
eKpaHa, 30Kpema, PO3MIUWeHHs. YaCMUHU NPo8oodie y nideaui, 0anio 3M02y 3MEHUUMU MemaloEMHICmy KoHempykyii na 15 % npu
30epedicenti epexmusnocmi expanysanisi. Takoxic OOCHIONCEHO MONCIUBICIb HOPMANIZAYL] MASHIMHO20 NOJSL ROGIMPAHOL NIHIL 3
HominaneHum cmpymom 500 A. 'V yvomy eunaoky memanoemuicms rpamuacmozo ekpaua 36ineuiyemvca y 2,74 pasu. bi6n. 19,
puc. 5, Tabm. 1.

Kniouosi cnoea: marHiTHe moJjie, MOBITpsiHA JIiHisI ejleKTpomepenayi, rpaT4acTuii eKpaH, IPAHUYHO JAONMYCTHUMHUIl piBeHb,
MeTaJ0EMHICTB.

B pabome nokaszano, umo 6 nAMUIMAICHBIX OOMAX XPYWESCKOU NOCMPOUKU, PACNONONCEHHbIX HA 2PAHUYAX OXPAHMBIX 30H
08YXYEenHbIX 6030VUWIHbIX MuHUl d1ekmponepedauu 110 kB, eenuuuna macHummoeo noas NPOMBIUIAEHHOU HACMOMbL MOJCem
npesviuiams npedenvho donycmumviii yposenv 0,5 mxTn 6 90 % owcunoco npocmpancmea. [{na ymenvuieHUs MASHUMHO2O0 MO
npeonodiceHo ucnonbzoeams I -obpasnelll pewlemuamulii SKpan, npoeoodda KOMoOpo2o pAcnoidzalomcs Ha cmene u yepoaxke 0oMd.
IIymem anarumuueckoz0 u YUCIeHHO20 MOOeIUPOsanus onpedenenvl napamempul I-06paznozo pewemuamozo Kpana, npumeHenue
KOMOpo20 No360Jisem HOPMAIU308amsb Yypoeenb mazHumnozo noia 6 97 % ocunoco npocmpancmea. Jlanvietiuiee
COBEPUIEHCMB08ANIE NPOPUISL PEemUamo20 IKPand, 6 HACMHOCMU, pasMewjeHue Hacmu Nnposooos 6 nooedaie, HO3E0IUL0
YMeHbUUMb MemanioemMkocms Koncmpykyuu na 15 % npu coxpanenuu sgpghexmusnocmu sxpanuposanus. Taxoice ucciedosana
603MOJICHOCb  HOPMANUZAYUY  MASHUMHO20 NONA  BO30YWHOU AUHUU ¢ HOMunanbHeiM mokom 500A. B smom cnyuae
MEManioemMKoCcms peuemiamozo skpana yeeaudusaemces 6 2,74 pasa. bubm. 19, puc. 5, tabm. 1.

Kniouesvie cnosa: MarHMTHOe IOJie, BO3AYLIHAasl JIMHHUS JJIEKTPOIepeJayYH, pelleT4YaTblii JKpaH, ImpeleabHO AONYCTHMbIIi
YPOBEeHb, METAJLIOEMKOCTD.

Introduction. The Khrushchev era is known for its
housing campaign. A vast number of housing square
meters were built in USSR in sixties [1]. Usually these
were five-story buildings made of prefabricated concrete
blocks. That time the urban residential districts covered
with such buildings (so-called Khrushchev buildings)
appeared in many Soviet cities, especially industrial ones.

The overhead lines at voltages of 10 to 110 kV are
laid to supply both residential districts and adjacent
industrial areas. The size of the right-of-way is set up in
regulations. For example, in Ukraine the right-of-way is
20m for 110 kV overhead lines [2]. This corresponds
with former Soviet requirements. At the same time, the
requirements about the maximum permissible level (so-
called reference level) of the power frequency magnetic
field have changed significantly. The modern studies,
particularly the “The International EMF Project” by the
World Health Organization, have identified a high risk of
the power frequency magnetic field for human health. It
causes the world trend on stricter sanitary standards.
Thus, Ukraine has accepted the reference level in 0.5 uT
for living spaces [3]. However, most residential buildings

found near 110 kV overhead lines do not meet this
modern requirement. It is shown theoretically in [4, 5]
and experimentally in [6], that the overhead line magnetic
field exceeds the reference level. The degree of excess
depends on the current flowing in conductors of the
overhead line, the type of its tower, the distance from the
overhead line to the building, and the height and the width
of the building. Moreover, the power frequency magnetic
field penetrates inside buildings with almost no
attenuation [7, 8].

The purpose of this work is to find a way of the
magnetic field normalization inside Khrushchev buildings
found near 110 kV double-circuit overhead lines.

The most efficient way of the magnetic field
normalization is to move away the source. But changes in
overhead line routes are often impossible within the urban
residential district. The reconstruction of the overhead
line or its replacement by a high-voltage underground
cable line requires significant costs. So, the most
promising way of the magnetic field normalization inside
residential buildings is shielding.
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The various shields are used to normalize the
magnetic field inside buildings found near overhead lines,
namely electromagnetic shields [9, 10], passive loops
[11,12], and active loops [13, 14]. The active loops
provide the comparably high shielding efficiency, but
their price and expenses for maintenance checkup are
relatively high as well. Passive loops are free of both
these disadvantages, but their shielding efficiency is
several times lower. Electromagnetic shields installed on
building walls are most widely used to mitigate the
magnetic field inside. However, electromagnetic shields
consist of aluminum plates and therefore cannot cover
windows. As well the mounting plates to the wall can
cause difficulties.

A new type of shield is represented in [15, 16]. So-
called grid shields consist of aluminum conductors
connected in parallel. The recent research shows that grid
shields are efficient for the magnetic field normalization
inside high-rise buildings. But the magnetic field
normalization inside five-story Khrushchev buildings was
not studied.

Overhead line magnetic field inside Khrushchev
building. Various series of five-story buildings were used
during the Khrushchev housing campaign. However, the
height and the width of the building did not change
significantly. We assume that the height of the building is
16 m, and the width is 12 m [17]. In figures below the
contour of the building is marked by the dotted line.

Within this research we consider the double-circuit
overhead line magnetic field. In [16] we analyzed towers
and found that geometric sizes of P110-4V tower
(transliterated from 77110-4B) are close to average ones.
So, we assume the following values for the distances a;
from the tower to conductors and for the heights %; of
conductors: a=ac=2.1m, h=h=19m, a,=as=4.2m,
h=hs=23 m, a;=a,=2.1 m, h;=h,;=27 m, where subscripts
correspond to numbers of overhead line conductors
(Fig. 1). As mentioned before, the distance between the
conductor no. 2 and the building is 20 m [2].

The overhead line magnetic field strongly depends
on the configuration of initial phases of conductor
currents and the current amplitude. We consider the case
when the magnetic field is the highest. So, the initial
phases are the following: @ =@¢=-271/3, @,=s=0,
03=04=21/3. The RMS value of current in conductors is
262 A, which corresponds to the 110 kV double-circuit
overhead line with transmission capacity 100 MW.

To find the overhead line magnetic field distribution,
we use traditional assumptions, that conductors are
infinitely long, parallel to each other and to the ground.
So, we consider the overhead line magnetic field in the
plane-parallel approach. This allows applying analytical
expressions from [16] to find the magnetic field
distribution inside the Khrushchev building. As well we
can use the calculation technique from [18]. Fig. 1 shows
that the magnetic field exceeds the reference level 0.5 pT
in most part of the building. For quantitative assessment
we use the normalization index 1. It is defined as a ratio
of the space, in which the magnetic field does not exceed
the reference level, to the entire living space. As the
magnetic field is plane-parallel, the normalization index n
is the ratio of corresponding cross-sections .S and Sy [16].

U e | 1 w T S i 1
-30 -20 -10 0 10 x,m
Fig. 1. Double-circuit overhead line magnetic field
inside Khrushchev building (its contour is marked
by dotted line)

According to [2], the areas closer than 0.5 m to walls
are not considered. Also we do not consider the attic and
the basement which are 1 m height. So, the cross-section
of the building is S;=154 m*. Fig. 1 shows that the cross-
section of space with permissible magnetic field is
5=16.8 m*. Correspondently, the normalization index
n=10.9%.

Normalization of overhead line magnetic field. It
is shown in [15,16] that U-shaped grid shields are
efficient for magnetic field normalization in high-rise
buildings. However, the inverted L-shape looks more
suitable for the lower Khrushchev building.

In the first step we consider grid shields with
conductors on the wall faced to the overhead line and in
the attic. The electrical conductivity of the grid shield is
equal to 3.5-10” S/m. The distance between conductors is
0.5 m. The axe of the corner conductor has coordinates
x=0, y=16 m. We vary the number of conductors on the
wall up to 33. In the end case the conductors fill the
whole wall and correspondently the extreme conductor
has coordinates x=0, y=0. Also we vary the number of
conductors in the attic up to 24. In this end case the
extreme conductor has coordinates x=12 m, y=16 m. We
use the following nomenclature when varying the cross-
section of conductors: 3, 6, 8, 10, 16, 25, 35 and 50 mm’.
To analyze shielding efficiency in each case, we use both
the finite-element model from [15] and the semi-
analytical model from [19].

As the result we obtain the inverted L-shaped grid
shield made of conductors with the cross-section of
25 mm’. The total number of conductors is 53: the attic is
covered by 24 conductors, and 29 conductors are on the
wall. Correspondently the extreme conductor has
coordinates x=0, y=2m. The profile of conductor
placement is shown in Fig. 2 by the solid line.

Fig.2 shows that the shielded magnetic field
exceeds the reference level 0.5 uT only in comparably
small corner areas, and the normalization index n
becomes 97.2%.

In the second step we use Wolfram Mathematica
built-in functions of optimization to find the grid shield
with the reduced quantity of metal while keeping the
shielding efficiency. The obtained profile of the grid
shield is shown in Fig. 3. The optimized grid shield
consists of three sections connected in parallel.
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Fig. 2. Magnetic field distribution
when using inverted L-shaped grid shield
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Fig. 3. Magnetic field distribution
when using optimized grid shield

The section in the attic has 22 conductors arranged
in the interval 1.5 m <x <12 m when y=16 m. The section
on the wall has 21 conductors in the interval
2 m<y<12m when x=0. Also there are two conductors
in the basement. Their coordinates are x=0.5 m, y=0 and
x=1m, y=0. The total number of conductors is 45. The
cross-section of each conductor is 25 mm®. The quantity
of metal of the optimized grid shield we appoint as V.
The analysis of the magnetic field distribution from Fig. 3
gives the normalization index n=97.1%. So, the optimized
grid shield allows reducing the quantity of metal by 15
percent in comparison with inverted L-shaped grid shield.

We study the efficiency of the optimized grid shield
varying its quantity of metal (see column a in Table 1).
Also we compare it with efficiencies of grid shields
having the following profiles (as before the distance
between conductors is 0.5 m):

— the inverted L-shaped grid shield (made of 45
conductors) with 16 m height vertical section and
6 m long upper horizontal section (see column b in
Table 1);

— the inverted L-shaped grid shield (made of 57
conductors) with 16 m height vertical section and
12 m long upper horizontal section (see column c);

— the U-shaped grid shield (made of 69 conductors)
with 16 m height vertical section, 12 m long upper
horizontal section, and 6 m long bottom horizontal
section (see column d);

— the U-shaped grid shield (made of 81 conductors)
with 16 m height vertical section and 12 m long
horizontal sections (see column e).

Table 1
Normalization index 1 for Khrushchev building found near
double-circuit overhead line when using grid shield with
quantity of metal equaled V'

ViV, n, %
a b c d e
0.25 254 20.6 21.5 222 19.4
0.5 70.7 46.9 54.8 437 36.2
0.75 92.8 60.7 85.2 72.6 58.8
1 97.1 68.4 95.2 89.2 82.8
1.25 98.5 73.8 98.1 95.5 92.2

As grid shields a-e contain different number of
conductors, we consider different conductor cross-
sections to achieve the equality of total quantities of
metal.

The obtained results show that efficiencies of the
optimized shield and the grid shield type ¢ are
comparable. However, the practical implementation of the
grid shield type c is difficult as it uses conductors with
off-standard cross-section 19.7 mm®. So, the usage of the
optimized grid shield is recommended. Table 1 shows that
the increase or the decrease of its quantity of metal is
impractical.

Overhead line with increased conductor current.
Additionally, we consider the overhead line magnetic
field normalization when the conductor current is 500 A
[5,11]. In this case the magnetic field exceeds the
reference level 0.5 uT in the whole building (Fig. 4).
Moreover, the fourfold magnetic field mitigation is needed
in apartments faced to the overhead line. To normalize the
magnetic field, we develop the grid shield made of 62
conductors (Fig. 5). The cross-section of each conductor
is 50 mm”. Correspondently the quantity of metal of the
shield is 2.74-V,. The distance between conductors is
0.5 m. The arrangement of conductors is the following:

— 27 conductors cover the wall faced to the overhead
line (their coordinates lay within the interval

1 m <y <14 m when x=0);

11 conductors are arranged on the back wall (within

the interval 11 m <y <16 m when x=12 m);

— 22 conductors cover the attic (within the interval

0.5m<x<11 mwhen y=16 m);

— 2 conductors lay in the basement (in x=0.5 m, y=0
and x=1 m, y=0).

y.m -

0 - . Ceeed

-30 -20 -10 0 10 x,m

Fig. 4. Double-circuit overhead line magnetic field
when conductor current is 500 A
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Fig. 5. Normalization of double-circuit overhead line magnetic
field when conductor current is 500 A

The usage of this grid shield allows to achieve the
normalization index n=97.1%. Fig.5 shows the
distribution of the normalized magnetic field inside the
Khrushchev building.

So, the obtained results show that grid shields are
efficient in the magnetic field normalization inside
Khrushchev buildings found near the overhead lines.

Conclusions.

1. Using the analytical model of the shield and the
numerical simulation, we show that the inverted L-shaped
grid shield made of aluminum conductors with a cross-
section of 25 mm” and mounted on the wall and in the
attic of the Khrushchev building normalizes inside it the
magnetic field produced by the 110 kV double-circuit
overhead line.

2. We propose the specific grid shield that provides
the shielding efficiency of the L-shaped shield and
consumes the quantity of metal reduced by 15 percent.
This shield consists of three sections of conductors,
namely two sections cover the wall and the attic of the
Khrushchev building, and two extra conductors are placed
in the basement.

3. To normalize the 110 kV double-circuit overhead
line magnetic field with increased conductor current, we
modify the arrangement of conductors on the wall faced
to the line and in the attic, we add the extra section of
conductors to the back wall and increase the cross-section
of all conductors to 50 mm?.
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JI.A. JTrorenko, B.M. Muxaiinos

PACHIMPEHUE IWINHAPUYECKHUX TPYBYATBIX 3AI'OTOBOK
HA BBICOKOBOJIbTHOM MATHUTHO-UMITYJIbCHOM YCTAHOBKE
C YIIPABJIAEMBIM BAKY YMHbBIM PA3PA/THUKOM

Mema. Memoio pobomu € excnepumeHmanbHa nepegipKka iCHy8aHHs 30HU NAPAMEMpPI8 EMHICHO20 HAZPOMAONCYB8AUA eHep2ii MacHi-
MHO-IMNYIbCHOI YCMAMKOBUHU 3 KePOBAHUM BAKYYMHUM PO3PAOHUKOM, 8 KOMPIll 3 8UCOKOIO IMOGIpHICMIO 8i00Y8ACMbCA «3Di3» M-
nYnbCi6 po3PAOHO20 CIMPYMY MA POSUMUPEHHS YUTTHOPUUHUX MOHKUX MPYOUACMUX 3A20MI60K 34 OONOMO0I0 3068HIUHLO20 THOYKIMO-
pa. Memoouka. Bukopucmarno 8ucokogoaibmuy MacHimuo-imnyavcry yemamxosuny HTY «XTIIy» 3 kepoeanum axyyMHum po3psoHu-
KoM ma 6az2amoeumkosuil iHOyKmop, ycepeouni Kompozo 0yn0 posmiyeHo OieleKMpuyHy Mampuylo i 3a2omisKy 3 AnOMIiHIE8020
cmony. 3MiHI08anU EMHICMb MA 3aPAOHY HANPY2Y HASPOMAOICY8aya enepeii. IMnynscu po3psaono2o cmpymy UMIpIo6anu 3a 00NOMO-
2ot nosicy Pozoscokozo ma peecmpysanu ocyunozpagom. Pezynemamu. Maznimno-imnynscHum po3umupeHHam yuriHOpuuHux 3a2o-
MIBOK 3a 00NOMO2010 306HIUHBLO2O THOYKIMOPA OMPUMAHO Oemani CKIAOHOI popmu ma 30iliCHEeHO 3HAMMS Memaneoi 0emali, wo
oyna nanpecosana na oienexmpuunuti cmpudicens. Haykosea nosusna. Iloxaszano, wo wacmomy iMnyavbcy, wjo «3pizacmucsy, npu
Kompii amnaimyoa i0 €MHO20 MUCKY MACHIMHO20 NOJIS HAOIUNCAEMbCA 00 MAKCUMATILHOL, A MAKOMIC 3APSAOHY HANPY2Y HeOOXIOHO
V320001CY8aAMU 3 NAPAMEMPAMU EMHICHO20 HAZPOMAONCYEAYUA eHepail, NPU SKUX 3 GUCOKOIO IMOBIPHICMIO 8i00Y8AEMbC «3PIi3» IMNY-
nvcy. Ilpakmuune 3nauenns. Pesynbmamu ma pekomeHoayii, wjo ompumano, MoXCymy Oymu 6UKOPUCMAHO Y MASHIMHO-IMIYTbCHUX
TEXHON02IAX HA YCMAMKOBUHAX 3 KEPOBAHUMU 8AKYYMHUMU po3paoHuxkamu. bion. 17, Tabn. 2, puc. 5.

Kniouogi cnoéa: BUCOKOBOJIBLTHA MATHITHO-IMITY/IbCHA YCTATKOBHHA, EMHICHMII HAarpoMaJzKyBay eHeprii, KepoBaHUI BaKyyM-
HHUIl PO3PSIIHNK, «3Pi3» IMIYJIbCy CTPYyMY, iMOBIpHICTB «3pi3y», 30BHIiIIHII iHIYKTOp, po31IMpeHHs NMJIIHAPUYHOI TPyOUaTOi
3aroTiBKHM, 1eTaj1b CKJIAaIHOI (popmu.

Henv. Lleavio pabomul A615emcs IKCNEPUMEHMANbHAS NPOGEPKA CYUWECMBOGAHUS 001ACMU 3HAYEHUI NAPAMEmpPOs eMKOCHHO20 Ha-
KOnumes IHepeuu MasHUmMHO-UMNYIbCHOU YCIMAHOBKU C YRPABIAEMbIM 8AKYYMHBIM PA3PAOHUKOM, 8 KOMOPOUL C 6bICOKOU 6ePOAMHO-
CMbIO NPOUCXOOUM «CPE3» UMNYIbCOG PA3PAOHO20 MOKA U pACUUperue YUIUHOPUYECKUX MOHKOCIMEHHbIX mpyouamelx 3a20Mo6oK
npu nomowu eHewHe2o0 unoykmopa. Memoouka. Jxcnepumenmol OblIU NPOBEOEHbl HA BbICOKOBONbMHOU MASHUMHO-UMNYIbCHOU
yemanoexke HTY «XITH», ochawenHotl ynpasisieMbiM 6aKYYMHbIM PA3PAOHUKOM. HICnonb308anu MHO208UMKOBbLU UHOYKMOP, GHYMPY
KOMOp020 NOMewjanacs OudNeKmpuieckas Mampuya u 3a20/MoeKa u3 anoMuHuesozo cniasd. Mamenan emxocmes u 3apsaonoe Ha-
npsicenue Hakonumens snepeuu. Mmnynocol paspaono2o moka usmepsnu npu nomowju nosica Poeoecrkozo u pecucmpuposanu na oc-
yunnozpaghe. Pesynomamur. Macnumno-umnyabCHolM pacuiupenuem YuruHOpULecKux 3a20mosoxK npu nomMowu 6Heune20 UuHOyKmo-
pa noxyueHvl 0emanu ClOACHOU QOPMbL U OCYWeCMBNEHO CHAMUEe MeMAIUIecKol 0Oemany, HanpecCco8anHOU HA OUIIEKMPUYECKUL
cmepoicens. Hayunaa noeusna. Iloxkazano, umo 4acmomy «cpe3aemozoy UMNYIbCa, HpU KOMOPOU aMAIUMYOa OMpuyamenbHo2o
0agneHUs MAZHUMHO20 NOAsL OU3KA K MAKCUMANbLHOU, a Makoice 3apaonoe Hanpsaicenue HeodXo0umMo Co21acoguléams ¢ napament-
pamu eMKOCMHO20 HaAKORUMmens dHep2ull, npu KOMopbiX ¢ 6bICOKOL 8ePOSMHOCHIbIO NPOUCX00Um «cpesy umnyivca. Ilpakmuueckoe
3nauenue. I[lonyuenvr pexomenoayuu 0N UCHONLIOBAHUA 6 MACHUMHO-UMNYTbCHBIX MEXHON02UAX, OCHOBAHHBIX HA NPUMEHeHUU
«CPE3AHHBIXY UMNYIbLCOB, YCMAHOBOK C YNPABIAEMbIMU 8AKYYMHBIMU pazpaonukamu. bubn. 17, tabmn. 2, puc. 5.

Kniouesvie crosa: BBICOKOBOJIBLTHAS MATHHUTHO-MMIYJIbCHAsl YCTAHOBKA, €eMKOCTHOH HAKOIMTEJIb HEPIrHH, YNPaBJIseMbIii
BaKYYMHBIii paspsAHUK, «cpe3» HMIYJIbCAa TOKA, BEPOATHOCTh «Cpe3ay, BHEIIHUI HHAYKTOP, paclIMpeHue UINHIAPHYeCKOi
TPyO0UaToii 3ar0TOBKH, J1€TAJIb CI10:KHOH (OpMBI.

Beue}me. HpI/I BBIIIOJTHCHHUH Ha MarHmMTHO- 3BOJACT paCIMPATh HUWINHAPUYIECKHWE 3aroTOBKU Mar-

AMIOYJIBCHBIX ycTaHOBKax (MUY) pa3snuyHBIX TEXHOIO-
TMYECKUX OIepalMii HCIOJIB3YIOT 3arOTOBKH B BHIE TOH-
KOCTEHHBIX HWJINHAPUYIECKUX TPYO M3 XOpOIIO MPOBOJIS-
mux MetamuioB [1-8]. B manpHeiimemM orpaHMduMcs orie-
panusiMi, OCHOBAaHHBIMU Ha PACIIUPEHHUU IMIMHApPHUC-
CKHUX 3arOTOBOK MaJIOTO JUAMETPa, a TAKXkKe HEAOCTYITHBIX
U3HYTpU. B Takux ciydasx NpUMEHEHUE BHYTPEHHETO
WHAYKTOPA BbI3BIBACT 3HAYUTCIILHBIC 3aTPYAHCHUSA WA
HEBO3MOXKHO.

B 1965 r. I'. ®rop3 nosyunn naTeHT Ha yCTPOUCTBA,
KOTOpbIE  TO3BOJISIIOT ~ OCYIIECTBIATH  MarHUTHO-
HMITYJIbCHYIO 00pa0OTKy IMIMHAPHYECKNX W IIOCKOJINC-
TOBBIX 3aTrOTOBOK CHJIAMH MPUTSDKEHUS K HHAYKTOpY [9].
IIpuHuun necTBUsa 3TUX YCTPOMCTB OCHOBAH HAa yIpaB-
JISIEMOM «CPE3€» HUMITYJIbCOB TOKA B Pa3psIHOM KOHTYpe
eMkocTHoro Hakonutens 3ueprun (EHD). IIpu sTom B 3a-
TOTOBKC MHAYKTUPYIOTCA BUXPEBBIC TOKH, BbI3BIBAIOLINEC
€€ NpUTSDKEHUE K UHAYKTOpY. s «cpe3a» npemiokeHo
WCIIOIb30BaTh IJIABKUN 3JIEMEHT WJIH JOTOJHUTEIbHBIN
€MKOCTHBIH HaKOIUTENb, a U1 ycuileHus d¢pdexra — J10-
MIOJTHUTEbHBIA MPOBOAHUK. «Cpe3) NMITYJIbCOB TOKA I10-

HUTHBIM II0JIEM BHEIIHEro MHIyKTOpa. B omgHON M3 nep-
BEIX paboT [10] aBTOPHI perucTpUpOBalIN pacIIupEeHUE 3a-
TOTOBKM IPU MOMOIIM BHEIIHEro MHAyKTOpa. IIpu 3Tom
UCTIONB30BAIN KaK KOJeOaTeNbHBIN, TaK U anepuouye-
ckmii paspsan EHD [10, puc. 4], a cxxaThe 3aroToBKH Tpe-
JIOTBpalJAJId BHYTPEHHEM LWIMHIPUYECKON OIPABKOM.
B paborax mnocieaHuX JET MPEeIUIOKEHO IPUMEHEHHE
CUCTEMBI JIByX HHIYKTOPOB, 4e€pe3 KOTOpbIe IpOITyCKa-
I0TCS Pa3IMyHble UMITYJIbCHI TOKA [6], a Takke BO3AecT-
BHUE JIByX UMITYJILCOB PA3IMYHON JUINTEIBHOCTH, ITPOILYC-
KaeMbIX yepe3 OIuH UHIYKTOp [7].

[pu ucnons3oanuu B MUY anst kommytanuun EHD
YIpaBIsIEeMbIX BaKyyMHBIX pa3psagHukoB (YBP) naOmio-
JIaeTCsl €CTECTBEHHbIH (0€3 TOMOIHUTENbHBIX YCTPOHCTB
[9]) «cpe3» xonmebaTenpHBIX HMITYJIECOB Pa3psIIHOTO TOKA
(puc. 1,a) [11, 12]. B skcmepumeHTax, KOTOpbIe ObLIH
nposezensl B HTY «XTIW» [12], oOpaiieHo BHUMaHue Ha
BEPOSITHOCTHBI XapaKTep IMOSBJICHUS «CPE3aHHBIX)» WM-
MyJIECOB TIPH OJIHUX M TEX K€ YCJIOBHX. B ciyuae «cpe-
3a2» HMIIyJIbCa OTpHULATEIbHAs IIOJyBOJIHA JIABJICHUS
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MarHWTHOTO TOJS paciiupseT 3aroToBky 1 (mo3. 1 Ha
puc. 1,6), a mpu MOTHOM (HE «CPE3aHHOM)») HMITYJIbCE
(puc. 1,6) nocie 3TOro MpoucxoauT e€ cxarue (1mo3. 2 Ha
puc. 1,6). [Tostomy onpenesnenne mapamerpo EHD, npu
KOoTOpeIXx YBP C BBICOKOH BepOATHOCTBIO «Cpe3aeT»
HMITYJIBCBI Pa3psHOTO TOKa, SIBIISIETCS aKTyaJbHOM IMpo-
6nemoii. HexoTopble mepBbie pe3ysibTaThl HAIMX HCCIe-
JIOBAaHMH 3TOTO SIBJICHUS U COOTBETCTBYIOIIHE PEKOMEH-

JIAUE OTHOCHUTEIHHO MOJYYCHUSI «CPE3aHHBIX» UMITYJIb-
COB OBLTH M3JI0KEHHI B padote [13].

o

Puc. 1. «Cpe3aHHBINY (@) ¥ TOJIHBIH (6) UMITYIIBCH PAa3PSTHOTO
Toka (50 Mkc/nen), a Takke 1eGoOpMUPOBAHHBIC UMH 3arOTOBKU
1 1 2 COOTBETCTBEHHO (8)

C npyroit CTOpOHBI, MapaMeTPhl «CPE3AEMOT0» HUM-
IyJibCa CYLIECTBEHHO BIIMAIOT HAa aMIUIATYAy OTpHLia-
TENbHOI IMMOJIYBOJIHBI JaBJICHUS MArHvTHOTO I10JIA, pac-
mpsitommen 3arotoBky [14-16]. CornacoBanue mapamer-
POB 3TOT0 UMITyJIbca C XapaKTEPUCTHKaMH MaTepHuajia W
pa3MepaMu 3aroTOBKH HEJIOCTATOYHO MCCIIEOBAHO, a Be-
POSITHOCTHBIH XapaKTep «Cpe3a» He YUUTHIBAJICS.

Henasro qanHON pabOTHI SBISAETCS SKCIIEPUMEHTAIb-
Hasl IPOBEPKa CYIIECTBOBAHMS O0JacTH 3HAYCHMH Mapa-
MetpoB EHD MUY ¢ YBP, B K0TOpOii ¢ BEICOKOH Bepo-
ATHOCTBIO MPOUCXOIUT «CPE3» HMITYIbCOB Pa3psIHOTO
TOKa M PACHIMPEHHs HWINHAPUIECKUX TOHKOCTCHHBIX 3a-
TOTOBOK IIPU MTOMOIIM BHEIITHETO HHAYKTOPA.

O0opynoBaHue, HCIIOJIb3yeMoOe B IKCIIePHMEHTAaX.
EHD MYV xouctpykuun HTY «XIIM» coctosut 3 KOH-
nencatopoB UK6—-150 u mo3Bonsim M3MEHSITH €MKOCTb
C = 600 + 1200 mx®. 3apsnHoe HanpspkeHue EHDO
Uy = 1,5+ 6 kB. EHD uepe3 YBP tuna PBY-63-20-YXJI4
MIPOU3BOACTBA MUHYCHHCKOTO 3JIEKTPOTEXHUIECKOTO WH-
CTHTYyTa pa3pspKalics Ha HHIYKTOp (puc. 2). OOMOTKa UH-

nykropa 1, nmeronias ¢GopMy LHMWIMHIPUYECKOU CIHAPAIN
W3 MEIHOM MMHBL, TpucoeAnHsiack K MY npu nomonu
BBIBOJIOB 2 M KOHTAaKTHBIX y3i10B 3. Ilonoxxenne obpaba-
THIBAEMOM MeTaJITMYeCKON 3arOTOBKH 4 BHYTPU HHIYK-
TOpa (UKCHPOBAJIOCH JUAICKTPUUYCCKON MaTpuied 5 u
JIMDJIEKTPUYECKUM CTep)KHEM 6, TpeoTBpallaroliM
TaKKe CKaThue 3aroTOBKW. TpyOuaTble LMIMHIPUYECKHE
3aroTOBKM M3 allOMUHUEBOrO cruiaBa AMr2M c ynenb-
HOII 3MeKTponpoBogHOCTBI0 § = 0,27-10° (Cwm/M) nmenn
BHYTpeHHUH paanyc R = 8 MM u TonmmuHy d = 0,5 MM.

NMIynsCel pa3psqHOTO TOKA M3MEPSUI TIPH MTOMO-
mm nosica PoroBckoro ¢ RC — HHTETPaTOpOM H PETHCT-
pupoBanu Ha ocumuiorpade C8—13. TlosHble UMITYIIBCHI
ToKa uMmenu (hopmy, OJIU3KYI0 K IKCIIOHEHIIMAIBHO 3aTy-
xaromei cunyconze (puc. 1,0).

("
(=]
[¥]
[}

Puc. 2. UaaykTOp JUIsi MAarHUTHO-UMITYIbCHOTO PaCIIMPEHHs
LITHHAPUIECKHX TPYOUaThIX 3aTOTOBOK

Mapamerpsr EHD, oGecneynBaiomue BBICOKYIO
BEPOSITHOCTH «Cpe3a» MMIIYJbCOB TOKa. J[is ompene-
nerus C, Uy, IpU KOTOPBIX MPOUCXOUT «CPE3» UMITYIIb-
COB Pa3psIHOTO TOKa, BMECTO Marpuusl 5 (puc. 2) uc-
MTOJTE30BANTN TUDJICKTPUIECKYIO BTYIIKY, IIPEIOTBPAIAO-
IIYI0 pacIIUpeHHe 3aroTOBKH. BeposTHOCTH MOSBICHUS
«CpE3aHHBIX» MMITYJIECOB XapaKTEPH30BAIH BEPOATHOCT-
HOW 4actoToll N/N (N, — 4HCI0 «CpPEe3aHHBIX)» UMITYJIb-
coB, N — oOuiee ynciio uMiysbcoB). B tabi. 1 mpeacras-
JeHpl Oosiee peTanbHBIE, 9eM B padore [13], pe3ynbTaThl
ucneitannii YBP ([,,) — aMIiuTyqHOe 3HAUYE€HHE TOKA).
B nanbHeiimeM 3TH JaHHBIE WUCIIOJIB30BAHBI JJIsS OTIpeie-
neHus napamerpoB EHD npu BeIoSHEHUH TeXHOJIOTHYE-
CKHX OIlepaluii.

Tabmuma 1
AMIUINTYAHBIE 3HAYCHHS ¥ BEPOSTHOCTHAS YaCTOTa «CPE3ay UMITYJIbCOB Pa3psiIHOTO TOKa
U, kB C, Mmx®d
600 750 900 1200
Ioi, | N | NN | Ini, | N | N/N | Iy, | N| NJN | I, | N | NJN
KA KA KA KA
1,5 18 6 1 21 7 1 25 |1 6 1 30 6 1
2 24 6 1 28 6 1 32 |6 1 36 6 1
2,34 29 7 1 32 6 1 38 |6 1 42 6 1
2,7 32 18 | 0,94 37 6 1 43 | 6 | 0,83 50 6 1
34 42 30 | 0,8 46 6 | 083 | 50 | 6 | 0,83 56 6| 0,5
3,8 47 321 08 51 6 | 083 | 54 | 6| 0,83 62 6 0
4,25 52 27 | 0,78 57 12| 0,5 60 | 6 | 0,5 67 6 0
4,65 57 10| 0,2 61 6 0 64 | 8 0 - - —

Onpezle.neHne HYacCTOTbl «Cpe€3aeMoro» uUMiyJjabCca
pPaspsaaHOro TOKa. LI."flCTOTy «Cpe3aeMoro» HMIIyJibCa,

KOTOpas MOeT ObITb obecneueHa MUY, HeobOxommmo
COIJIacoBaTh C IEKTPOPUIUUCCKUMH XaPaKTEPUCTHKAMH

ISSN 2074-272X. Enexmpomexnika i Enekmpomexanika, 2021, Ne 3

43



U pa3MepamMH 3aroToBKu. J[ms 3TOro BOCHONB3yemcs
0000IIEHHBIM KpUTEPUEM TTOHOOHS =1 [15], tme @ —
KpyroBas 4YacTOTa, T — IOCTOSHHAas BPEMEHH MEepBOTO
MPUOIIKEeHUS], T = lo-y-R-d/2, 9 — MarHuTHasE MOCTOSTH-
Hast. OGOOIICH DI KPUTEPHil T KOMIUIEKCHO YYHTHIBACT
3MEeKTPOYU3NICCKHE XAPAKTEPUCTUKHU (L, ) U Pa3sMepbl
(R, d) TOHKOI1 3aroTOBKH, a TaK)Ke 3aMEHsIET JIBa KpUTe-
pus d=d/Ad w di = d/R (4 — riy6uHa IPOHUKHOBEHUS
anekTpoMarautHoro nons [17]). B mupokom nnamazone
3HaYeHUH Ko3(duImeHTa 3aTyXxaHUs IKCIOHCHIMAIBEHO
3aTyxaromieldl CHHYCOUABI ONTHMalbHOE 3HaYeHHE 0000-
ILIEHHOTO KPUTEPHS T , IPH KOTOPOM aMIUTHTY /A OTPHI[A-
TEJIBHOIO JAaBJIEHUS P, NEHCTBYIOUIEr0 Ha 3aroTOBKY,
MaKCHMaIIbHa, PaBHO 7o = 0,8. [IpH 5TOM B 061aCTH

0,5<r'<l,4 (1)
BeMW4MHA P, W3MEHsAETCs He3HauuTenbHO [15, puc. 4,
KpuBbIe 5 — 8].

Ycnosue (1) siBiseTcs yHUBEpCAIbHBIM U CIpaBe[-
JIUBO JJIs1 TOHKHUX [AJIHHIPUYCCKUX 3arOTOBOK M3 HEMar-
HUTHBIX MaTepuayioB. {7 3aroTOBOK, HCIIOJIE3YEMBIX B
OIKCAHHBIX 37IeCh JKCIepUMeHTax (7 = 67,858 Mmkc), u3
ycrmoBust (1) moilydyaeM COOTBETCTBYIOIIWE JJHANIA30HEI
pexomeHayeMbIX 3HaueHud « (l/c) m wactorer [ (k['m)
«Cpe3aeMoTo0» UMITYIIbCa

7368 < w < 20631, )
1,173 << 3,284, (3)

a TaKKe KpUTepHil d-
0,1768 <d" <0,2958. 4)

3nadenns , f, d, COOTBETCTBYIOLIHE Ty, PABHBI
wo=11789 1/c, fo=1,876 xI', dy =0,2236.

B Tabn. 2 npuBeneHb! 3HAYCHUS JUIUTEIBLHOCTH I10-
nynepuoaa 7/2, w, f, moy4eHHbIE U3 OCHMIIIIOIPaMM TOKa
B paspsaaHOM KoHType MUY, a Taxke Kputepues 7 ud .

Ta6muma 2

BpeMeHHme 1 YaCTOTHBIC MapaMETPhI «CPE3aC€MbIX» UMITYJILCOB
*
paspAaHOro Toka U 3Ha4YCHUA KPUTCPUCB T ,

72, | /10°, * *
C, MKD Ko e f, k' T d
600 130 24,17 3,846 | 1,638 | 0,32
750 150 | 20,94 | 3,333 | 1,44 | 0,30
900 160 19,63 3,124 | 1,346 | 0,29
1200 200 15,71 2,500 | 1,082 | 0,26

Ananu3 nanHbiX Tabi. 2 ¢ yyeroM ycioBuii (2) — (4)
MO3BOJISIET CJejaTh BbIBOA, yTo MUY ¢ emkocteio EHD
C =900 wm 1200 Mmx® obecrieunBaeT PEKOMEHIyEMbIE
YaCTOTBI «CPE3aeMOro» MMITYJIbCa, MPH KOTOPBIX aMILIU-
TyZa OTPHLATEIILHOTO JIaBJICHUSI UMITYJIbCHOTO MarHUTHO-
TO TIOJIS, PACIIMPSIONIETO 3ar0TOBKY IPY HOMOIIM BHEII-
HETO0 MHIYKTOPAa, OJIM3Ka K MAKCUMAJILHOMY 3HAYEHHMIO.

TexHosornyeckne omnepanuv, OCHOBaHHbIE Ha
pacliMpeHHH TPYOYATHIX 3aroTOBOK «CpPe3aHHbIMID
uMInyabcamMu. Ilpy BBINOTHEHNM OMMCAHHBIX TEXHOJIO-
rudeckux onepanuii mpuaiaTo C = 900 Mx®D, U, = 3,2 kB.
3nauenne Uy nmoadMpansoch SKCIEPUMEHTAILHO U3 YCIIO-
BUSL JOCTHXKEHUs JOCTaTOYHOW Je(OopMalMy 3aroTOBKH.
Otu napamerpsl EHD obecrieunBatoT kak BEICOKYIO BEpO-
SITHOCTh «CpPEe3a» MMIYJbcoB (Tabin. 1), Tak U pekoMeH-
JyeMyI0 4YacTOTy «Cpe3aeMoro» wummynbca (Tabm. 2,
ycaosus (2), (3)).

Hszeomoenenue Oemaneti cnoxcuoil @opmul. Ha
puc. 3 ToKa3aHbl YEPTEKH JETANN C OJHUM IMIHHAPHYE-

CKHM BBICTYIIOM () W COOTBETCTBYIOLIEH pa3bopHOU au-
SIIEKTPHUUYECKON MaTpuilbl (6) (CM. TakKe 1mo3. 5 Ha puc. 2),
a Ha puc. 4,a IeTajii, U3rOTOBJICHHBIC U3 TPyOUaTOM 3aro-
TOBKH IMPHU IMOMOMIIU «CPE3aHHBIX» UMITYJIbCOB. IIeTaJ'lb
MOJKET MMETh 0oJiee CIOKHYIO (opMy, KOTOpas orpeje-
nsieTcss OPMOH TUIICKTPUIESCKON MaTPUIIBI, HAIPUMED,
HUMETh JIBa MWIHHAPUIECKUX BEICTyNA (pUC. 4,0).

=,

4 -

1835

Puc. 3. YepTexu 1eTainy ¢ OXHAM LIMIHHAPUYECKHM BBICTYIOM
(a) m pazbopHOit AUdIEKTpUIEcKOi MaTpuns (6, Tae 1, 2 —
CHUMMETPUYHBIC YaCTU MATPHIIBI)

NN

a 6
Puc. 4. leranu ¢ ogauM (@) v AByMs (0) LHIIHHAPUIECKUMH
BBICTYIIaMH, M3TOTOBIICHHBIE IIPH TIOMOIIH «CPE3aHHBIX»
UMITYJILCOB

CHsamue Mmemaniuyeckou mpyouamou  Oemanu
¢ Ousdnekmpuyeckoeo cmepoicHsa. Ha nuanexTpuueckuii
CTEpP)KeHb KPYIJIOTO CEUEHMs IIPU IOMOIIM IpeaBapH-
TEIBHO MPOTOYCHHOW KAaHABKU MATHUTHO-HMITYJIECHBIM
c)KaTheM ObLTa HallpeccoBaHA TpyOdaTas AeTalb U3 ajro-
MHUHHEBOTO cIutaBa (puc. 5,a). Jns cHATHSA ATON neranu
(c menpro 3aMEHBI) HCIOB30BAIN «CPE3AHHBI» UMITYIIBC
paspsAaHOTO TOKa, a BMECTO MATpuilel 5 (puc. 2) — au-
ANEKTPUUYECKYI0 BTYJKY, IOIYCKAIOIIYI0 JOCTaTOYHOE
paauanbHOe paclIupeHne cHuMaeMoi aetanu (~ 0,5 Mm).
Ha puc. 5,6 moka3zansl 3arotoBka 1 10 HampeccoBKH Ha
CTEPKEHb U CHATHIC OMUCAHHBIM CIIOCO0OM neTainu (2, 3).

a

Puc. 5. HepazpemHOe coeAMHEHUE TUIIEKTPUUECKOTO CTEPKHS
U TpyOUaToil MeTaIMYECKOH AeTanu (@), 3aroToBKa U IETaNH,
CHSTBIEC «CPE3aHHBIMI» UMITYJIbCcaMH (6)

Heo0xoquMOoCTh CHATHS BHEIIHHX TEXHOJIOTHYE-
CKHMX HPOBOISIIMX O0OJIOYEK BO3HUKAET IOCIE MarHUT-
HO-UMITYJIbCHOI'O MTPECCOBAHUA [[eTanef/i 13 MMOPOUIKOBBIX
MmarepuanoB. Ecnu nperans uMeer TpyOuaryoo Qopmy u
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JOCTYIHA M3HYTPHU, TO 3Ta OMEpalusi MOXKeT ObITh OCy-
IIeCTBJICHA TMPH IOMOIIM BHYTPEHHEI0 HHAYKTOpA.
M3noxeHHble B 3TOM CTaThe AKCIEPUMEHTAIILHBIE PE3YJIb-
TaThl MOJATBEPIKAAIOT BO3ZMOXKHOCTh CHSTHS TEXHOJOTHYE-
CKOW 00O0JIOYKH C TPYOUaThIX W CIUIONIHBIX IHIHHIPHYC-
CKUX JleTalleil U3 MOPOIIKOBBIX MaTepUaJIOB MPU MOMOILU
BHEIIHETO MHIYKTOpa U «CPE3aHHBIX» HUMITYJIbCOB. 3ame-
TUM, 4TO B padote [16] oTMeUanach BO3MOXKHOCTh BEIIIOII-
HEHHS TaKOH OIepayy B cIydae MWIMHIPA U3 IIOPOIIKO-
BOT'0 MaTepuala BTOPHIM UMITYJICOM MarHATHOTO TTOJISL.

[IpoBeneHHBIE WCCIIEIOBAHHUS IMOKA3BIBAIOT, YTO
JOCTATOYHO OJHOTO «CPE3aHHOT0» HMIIYyJIbCa: B 3TOM
Clly4ae IIpHU IIOMOIIM IEPBOM, MOJ0KUTEIBHOM, [10JIYBOJI-
HBbI JIaBJICHUSI OCYIIECTBISIETCS TMPECCOBaHHUE JETalu, a
IIpY [IOMOLIY BTOPOM, OTPULIATEIILHOM, — CHATUE TEXHO-
JIOTHYECKOM 000JIOUKH.

BeiBoabI.

1. [Ipn noMoIIM TEXHOJOTHMYECKHX OIlepanuil, OCHO-
BAHHBIX Ha MarHUTHO-UMITYJIbCHOM PAaCIIMPEHUU LUJIHH-
JIPUYECKUX TPYyOJaTHIX 3aroTOBOK BHEIIHUM HWHIYKTO-
pOM, TIOATBEPKIACHO CYIISCTBOBAHKE OONACTH 3HAYCHUUN
MapaMeTPOB €MKOCTHOTO HAKOIUTEIS SHEPTHH YCTaHOB-
KH C yTIPaBIIIEMBIM BaKyyMHBIM Pa3psiTHUKOM, B KOTOPOit
C BBICOKOH BEPOSTHOCTBHIO NPOUCXOIUT «CPE3» HUMITYIIb-
COB Pa3psAIHOIo TOKA.

2. Ilepen BBITIOJHEHUEM TEXHOJOTUYECKUX OMeEpalu,
OCHOBaHHBIX Ha PAaCHIMPEHUU 3aroTOBOK MPHU TOMOIIU
BHEIITHETO MHIYKTOPa, HE0OX0AUMO, TIPEKIEC BCEro, Mpo-
BECTU UCHBITAHUS YNPABISIEMOTO BAKYYMHOTO Pa3psiaHU-
Ka U ONpPENEeIUTh 3HAYCHHs] EMKOCTH U 3apsJHOTO Hampsi-
JKCHHSI HAaKOIHUTENS SHEPTHH, IIPH KOTOPBIX OTHOCHUTEIB-
Hasi BEPOSITHOCTh «CpPEe3a» HMMITYIIbCOB Pa3psiIHOTO TOKa
OJIM3Ka K €IMHULIE.

3. PexoMeHayemMass 4acTOTa «CPE3aeMOTro» HMITYJIbCa
paspsIHOTO TOKA, MPU KOTOPOW JOCTHraercs Onm3Kas K
ONTUMAIFHONW aMIUIMTYJa OTPHUIATEIBHOTO IaBIICHHS,
PACIIUPSIONIETO 3aTOTOBKY, MOXET OBITh OIpEe/icHa U3
YCIIOBHA, TIOJIYYCHHBIX MPHU MOMOIIM 000OIICHHOTO KpH-
Tepust oa00usI.

4. 3apsiiHOE HAIpsDKEHUE €MKOCTH HAKOMMUTENsl MOJ-
OmpaeTcss SKCICPUMECHTAIBHO W3 YCIIOBHUS JOCTHXKCHHS
HeoOXoauMoi AedopMaIuil 3arOTOBKH M COTJIACYETCS C
JAHHBIMH WCIBITAHWHA YIPaBIIEMOTO BaKyyMHOTO pas3-
pAOHUKA.

5. MarauTHO-UMITYJIbCHOE TPECCOBAHHUE TPYOUaTHIX U
CIUTOIIHBIX LWIMHAPUYECKUX JEeTajed W3 IMOPOIIKOBBIX
MaTepUaJIOB M CHATHE IIOCIE ATOTO TEXHOJIOTHYECKOM
NPOBOJIAIICH 000IOUKHA MOXKET OBITh OCYIIECTBIICHO OJI-
HUM «CPE3aHHBIM» UMITYJILCOM TOKA.
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Expansion of cylindrical tubular workpieces on high-voltage
magnetic-pulse installation with controlled vacuum discharger.
Purpose. An experimental verification of the existence of a
range of values for the parameters of the capacitive energy
storage of the magnetic-pulse installations with controlled vac-
uum discharger, in which, with a high probability, there is a
«cuty of the discharge current pulses and the expansion of cy-
lindrical thin-walled tubular workpieces using an external coil.
Methodology. High voltage magnetic-pulse installation of NTU
«KhPI» with controlled vacuum discharger, multiturn coil with
inside dielectrical die and inside aluminum alloy workpiece are
used. The capacitance and charge voltage of capacitive energy
storage are changed. Discharge current pulses are measured by
Rogowski coil and the oscillograph. Results. Parts of compli-
cated shape are made by expansion of cylindrical tubular work-
pieces with help of external coil. Pressed metallic tubular part is
removable from inner dielectric rod. Originality. The frequency
of «cut» pulse is defined by negative magnetic field pressure
amplitude. It is shown that we must coordinate this frequency
and charge voltage with capacitive storage parameters by high
probability of pulse «cuty. Practical value. It is shown how to
use installations with controlled vacuum dischargers in mag-
netic forming technology based on «cut» pulses. References 17,
tables 2, figures 5.

Key words: high-voltage magnetic-pulse installations, capaci-
tive energy storage, controlled vacuum discharger, current
pulse «cut», probability of «cut», external coil, expansion of
cylindrical tubular workpiece, part of complicated shape.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319
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I'.B. Besnpo3Bannux, [.O. KocTiokoB

PO3PAXYHKOBA MOJEJIb BUBHAYEHHA KOMIIVIEKCHOTI'O OIIOPY CHJIOBUX
BUCOKOBOJIBTHUX OJJHO’KNJIBHUX KABEJIIB 3 IIOJIIMEPHOIO 130/ 1€10

3anpononosana uucenvbHa po3paxynKoea Mooeib UIHAYEHHS aKMUBHO20 ONOpy Ma iHOYKMUSHOCI CIPYMONPOGIOHOI dcunu 1l Me-
maneeo2o eKpamy CUNOBUX OOHONCUTLHUX KAOeNié KOAKCianbHOi KOHCMPYKYIT 3 yPaxy8anHamM nOGepxHeeo20 ehekmy ma eghpekmy Onu-
3bKOCMI 8 WUPOKOMY OianazoHi wacmomu. Buxonano 6 3anesxcrnocmi 6i0 yacmomu nopieHaAHHA KoeqhiyieHmis HepieHOMIpHOCME pO3-
nOOLLy CMpymy no nepemuny cmpymonposionoi scunu xabemo. Ilokazano, wjo 30inbuenHs MosWUHI MIOHO20 eKpaHy Npu3eo0uns
00 30invuenns KoeQiyieHma HepieHOMIPHOCMI PO3NOOLTY cmpyMy Ho nepepizy eKpaHy ma akmueHo2o onopy Kabenro 018 yacmomu
100 xI'y npu nesminnomy nepepisi cmpymonposionoi dcunu. Pospobrena moodenb € 0cHo6oI0 ONisl GUSHAYEHHS XAPAKMEPUCIULHO0
IMNeOaHcy Cuno8UX GUCOKOBOTLIMHUX OOHONCUTLHUX KADeNi8 8 WUPOKoMY OianazoHi yacmomu, HeoOXiOH020 05l 6CMAHOBNEHHS ade-
K6AMHUX Kpumepiie OYiHKU nApamempis GUCOKOUACTIOMHUX BNAUGIE, KPUMUYHUX O 3uumoi noaiemuaenogoi izonayii. bion. 16,
tabn. 1, puc. 7.

Kniouosi cnoea: cuiioBi kabeni, KOMIIEKCHUH OMip, MarHiTO3B’fAi3aHi KOHTYPH, CHCTeMa JIHiliHUX ajre6paiyHuX piBHSAHb,
CTPYMONIPOBiA, eKkpaH, KoedinieHT HepiBHOCTI po3noainy cTpymy.

IIpeonodicena wuciennas pacuemuas Mooenb onpedeienis akmueHo20 CONPOMUBIEHUA U UHOYKIMUBHOCIU MOKONPOBOOAWell JCUTb
U IKPAHA CUNOBBIX OOHONCUNLHBIX Kaberell KOAKCUANbHOU KOHCMPYKYUU C YUemOoM NO8EPXHOCMHO20 dPgexma u 3¢hghexma 6au3o-
cmu 8 WUPOKOM OUANA30HE YACMOMbl. BblnoiHeno 6 3a8UcuMocmu om yacmomsl cpasHenue KoIQPUuyuenmos HepagHoMepHocmu
pacnpeodenenus moKa no ceveHuro mokonposoda. Iloxkazano, ymo yeenuuenue monyuHsl MeOHO20 IKPAHA NPUBOOUN K YEETUUEHUIO
KO3 puyuenma nepagHomepHocmu pacnpeoenenus. Mmoka no Ce4eHuro IKPaua U akmueHo20 CONPOMUBIEHUs Kabeus Ol Yacmombl
100 xl'y npu HeusmenHOM cedeHuUu MOKONposooawell dcuvl. Paspabomannas mooens a61s1emcs 0CHOB0U 05 ONpedesieHUs Xapak-
MepucmuyecKo20 UMNeOanca CUlL08blX BblCOKOBONILIMHBIX OOHONCUTLHBIX Kabenell 8 WUPOKOM OUanazone 4acmomol, HeoOX00UMO20
07151 YCMAHOBNIEHUS, A0EKBAMHBIX KpUMepUes OYeHKU Napamenpos 8blCOKOYACMONMHBIX 8030etiCMEULl, KPUMUYHBIX Ol CUIUMOU NOU-
amunenosol uzonayuu. budin. 16, rabn. 1, puc. 7.

Knrouesvie crosa: cuiioBble Kadeau, KOMILIEKCHOE CONPOTHBJIEHHE, MATHMTOCBSI3AHHbIE KOHTYPBI, CHCTEMa JIMHEHHBIX

aJredpan4ecKux ypaBHeHMIi, TOKONIPOBO/, IKPaH, KO3 (UIMEeHT HePABHOMEPHOCTH pacupeeleHis TOKA.

Beryn. BrcokoBONBTHI CHITOBI Kabelli 3 TepMOpeak-
THBHOIO TIOJIIETHIICHOBOIO 130JIAIII€I0 € KPUTHYHO BaXKIIH-
BUMH KOMIIOHCHTAMHU E€JIEKTPOCHEPreTHYHUX cHCTeM. B
X BUPOOHUIITBO BKJIaJa€Thcs Oarato iHBECTHLIH [uist 3a-
Oe3neueHHa HafaidHOI ekcruryararii [1-3]. CuoBum BH-
COKOBOJIFTHUM Ka0eisM 3 130JIII€I0 Ha OCHOBI 3IIATOTO
morieTrieHy Hampyrud 6-500 kB BnacTuBi MigBHINCHI
3HAUEHHS EJIEKTPUYHOI €MHOCTI Ta 3HMXKEHI 3HAuYeHHS
XBHJIBOBOTO OTOPY (XapaKTepUCTHUIHOTO IMIIEAAHCY) B
MOPIBHSAHHI 3 Ka0eJsIMU 3 MaIrepoBO-IIPOCOYCHOIO 130715~
nieto [4-8]. B pe3ynbTari HhOro B ENEKTPUUHUX MepeKax
CTae Bce OUTbIIe 00’ €KTiB, U SKHUX CIiJ OYiKyBaTH BH-
HUKHEHHSI CKJIQJIHUX 0araToyacTOTHHX HEpEeXiJHUX Ipo-
eCiB, SIKI CYNPOBOKYIOThCS HEOE3NEUHHUMH NIepeHanpy-
ramu Ta crpymamu [5-8]. 3HaUeHHS epeHanpyru Ta Tpu-
BaJICTh MEPEXiHOTO MPOIECY BU3HAYAIOTHCS JIOBXHHOIO
Ka0eJbHOI JIiHIT Ta XBHJIBOBUM OIOPOM CHJIOBOTO BHCO-
KOBOJIBTHOTO Kabemnmto. TpuBaNicTh MepeXiHUX MPOIIECiB
CTaHOBUTH JIECATKH 1 COTHI MIKPOCEKYHI, 1[0 BigIOBigae
YacTOTI TaKWX IPOLECIB BiJl OJUHUIB A0 AECATKIB i CO-
TeHb Kinorepr [9]. Bucoko4acToTHi CKIanoBi CTpyMy Ta
HAMpPYTU MPUCKOPIOIOTh, 30KPEMa, PO3BUTOK BOJHUX TPH-
IHTIB B IOJIIMEPHIN 1301111 Ta MOXXYTh CTaTH NPUYHNHOIO
PO3BUTKY €JIEKTPUYHUX TPHIHTIB, TOOTO BTPATH EJIEKTPH-
YHOI MIIHOCTI i30JIAMii CHJIOBUX BHCOKOBOJBTHHX KaOe-
i [10, 11]. Po3pobka amekBaTHHX KpPUTEPiiB OIIHKH
napaMeTpiB BHUCOKOYAaCTOTHUX BHJ'II/IBiB, KPUTUYHHUX JIA
3MIUTOI TMOMIETHICHOBOI 13071111 BUCOKOBOJNIBTHHX Kabe-
JiB, TPYHTYEThCS HA MOHITOPHUHTY CTaHy EJIEKTPUYHOI
i30J1s1ii B Ipolieci eKCIuTyaTarii, B TOMy YHCIIi 32 pe3yJlb-
TaTaMl 4acoBOi peduieKToMeTpii, A sKoi HeoOXimHi
JIaHi 010 KOMIUIEKCHOTO OIMOPY CTPYMOIIPOBIIHOT JKHITH

Ta €KpaHy [Jis1 BUSHAYCHHA XapaKTECPUCTUIHOTO iMHeILaH-
cy cuitoBoro kabemro [12].

B HOpMaTHBHO-TEXHIYHIN TOKYMEHTAIlii HABOIATHCS
3HAYCHHS OIOpPY CTPYMOIIPOBIIHOI XHIIM Ha MOCTIHHOMY
ctpymi nipu Temrieparypi 20 °C Ta iHIYKTHBHOCTI CHIIO-
BOTO OJHOXFWJIFHOTO BHCOKOBOJIBTHOTO Ka0enmo Koakcia-
JBHOI KOHCTPYKLIi B 3aJIe)KHOCTI BiJl IPOCTOPOBOTO PO3-
TalryBaHHS B TpH(a3HiiA KabedpHIN NiHIT (TPUKYTHHKOM
abo B miockocti) [2]. J{ns BU3HAUEHHSI aKTUBHOTO OIOPY
KWIK IIPU NPOTIKaHHI 3MIHHOTO EJIEKTPUYHOIO CTPyMy
gacrotu 50 I'1] HaBeIeHO MaTeMaTUYHI BUPa3y, SIKi anpo-
KCHUMYIOTb 3aJISKHICTh OIOPY BHACIIIOK MPOSIBY MOBEPX-
HEeBOTo edeKTy Ta eeKTy OIM3bKOCTI PSIOM PO3TalIoBa-
HUX OJHOXHJIBHUX KaOemniB [2, 13].

B [14] mpencraBineHa aHaIiTHYHA MOJENH PO3pPaxXyH-
Ky TOB3IOBXHBOTO KOMILIEKCHOTO OIOpPY 3 YpaxyBaHHIM
e(eKTy OIU3BKOCTI I CTPYMOIIPOBITHOI KUK Ta IHIYK-
TUBHICTh XWIA W METAJIeBOTO CKpaHy 0e3 BpaxyBaHHS
BIUTMBY YaCTOTH OJHOKWJIBHOTO CHIIOBOro Kabemo. B [15]
BU3HA4YEHA BJAacHA IHIYKTHBHICTH METaJeBOrO EKpaHy B
NPUITYIIEHHI PIBHOMIPHOTO  PO3MOJULY  iHIYKOBAaHOTO
CTPYMy B €KpaHi OJJHOXKHIIBHOTO CHIIOBOTO KaOelto.

Takum YUHOM, OTpUMAaHHSA YaCTOTHUX 3aJIEXKHOCTEH
AKTUBHOIO OIIOPY Ta IHAYKTUBHOCTI CTPYyMOIIPOBIIHUX
JKMJI ¥ METaJIeBUX €KPaHiB CHJIOBHX BHCOKOBOJIBTHHX O[I-
HOXWJIBHUX Ka0eJliB 3 ypaxyBaHHAM CKiH-e(eKTy Ta edek-
Ty OJU3BKOCTI € BXKIIMBOIO 1 aKTYaJIEHOIO IPOOIIEMOTO, STKa
JI0 OCTaHHBOTO Yacy € HeIOCTATHBO IIPOPOOIICHOIO.

Meta nocCmiKEHHS TONATae y po3poO0Ili po3paxyH-
KOBOI MOJeNli KOMIUICKCHOTO OIOPY BHCOKOBOJIETHHX
OTHOKMIIBHUX CHJIOBHX KaOewiB KOaKCiaTbHOI KOHCTPYK-

© I'.B. be3npo3sanuux, 1.0. Koctrokos
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i1, HeoOXiIHOI [yl BU3HAYEHHS YaCTOTHUX 3aJIEKHOCTEN
AKTHBHOIO OINOPY Ta IHIYKTUBHOCTI CTPYMOIPOBITHOT
JKWJIM Ta METAJIEBOIO0 €KpPaHy 3 ypaxXyBaHHSM IIOBEpPXHE-
BOro edekTy Ta eeKkTy OJIM3bKOCTI.

UncesbHe BU3HAYCHHS] aKTHBHOIO ONOPY i iHAY-
KTHBHOCTi CTPYMONPOBOIY 3 YPAXyBaHHSAM MOBepPXHe-
BOro edekry ta eektry oam3bkocti. Po3io’emo crTpy-
MOIIPOBIJl Ha PsAJ MapayebHUX Trilok (puc. 1) — HUTOK
ctpymy. KoxkHa i-a rijika Mae akTUBHUH omip R; 1 iHIYK-
TUBHICTP L;, a 3aBJITKA MarHiTHOMY TIOJIIO TTOB’3aHa 3 j-F0
rinkoro. B3aeMHy iHIYKTHBHICTH MiX -0 Ta j-}0 TUIKAMH
HOSH&‘H/IMO K M.

X10 ', m

\\\
)

17—\
W7\
TS
MR
I\ 4
I

4.99 4.995 5 5.005

5.01
7y, M

Puc. 1. Cxema po3srairyBaHHs By3JIiB [0 IEPETUHY CTPYMOIIPO-
Boxy. Ilepmuii By301 — B IIGHTPi CTPYMONPOBOAY, iHIII po3Ta-
HIOBYIOTECS pafiasibHo. JIiHis, mo 3’€qHy€ By3/IH, BU3HAYAE
MOPSIOK HyMeparlil —IpOTH FOANHHUKOBOI CTPLIKA

[MpumyctiMo, mo B /- TiUTBLI i€ PKEpeNo 3MiHHOT
enekrpopyuiitHol cun EPC E; wacroru f- Toai uist 3aMKHY-
TOr0 KOHTYpY L€l rijiku 3anuiemo piasiHHs Kipxroga:

M
(R + jool, )'G*Z(JWMIJ”I_,‘):EI' ) (1)
J#
Je TEepHIni JOJaHOK (Rl» + joL; )-Il- BU3HAYa€ MaJiHHA
HaIpyry Ha aKTUBHOMY OIIOPI 1 BIIACHOT IHAYKTHBHOCTI i-1
Nl
rigKM, a BCl iHII CKIIaIoBi Z(ja)M i -1 j)
J#i
Halpyrd Ha B3a€MHI 1HJIYKTUBHOCTI i-1 TUIKM 3 yciMa
IHITUMH T1TKaMH.
V piBHsHHI (1) MicTuThCs V| TOJJAaHKIB 3 HEBiJOMU-
MM CTpyMaMH NapaneibHuX rinok: Iy, b, ... 1, ... I, ... Iy.
Jist KoKHOT 3 N| TIOK 3amuiieMo piBHSHHSA, moioue (1).

OTpuMaeMo cHCTEMYy JTiHIHHUX anreOpaidHuX pPiBHSIHbD
(CJIAP) Kipxroda:

— TaaiHHS

. Nl . .
(R + joly )1+ > (joMy -1 ;)= By
=
Ny

J#£2

. Nl . .
(Ry1 + joLyy ) i+ Z(jWMii '[j):ENl-
J£N1

3ammmemo CJIAP (2) B maTpuuHiii hopmi:

(Ri+joly)  joM joMyy \ (4 ) (B
jaMy  (Ry+jaly) joMon || || E | 3)
JoMy,  joMy, (Ry+jely ) Iy) \Ey

ITo giaronam matpui koedimientie CJIAP (3) pos-
TAIOBaHI BJACHI ONOpPHW TUIOK (aKTWBHI 1 1HIYKTHBHI),
11032 JliaroHali — ONOPH B3aEMHOI 1HYKTUBHOCTI T1JIOK.

B okpemomy Bumnanky 3HaueHHs EPC, mo nitoTh B

TiIKax CTPYMOIIPOBOXY, OJHAKOBI — ES. Toxni CJIAP (3)

HaOyBa€ BUTIIAMAY:

(Ri+jaly)  joM, JoMy n L) (Es
joMy,  (Ry+jaly) jeMyy | I _ Eg @)
JoMy,  joMy, (Ry+jely)) | 7y Eg

CJIAP (4) no3Bosisie BU3HAYaTH apaMeTpu KOMILIe-
KCHOTO OIOpY CTPYMOIIPOBOZIB 3 ypaxyBaHHSM CKiH-
edexTy i epeKTy OTU3BKOCTI.

B3aemHa 1HAYKTHBHICTH M|, MiX JIBOMAa CIiBBICHH-
MU KUIBIEBUMH KOHTYPAMH 31 CTPyMaMH PO3PaXxOBYETHCS
Ha ITiCTaBi aHANITHYHOT hopmymH [16]:

1 K
Mia =2uponr - | 1= K(k)-EK)|, (5)

Ie 7, ¥, — pamiycu CTPYMOIIPOBOAIB (sl oxHO(A3ZHOTO

CHJIOBOTO Ka0elo KOoaKCialbHOI KOHCTPYKIIi 7| — paniyc
CTPYMOMPOBIAHOI JKWIH; #, — BHYTPIIHINA pamiyc mo
METaJIeBOMY eKpaHy Kabeo BiJITIOBiZTHO);

4nr . .
k= |——122 ; ne G — BiACTaHb MDK IUIOIIHMHAMHU
2 2
(7”1 + I"2) +G

CTPYMOIIPOBO/IIB Y310BX Bici cumerpii; K(k) 1 E(k) — byH-
KIii TOBHHUX CJINTUYHUX IHTErPaIiB MEPIIOro Ta JAPYroro

pony:
/2 /2

K (k)= J' W . E(k)= j JI—k%sin® B -dp.

BnaCHa IHIYKTHBHICTh KPyrOBOTO MPOBIJIHMKA MacH-
BHOTO TIEPETHHY PO3PaXOBYEThCS SIK B3a€EMHA 1HIYKTUB-
HICTh MIXK JIBOMA HUTKOMOIIOHUMHU TPOBITHUKAMH TOTO XK
paziyca, po3TallioBaHUMH Ha BijicTaHi G OJJMH BiJl 1HIIIOTO.

JUiss KpyroBOro MEpeTHHY pajiyca r CepeaHbOreo-
METpUYHa BiJCTaHb IUIOIII Kojia BiJg camoi cebe G
JIOPIBHIOE:

G=1— (6)

ne e = 2,71828... — ocHOBa HaTypaJbHUX JIOTAPUPMIB.

B pesyunbrarti piieHHs (4) BU3HAYAIOTHCSI CTPYMH B
rinkax / i cymapHuil cTpym Iy BCiX mapalelIbHHX TiJIOK
CTPYMOIIPOBOY.

[Ticnst 3HAXO/HKEHHS CYMapHOTO CTPyMy BCiX mapa-
JEeTbHUX TUIOK BU3HAYAIOTHCS ITOBHUH KOMIUIEKCHHH
orip, Horo akTHBHa R i peakTHBHa JX; CKJIaJI0Bi, EKBiBa-
JICHTHA 1HIyKTHBHICTh L CTPYMOIIPOBOY:

7= L R=re(z) x,=1m(2) L— , ()
I 27r,
II€ 7, — PalilyC BUTHHY CTPYMOIIPOBOJLY.
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Pe3ynbTaTi ynceJbHOro MoJeioBaHHs. Bice cu-
MeTpil KiJIbLIEBOTO CTPYyMOIIpoBoay (puc. 1) 3HaXOAUTHCS
37iBa Ha BijcTaHi Z BiJ HEHTPY cTpymonpoBoxy. O0xin
BY3JIiB B KOXKHOMY IIIapi MOYMHAETHCS 3 30BHIIIHHOTO
OOKy KUIBIIEBOTO CTPYMOIIPOBOAY, TMOTIM IPOXOAUTH 10
BHYTPILIHIH CTOPOHI 1 3HOBY IOBEPTA€THCS Ha 30BHILIHIO.
CrpyM mparsHe mpoiTH MO HUIAXY HaMMEHINOI JOBXKUHU
(o BHYTpIIIHIM CTOPOHI CTPYMOINPOBOY), Yepe3 10 Ho-
ro TycTHHA TaM Buie (puc. 1).

Ha puc. 2 — 4 HaBeeHO BIUIMB YaCTOTH HA PO3MOILT
cTpymiB [ B rinkax N (puc. 2), aktuBHU#A omip R, (puc. 3),
€KBIBAICHTHY 1HIYKTUBHICTb L. (puc. 4) MigHOI CTpyMO-
IIPOBIZHOT JKHIIH CHUJIOBOTO KaGemto mepetHHoM 240 M’
(puc. 2,a; xpuBi 1 ma puc. 3 Ta puc. 4) i 800 mm*
(puc. 2,6; xpuBi 2 Ha puc. 3 Ta puc. 4) BiAMOBIAHO.

abs(l), A
10° (1),
107
10
10'6 ................
]
10° —
o
10
10™
0 100 200 300 200 N 500
a
abs(l), A
10° (1),
1
107 - ;
#d 4
4
10
5
10°
10 _,_..I'"Jr—
-
-10)
10—
10-12
0 100 200 300 400 500 600 700 5y 800
9]

Puc. 2. BruiiB 4acToTH Ha pO3IOIiI CTPYMy IO Tinkax N
CHJIOBOTO CTpyMOIpoBoy (kpuBa 1 —uacrora 50 'y, kpuBa 2 —
1 x['m, xpuBa 3 — 10 kI', xpuBa 4 — 100 kI'm, kpuBa 5 — 1 MI'm)

31 30UIbIIEHHSIM YacTOTH BHTICHEHHS CTpyMy Ha
MOBEPXHIO CTPYMOINPOBOAY 3pocTae. B pesynbrati edek-
THUBHHUH OIip CTPYyMOIIPOBOAY 301L1bIIy€eThCs (pHC. 3).

Rc, Ohm/m

10

10° 10° 10* 10° £ Hz 10°
Puc. 3. YacToTHi 3a71€:KHOCTI aKTHBHOTO OTIOPY MiIHOTO
CHJIOBOT'O CTPYMOIIPOBO.LY

- 1('5 Lc, H/m

4.8

al
.6

4
4

4.2

38
3.6

4
4

3.9

10 10 10°  f, Hz 10°
Puc. 4. YacToTHI 3aJI€)KHOCTI €KBIBaJEHTHOI IHIYKTUBHOCTI

MiJJHOT'O CHJIOBOT'O CTPYMOIIPOBOLLY

Ha puc. 5 npencraBneHa cxema po3TallyBaHHS By3-
JIB 110 TIEPETHHY CTPYMOIIPOBITHOI KWK 1 €KpaHy CHIIO-
BOTO OJIHOXHJIBHOTO Kabelto KOaKCialbHOI KOHCTPYKIIIi.
Pe3ynbraTi YMCEIBHOTO PO3paxyHKy B 3aJIeKHOCTI BiX
YaCTOTH aKTHBHOTO OMOpY 1 IHAYKTHBHOCTI L CHIJIOBOTO
kabento Hanpyrow 110 kB 3 mepeTHHOM MiTHOI CTpyMO-
poBiaHOT sxum 240 MM 2 | TOBIMHOKO MiTHOTO ekpany 1
MM HaBelleHI Ha puc. 6, 7 BIONOBIIHO. AKTHBHHUH OIIip
Kabero R CKIIaJaeThest 3 ONOPY CTPYMOIIPOBIIHOI KHIN
R, Ta MmeraneBoro expany R;- R = R. + R,. ExBiBaneHTHa
IHlyKTHUBHICTh Ka0emro L BKIIOYae €KBIBAJEHTHY 1HIYK-
TUBHICTh CTPYMOTIPOBITHOI )XHUIH L., €KBIBaJICHTHY iHIY-
KTUBHICTh €KpaHy L; Ta B3aeMHY iHAYKTHBHICTH MiX
JKHJIOIO Ta €KPaHOM.

30iblIeHHs TOBLUIMHU MiJHOTO €KpaHy B 3 pasu
(Big 1 mo 3 MM) IPHU3BOAMTH [0 30UIBIICHHS KOedimieHTa
HEpPIBHOMIPHOCTI PO3MOJITY CTPYMYy I0 MIEPETHHY €KpaHa
B 1,25 14,48 pa3u npu He3MIHHOMY 3Ha4YeHHI KoedilieHTa
HEpPIBHOMIPHOCTI PO3MOJITy CTPYMY IO MEPETHHY MiIHOT
skuu s wactoty 1 kI i 100 k[ BigmosigHo. JIiis yac-
tot 1 k['l akTMBHMI omip Kabemo 3 eKpaHOM MEHIIOi
TOBLIMHU Oinbine B 1,4 pa3u akTHBHOTO OIOpPY Kabewro 3
€KpaHOM OLTBIIOI TOBIIIUHU.

a 0
Puc. 5. Cxema po3rairyBaHHS BY3JIB 10 IIEPETHHY CTPYMOIPO-
BIJIHOT JKWJIM 1 eKpaHy TOBIIMHOIO 1 MM (@) 1 3 MM (6)

10 T T

107} 2 #
1 ﬁl 3 m4 ﬂ5 6
10 10 10 10 100 £ Hz 10°

Puc. 6. YacToTHa 3a1€XHICTh aKTUBHOTO OHOPY CHIIOBOTO
Ka0eo OAHOKIIBHOTO BUKOHAaHHS Hanpyru 110 kB
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L, H/m

ﬂs
10

f,Hz 10°

Puc. 7. YacToTHa 3aJ1€XKHICTh €KBIBAJICHTHOI 1HyKTHBHOCTI
CHJIOBOTO Ka0eJo OHOKMIBHOTO BUKOHAaHHS Hanpyru 110 kB

[TepeBipka OOCTOBIPHOCTI pe3yJbTaTiB YHCEIBHUX
pO3paxyHKiB BUKOHaHA Ha IiCTaBi MOPIBHIHHSA Koedimi-
€HTIB HEPIBHOMIPHOCTI PO3MOITY CTPyMy, 0OYMOBIIEHO-
ro ckiH-eexToMm i edexkToM OTU3BKOCTi, IO TEPETHHY
CTPYMOIIPOBOLY.

[Tepumii koedinieHT K 00YMCIIOETECA YEPE3 CTaB-
JICHHS TIOTYXXHOCTEH TEIUIOBUAUIEHHS NpU 3MiHHOMY Ta
HnoCTiHHOMY CTpyMi. [TOTYXHICTh TEIJIOBUIUICHHS NpPU
3MIHHOMY CTPYMi BH3HAQUYa€ThCsI CYMapHOIO IOTYXKHICTIO
TEIJIOBUIUICHHSI MapaielbHUX TUI0OK 3 ypaxyBaHHsM Iie-
pepo3noily CTpyMy IO MEPEeTHHY CTPYMOIIPOBIIHOT JKH-
mu. [ToTyXHICTh TEIUIOBUALICHHS IIPU TOCTIHHOMY CTPY-
Mi BU3HAYAEThCA PIBHOMIPHUM PO3IOALIOM CTPYMY IIO
NIEPETHHY CTPYMOIIPOBITHOT JKHIIH.

Hpyruit xoedimieHT Kp OOYUCITIOETHCS Yepe3 CTaB-
JICHHSI OTOPIB CTPYMOIIPOBOJY Ha 3MIHHOMY 1 MOCTiiHO-
MY CTpyMax.

V Tabn. 1 HaBemeHO MOPIBHSUIBHUI aHai3 Koedilri-
€HTIB HEPIBHOMIPHOCTI PO3MOJIIY CTPyMYy IO NEPETHHY
CTPYMOIPOBITHUX MIiTHHX KW Pe3ynbraTé po3paxyHKiB
— 1IeHTHUYHI.

Tabmur 1

IopiBHsIBHUI aHANI3 KOS(iliEHTIB HEPIBHOMIPHOCTI

p03HOZ[iJ'Iy CTpyMYy IO NIEPETUHY CTPYMOIIPOBOAY

Yacrora, | ITepepi3 minHoro ctpy- | Ilepepi3 migHoro cTpy-

Bt MOMpoBOy 240 MM’ MompoBoy 800 M’
Kf' KR Kf' KR
50 1,0156 1,0156 1,1546 1,1545
100 1,0605 1,0605 1,4598 1,4598
1000 2,3581 2,3581 3,9658 3,9655
10000 6,5865 6,5865 9,2692 9,2686
100000 | 14,3079 14,3079 19,4337 19,4337
1000000 | 19,4332 19,4332 22,2853 22,2836
BucHoBkm.

Brepiie 3amponoHOBaHO PO3PaxXyHKOBY YHCEIbHY
MOJIEJIb JJIsi BU3HAUCHHSI KOMIUIEKCHOTO OMOpPY BHCOKO-
BOJIBTHUX CHJIOBHX OJHOXXWJIBHUX KaOeliB i3 moiimep-
HOIO 130JISIII€I0, IO JO3BOJISIE BU3HAYUTH aKTHBHHU OIIIp
1 IHAYKTHBHICTB SK CTPYMOIPOBIJHOT )KWJIM, TaK 1 MiHO-
TO0 €eKpaHy, 3 YpaxyBaHHSIM CKiH-epekry 1 edekry
OJIM3BKOCTI.

Po3pobiieHa MOJIelib € OCHOBOIO ISl BU3HAYCHHSI
XapaKTePUCTUYHOTO IMIIEIAHCY CHUJIIOBHX BHCOKOBOJIBT-
HUX OJHOXWIBHUX KaOeliB B IIUPOKOMY Jiana3oHi dac-
TOT, HEOOXIHOTO I BCTAHOBJICHHS aJICKBATHUX KpHTE-
piiB OLIIHKHM ITapaMeTpPiB BUCOKOYACTOTHUX BILUIMBIB, KPH-
TUYHHUX U1 3MIATOI HOJIIETUIEHOBOT 130 11l

Ha ocHOBI 3ampornoHOBaHOi PO3paxyHKOBOI YHCEIb-
HOI MoziesTi Mo>ke OyTH po3po0iieHa BiIIOBIIHA METOIMKA

JUI. BH3HAYEHHS YaCTOTHHMX 3alle)KHOCTEH aKTHBHOTO
OMopY 1 IHAYKTHBHOCTI CHJIOBOTO OJJHOXKHIILHOTO Ka0eIto
KOaKCiaJlbHOI KOHCTPYKIII, sika MOXe OyTH OCHOBOIO JUIsi
[MiJBUILEHHSA TOYHOCTI MAaTEMATHYHOIO MOJEIIOBAHHS
MEPeXiTHUX TPOIECIB B KaOEIbHUX JIHISAX, 1[0 BUHHUKA-
I0Th IpU OJHO(A3HUX 3aMHMKAaHHSX Ha 3€MJII0 Ta IHIIUX
KOMYTaIlisIX B €JNEKTPUYHHX MepekaX MHpH JIBOCTOPOH-
HBOMY 3a3eMJICHHI €KpaHy.

Kou¢uiikt inTepeciB. ABTOpH 3asMBISAIOTE TIPO
BiJICYTHICTb KOH(IIIKTY iHTEpECiB.
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A calculation model for determination of impedance of power
high voltage single-core cables with polymer insulation.
Introduction. The wave parameters of power cables with pol-
ymer insulation differ significantly from the parameters of
overhead lines and power transformers. As a result, there are
more and more objects in electrical networks for which the
occurrence of complex multi frequency transients, accompa-
nied by dangerous overvoltages, should be expected. Purpose.
To develop a computational model of the complex impedance
of high-voltage single-core power cables of coaxial design
required to determine the frequency dependencies of the active
resistance and inductance of the conductive core and metal
shield, taking into account the surface effect and proximity
effect. Methodology. The method is based on solving a system
of linear algebraic Kirchhoff equations (SLAE) for magneti-
cally coupled contours. SLAE can be used to calculate conduc-
tors taking into account the skin effect and proximity effect.
Practical value. The developed model is the basis for deter-
mining the characteristic impedance of high-voltage single-
core power cables in a wide range of frequencies required to
establish adequate criteria for evaluating the parameters of
high-frequency effects critical for cross linked polyethylene
insulation. References 16, table 1, figures 7.

Key words: power cables, complex resistance, magnetically
coupled circuits, system of linear algebraic equations,
conductor, screen, coefficient of irregularity of current
distribution.
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SIMULTANEOUS OPTIMAL INTEGRATION OF PHOTOVOLTAIC DISTRIBUTED
GENERATION AND BATTERY ENERGY STORAGE SYSTEM IN ACTIVE
DISTRIBUTION NETWORK USING CHAOTIC GREY WOLF OPTIMIZATION

Goal. The integration of photovoltaic distributed generations in the active distribution network has raised quickly due to their
importance in delivering clean energy, hence, participating in solving various problems as climate change and pollution. Adding the
battery energy storage systems would be considered as one of the best choices in giving solutions to the mentioned issues due to its
characteristics of quick charging and discharging, managing the quality of power, and fulfilling the peak of energy demand. The
novelty of the proposed work is the development of new multi-objective functions based on the sum of the three technical parameters
of total active power loss, total voltage deviation, and total operation time of the overcurrent protection relay. Purpose. This paper is
dedicated for solving the allocation problem of hybrid photovoltaic distributed generation and battery energy storage systems
integration in the standard IEEE 33-bus and IEEE 69-bus active distribution networks. Methodology. The optimal integration of the
hybrid systems is formulated as minimizing the proposed multi-objective functions by applying a newly developed metaheuristic
technique based on various chaotic grey wolf optimization algorithms. The applied optimization algorithms are becoming
increasingly popular due to their simplicity, lack of gradient information needed, ability to bypass local optima, and versatility in
power system applications. Results. The simulation results of both test systems confirm the robustness and efficiency of the chaotic
logistic grey wolf optimization algorithm compared to the rest of the algorithms in terms of convergence to the global optimal
solution and in terms of providing the best and minimum multi-objective functions-based power losses, voltage deviation and relay
operation time values. Practical significance. Recommendations have been developed for the use of optimal allocation of hybrid
systems for practical industrial distribution power systems with the renewable energy sources presence. References 32, tables 4,
figures 9.

Key words: photovoltaic distributed generation, battery energy storage system, active distribution network, optimal
integration, multi-objective functions, chaotic grey wolf optimization algorithm.

Mema. Iumeepayis gomoenexmpuunoi posnoodineHoi cenepayii 6 aKmueHy pO3NOOLILYY MEPedNCy WBUOKO 3POCid 3A60sKu it
8aHCIUBOCMI 07151 0OCMABKU YUCMOI eHepeii, omoice, yuacmi y @upiuleHHI PiHUX npobaem, MaKux K 3MiHA KAiMamy ma 3a0pyOHeHHs.
Jlooasanna akymyiamopHux cucmem HaKoOnudeHHs enepeii Mooice Oymu po32iaHymo AK 0OUH 3 HAUKPAWUX BAPIAHMIE upiuieHnHs
3A3HAYEHUX NUMAHb 3a605KU C80IM XAPAKMEPUCMUKAM WBUOKOT 3apsAOKU ma pO3psAOKU, YNPAGIIHHA AKICMIO eHepeii ma 3a00801eHHs
nixy enepeemuynux nompe6. Hoeusna sanpononoganoi pobomu nonsicae y po3pooyi Hogux 6azamoyinbosux QyHKyil Ha OCHO8I cymu
MPbOX MEXHIUHUX Napamempie CYMAPHUX 6Mpam aKmMueHoi NOMYHCHOCMI, 3a2aNbHUX GIOXUNEHb HANpYyeU MA 3a2d1bHO20 YAcy
CHpaYbOBYBANHS pelle 3aXucmy 6i0 nepesanmaicenus no cmpymy. Mema. Cmammsa npuceauena eupiwennio npooiemu posnooiny
2IOPUOHUX homoeneKmpuyHUX PO3NOOLIEHUX CUCEM 2eHepayii ma inmezpayii cucmem HAKONUYEeHHs. eHepeii 6 CMaHOapmHi aKmMueHi
posnodinvui mepeosci 3 33-wunamu IEEE ma 69-wunamu IEEE. Memooonozia. Onmumanvua inmezpayis 2iOpuOHUX cucmem
cpopmyavosana AK MIHIMI3ayis 3anponoHOaHuUx Oazamoyintboeux @QYHKYill WIAXOM 3ACMOCY8AHHA HeW00asHo po3podaeHoi
MemaespucmuyHoi MemoouKu, 3aCHOBAHOI HA PIZHUX XAOMUYHUX AN2OPpUMMAax onmumizayii cipozo éoseka. 3acmocosani anzopummu
onmumizayii cmawoms 0edani NONYIAPHIWUMU 3A608KU C80ill npocmomi, 8i0cymHocmi Heob6XiOHOi iHghopmayii wodo epadienmy,
MOdHCAUBOCMT  00X00Y JIOKANbHUX ONMUMYMIE MA YHIBEPCANbHOCMI 6 3ACMOCY8aHHAX Wo00 enepeocucmemu. Pesynemamu.
Pesynemamu mooenioganna 060X mecmosux cucmem niomeepoN’Cylomy HAOiHicmb ma eQexmusHiCms XA0MUYHO20 N02ICMUYHO20
aneopummy onmumizayii cipoco 606KA 6 NOPIGHAHHI 3 IHWMUMU aN2OPUMMAMU 3 MOYKU 30pYy 36IiCHOCMI 00 2100a1bHO20
ONMUMATILHO20 PO36 A3AHHA Md 3 MOYKU 30pY 3a6e3neveHHs HAUKPawux i MiHIManbHux 6a2amoyitbosux QyHKYil Ha 0CHOSI empam
nomysicHocmi, 8i0XUleHHs Hanpy2u ma 3Haivens wacy cnpayrosanns pene. Ilpakmuune snauenns. Pospobaeno pexomenoayii ujo0o
BUKOPUCAHHS ONMUMATLHO20 PO3NOOINY 2iOPUOHUX cUCEM OISl PeanbHUX NPOMUCTIOBUX PO3NOOITbYUX eHep2OCUCTEM I3 HASAGHICIIO
8ioHo8I08aHUX Odicepen enepeii. biom. 32, Tadmn. 4, puc. 9.

Kniouosi cnosa: ¢oroeneKTpHuHA PpO3MOAilIeHA TreHepanlis, aKyMyJSITOpHA CHCTeMa HAKONHMYEHHs eHeprii, aKTHBHa
PO3M0aiTbHA Mepeika, ONTHMAJIBHA iHTerpauis, 6araTouinboi pyHkuii, XaoTHUHMIT aaropuT™ onTHMI3amii ciporo BoBka.

1. Introduction. In the last years, the penetration of
Renewable Energy Sources (RES) in the Active
Distribution Network (ADN) has rapidly increased to
address the problems of climate change and pollution.
Photovoltaic Distributed Generation (PVDG) often uses
ADN to access many RESs for their benefits in pollution
reduction, voltage profile enhancement, and power loss
reduction. However, large-scale PVDG sources in the
ADN variations, on the other hand, may cause voltage
fluctuations in power supply systems, resulting in a loss
of the quality of power and some other issues that have
sparked widespread concern. Additionally, increasing PV
penetration in the future could pose a serious threat to the
utility ADN reliability and stability.

The Battery Energy Storage Systems (BESS) has
emerged as one of most successful solutions for dealing

with these issues [1]. The BESS has become a popular
method of smoothing active power variations of
distribution grid connected PVDG sources at the common
coupling point in recent years. The BESS enables quick
charging and discharging, enhancing the versatility of
ADN, especially those with multiple PVDG sources. In
practice, the BESS provides ADN with a variety of
services in several countries [2].

Recently, various researchers have been dedicated to
develop an advanced solution that identifies the best
locations and sizes for PVDGs and BESSs units to
improve ADN operation and planning problems, as
applying the Mixed Integer Linear Programming (MILP)
to reduce the total cost of energy in ADN [3, 4], and
MILP algorithm while considering the environmental and
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economic aspects [5]. Stochastic Mixed Integer Linear
Programming (SMILP) for overall network cost
minimization with ADN reconfiguration [6], and the
Mixed-Integer Second-Order Cone Program (MISOCP) to
minimize real-time energy gap with uncertainties [7], and
also using MISOCP to reduce the total cost’s operation
and BESS cost’s investment considering soft open points
of ADN [8]. Dynamic programming optimization
algorithm to maximize the renewable DG consumption
and BESS benefits [9]. Applying Genetic Algorithm (GA)
for active power losses minimization [10], and applying
GA for minimizing the BESS total cost, also the yearly
cost of voltage-sag events [11], also GA for reducing the
total net present value from BESS deployment over a
specified planning horizon [12], and applied multi-player
distributed optimization game algorithm to maximize the
cost and benefits of BESS [13].

Applied Differential Evolutionary (DE) algorithm
for minimizing the investment and maintenance costs
considering time-varying load model [14]. Implantation
of the Group Search Optimizer (GSO) algorithm to
minimize the system stability index of ADN [15],
Modified Bat Algorithm (MBA) for minimizing the
system’s total cost with various irradiances at different
days [16], Hybrid Gravity Search Algorithm (HGSA) for
reducing the BESS daily cost of maintenance and
operation also its initial investment [17], used Teaching—
Learning-Based Optimization (TLBO) algorithm for
minimization of life cycle cost and gas emissions [18],
Whale Optimization Algorithm (WOA) for reducing the
ADN’s power losses [19], Particle Swarm Optimization
(PSO) algorithm for reducing the active power loss and
the node voltages deviation indices with the dynamic
hourly reconfiguration of ADN [20], Natural Aggregation
Algorithm (NAA) for minimizing the investment and
operation cost of the system, and the BESS’s residual
value [21], Harris Hawks Optimization (HHO) algorithm
to minimize the sum of the bus voltage deviation and
active power losses [22]. Recently in 2021, applied
Simulated Annealing (SA) algorithm for utility profit
maximization from energy arbitrage [23].

This paper has applied a new recent meta-heuristic
which called the Grey Wolf Optimizer (GWO); an
optimization algorithm inspired based on the hunting
behavior of grey wolves that lives in wild nature [24]. The
principal defies of GWO that it is easy to fall into the
local optimum. Owing to the ergodicity of chaos, in this
paper is included the theory of chaos into the GWO
algorithm to strengthen its performance [25].

Practically, the operational objectives are conflicting in
nature. Hence, the problem of allocating PVDG and BESS
becomes a complex multi-objective function problem that
optimizes multiple conflicting objectives. In this paper, an
allocation problem of hybrid PVDG-BESS systems is
formulated to minimize the Multi-Objective Functions
(MOF) which can be solved by the various versions of
Chaotic Grey Wolf Optimization (CGWO) algorithms.

2. Mathematical problem formulation.

2.1. Multi-objective functions. In this paper, aim to
optimally locate and size the hybrid PVDG and BESS
sources into ADN, by minimizing simultaneously the
technical parameters of Total Active Power Loss (TAPL),

Total Voltage Deviation (TVD), and Total Operation
Time (TOT) of Non-Standard Overcurrent Relay (NS-
OCR), which is based on new time-current-voltage

tripping characteristic
Nous Npus N,

MOF =Minimize}y > [ TAPL, ,+TVD,+TOT, |- (1)
i=l j=2 i=l
Starting by, the TAPL of the distribution line, that
can be expressed by [26, 27]

Nl)m me
TAPL, ;=Y > APL, > @)

i=1 j=2

APL ;= a, (PP, +00,)+ (P, +PQ,)- ()

R.
a; = VJ;,- cos(5i —5j), 4)
B, = VR; sin(&i +§j), 5)

L
where R;; is the line resistance; Ny, is the bus number; (J; J))
and (V;, V) are angles and voltages, respectively; (P, P))
and (O, @) demonstrate active and reactive powers,
respectively.
The second term is the TVD, which is defined as
[28, 29]

]th.&
TVDI.:Z;‘I—V].‘- (6)
e
The final term, the TOT of NS-OCR, which is
defined as [30]

Ny
TOT, => T, - (7

i=1

K
1 A
_ , 8
Ti N (e(l_VFM)] TDSI (MiB _IJ ( )
1

M, =, ©)

IP

where T7; is the operation time of relay; 7DS is the time
dial setting; M is the multiple of pickup current and Vg,
represent the fault voltage magnitude; /- and I represent
the fault and the pickup current, respectively; 4, B, and K
are the constants of relay, set to 0.14, 0.02, and 1.5,
respectively; Ny is the number of overcurrent relays.

2.2. Equality constraints can be expressed by the
balanced powers equations

P+ P,y + Pyps = Py + APL, (10)
0. =0, +RPL, (11)

where (Qg, P;) represent the total reactive and active
power from the generator; (QOp, Pp) represent the total
reactive and active power of the load; (RPL, APL) are the
reactive and active power loss, respectively; Ppypc and
Pprss are the output powers generated from PVDG and
BESS, respectively.

2.3. Distribution line constraints would be given as
inequality constraints

Vo <<V 02
1-v| <AV, (13)
1] < Sy (14)
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where Viin, Vmax are minimum and maximum of bus
voltage limits; AV, is the maximum of voltage drop
limits; Sj; is the apparent power in the distribution line and
Sinax 18 the maximum of apparent power.

2.4. PVDG-BESS units constraints can be
expressed as follow
RDH!I/IBG < PPVDG < PPHZ))(W 15)
Patty < Pass < P (16
NPVDG Nhus
Z })PVDG(Z)SZPD(Z)’ 17)
i=1 i=1
NBESS N/mv
P FNOEDWAOY (18)
i=1 i=1
2< PVDGPosition < Nbus > (19)
2< BESSPo.sifion < Nbus > (20)
N, PG S N, PVDG.max ° 21
N BESS = N BESS.max > (22)
Npyp,; | Location <1, (23)
Ny | Location <1, (24)

where PRI~ . PR are the minimum of output power
injected by PVDG and BESS, respectively; Ppipg

Pgrds are the maximum of output power injected by

PVDG, and BESS, respectively; Npypg, Nprss are the
PVDG and BESS units’ number, respectively; npgss,
npypg are the locations of PVDG and BESS units at bus i.

3. Chaotic grey wolf optimization. As long as the
GWO algorithm could not always perform that well in
identifying global optimal results, CGWO algorithm was
developed basing on introducing chaos (chaotic maps) in
GWO algorithm itself in order to improve its efficiency
by generating random numbers.

3.1. Grey wolf optimizer. The GWO is an
algorithm evolved by Mirjalili [24], basing on the
inspiration from the leadership hierarchy behaviours and
the grey wolves hunt mechanism in wild nature, where it
begins the process of optimization by initiating a plant of
candidate solutions randomly.

The three best candidate solutions in each iteration,
are assumed as alpha, beta, and delta wolves, who take
the lead toward to promising search space regions. The
rest of grey wolves are considered as omega and need to
encircle alpha, beta, and delta to find better solutions. The
mathematical formulation of omega wolves is expressed
as [24, 31].

Encircling prey: grey wolves encircle prey during
the hunt. The mathematical model expressed as follows:

D=|CX,(1)-X(t). (25)
X(t+1)=X, (1)-AD, (26)

where 4 and C designate the coefficient vectors;

¢t designates the current iteration; X, is the best

p

solution’s position vector obtained so far; X is the vector
of position.

The vectors A and C can be calculated using these
equations

A=2ar—a, 27

C=2r, (28)

where a is the decreased linearly from 2 to 0 over the

iterations course (in exploration and exploitation phases);

7 is the vector randomly initiated with uniform

distribution between 0 and 1.

Hunting: in GWO, it is supposed that alpha (a), beta

(#), and gamma (J) have better knowledge about the

prey’s potential location, the three best solutions obtained

firstly so far are saved and obligate the other search

agents (including the omegas) to update their positions
according to the best search agent’s position

) 29)

b, =|¢, %, - X|, (30)
D, =|C,.X, - X|., 31)
X, =X, -4.D,), (32)
X,=X, —-4,(D,), (33)
X, =X, —A4,.(Dy), (34)
X(t+1)= Xl+);2+X3 (35)

3.2. Chaotic maps. The various chaotic maps [32]
used are represented by their mathematical equations:
a. Chaotic Gauss:

1 x, =0
xk+1 = . (36)
otherwise

mod(x;.,1)
b. Chaotic Singer:
x,., =107 (7.86xk —23.3]_76,(2 +28.75xk3 —13.302875xk4) .(37)
c¢. Chaotic Tent:

S x <07
0.7 . (38)
%(l—xk) , X, 207

X =

d. Chaotic Sine:

a .
X =Zs1n(7rxk), a=4. (39)
e. Chaotic Logistic:
X,,, =ax, (1—x,(), a=4. (40)

4. Simulation and analysis results. The various
algorithms were tested on the standards test system IEEE
33-bus and 69-bus ADNs represented in Fig. 1, which
comprised active and reactive powers of 3715 kW and
2300 kVar for the first system, 3790 kW and 2690 kVar
for the second system. Also, under a nominal voltage
equal to 12.66 kV for both systems. Where every one of
systems’ buses, would be protected by a NS-OCR. In
general, it is calculated 32 NS-OCRs for the first system
and 68 NS-OCRs for the second system.
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Fig. 1. Single diagram of test systems: a — IEEE 33-bus; b —IEEE 69-bus

Figures 2, 3 demonstrate the curves of convergence optimal PVDG and hybrid PVDG-BESS installation in
of the applied CGWO algorithms for both cases of both test systems ADNSs.
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Fig. 2. Convergence curves of different CGWO algorithms for the IEEE 33-bus:
a—-PVDG; b-PVDG-BESS
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Fig. 3. Convergence curves of different CGWO algorithms for the IEEE 69-bus:
a—-PVDG; b-PVDG-BESS

By doing the analysis of both convergence curves, comparing to the other algorithms.
also for a maximum iterations’ number equal to 150, it For the case of only PVDG integration, the MOF got
can be noted that the CGWO_Logistic delivered the best minimized by the CGWO_Logistic algorithm until 20.670
minimization of MOF results for both cases of PVDG and  for the first test system ADN, and until 39.043 for the
hybrid PVDG-BESS presence in both test system ADNs, second system ADN.

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa, 2021, Ne 3 55



For the case of hybrid PVDG-BESS, the MOF got
minimized by the CGWO_Logistic algorithm until 20.668
for the first system, while for the second system it got
minimized until 39.037, with noticing a late convergence
characteristic in both cases studies for the two test
systems which were in general, more than 100 iterations
for all cases studies, except for the case of PVDG

CGWO Logistic algorithm converges around 85
iterations to attain the best solution.

Figures 4, 5 illustrate the MOF boxplot results of the
different applied CGWO algorithms after 20 runs in each
of them, for both cases studies of optimal PVDG and
hybrid PVDG-BESS integration, respectively in the two

test systems ADNSs.
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Fig. 4. Boxplot of CGWO algorithms for the IEEE 33-bus:
a—-PVDG; b-PVDG-BESS
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Fig. 5. Boxplot of CGWO algorithms for the IEEE 69-bus:
a—PVDG; b-PVDG-BESS

For the purpose of improving the comparison and
better evaluating of the utilized CGWO algorithms, a
boxplot is presented as shown in Fig. 4, 5. The results
were obtained while taking into account 20 runs for each
applied algorithm. It can be noted for all the CGWO
algorithms that the results are too close to their best and
minimum MOF for all cases studies of optimal PVDG
and hybrid PVDG-BESS integration in both test systems
ADNES.

Besides, it is clear that the CGWO_Logistic algorithm
showed efficiency and reliability when providing the
lowest median and delivering the best and the minimum
value of MOF in the two test systems for all cases studies.

Tables 1 and 3 show the optimal locations and sizes
of both case studies (PVDG and hybrid PVDG-BESS)
when applying the various CGWO algorithms on the two

test systems ADNS.

Tables 2, 4 show the optimized parameters and the
results obtained when optimally locate and size all cases
studies (PVDG and hybrid PVDG-BESS) by various
CGWO algorithms in both test systems ADNS.

From Tables 1-4 also when based on the
comparison, it is clear among all the applied CGWO
algorithms, that the best results and the minimum of
MOF, was obtained by the CGWO_Logistic algorithm
which provided the best values for the first test system
ADN until 20.670 for the case of PVDG and until 20.668
for the case of hybrid PVDG-BESS. Meanwhile, for the
IEEE 69-bus ADN the CGWO_Logistic algorithm
provided the best MOF value of 39.043 for the case of
PVDG and a value until 39.037 for the case of hybrid
PVDG-BESS.
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Table 1 Table 3
Optimal location and sizing of all cases for the IEEE 33-bus Optimal location and sizing of all cases for the IEEE 69-bus
Algorithms Optimal Sizes Algorithms Optimal Sizes
. C
applied ases buses (kW) applied Cases buses (kW)
GWO PVDG 5-16-30 | 1446, 388.2, 405.4 GWO PVDG | 47-63-69 | 448.8,946.4, 389.2
Basic PVDG 5-14-24 327.8,492.4, 1001 Basi PVDG 4-12-61 1755, 581.5, 691.5
BESS | 20-21-31 | -498.1,516.8, 570.1 asie BESS | 13-64-68 | -143.0,225.6, 151.0
PVDG 5-15-33 1242, 430.7, 408.7 PVDG 4-60-69 1410, 1073, 459.7
CGWO > > 2 2
P PVDG | 5-13-27 | 2091,300.0, 458.1 gaGIXO PVDG | 5-63-69 | 670.5,433.5,300.0
BESS 13-21-31 5.7,58.8,477.6 BESS 3-5-62 272.1,-1301, 540.2
PVDG | 5-14-32 | 1579,401.6,421.8 PVDG | 12-38-62 | 388.8,408.6,974.4
CGWO > 2
Singer PVDG 3-5-33 | 1140,859.9, 480.7 glcjvzro PVDG | 14-49-61 | 315.3,4774,1192
BESS 13-21-22 | 457.7,-190.7, 239.7 g BESS 4-8-56 241.5, 69.8, -444.3
PVDG 4-13-32 1935, 470.4, 406.1 PVDG 57-61-69 | 349.4,772.7,381.9
CGWO > > 2 2
Tt PVDG | 13-24-30 | 585.0,761.7, 601.8 geGn‘t’VO PVDG | 12-56-69 | 453.0,444.8,326.9
BESS 2-5-10 196.7,5.5,4.3 BESS 2-52-61 -550.1, -1200, 959.6
PVDG 5-15-33 | 1605, 392.6, 350.1 CGWO PVDG 5-61-69 | 443.2,982.9,355.6
CGWO 361.2,300.0, 405.4 . PVDG 49-61-69 434.1, 1097, 326.9
. PVDG 3-25-33 Sine
Sine 1300.3, 372.2, BESS 8-53-69 2.7,-690.6, 704.7
BESS 5-16-25
319.8 CGWO PVDG 4-61-69 707.2, 996.8, 348.9
CGWO PVDG 5-16-30 1503, 370.4, 400.2 Logistic PVDG 16-50-61 320.5, 349.3,1256
Logistic PVDG 5-24-30 1346, 882.3, 488.9 g BESS 10-36-59 -147.0, 228.8, 280.4
BESS 3-15-26 -270, 477.5, -353.6
Table 2 Table 4
Optimal results of all cases integration for the IEEE 33-bus Optimal results of all cases integration for the IEEE 69-bus
Algorithms TAPL | TVD TOT Algorithms TAPL | TVD TOT
applied Cases (kW) (p.u.) (sec) MOF applied Cases (kW) (p.u.) (sec) MOF
Basic Case 210.987 | 1.812 | 20.574 — Basic case 224945 | 1.870 | 38.772 -
GWO Exgg 95.612 1.088 | 19.495 | 20.674 GWO gzgg 104.063 | 1.304 | 37.647 | 39.045
Basic BESS 83.020 1.077 | 19.516 | 20.673 Basic BESS 100.870 | 1.263 | 37.690 | 39.044
CGWO g:}/gg 128.474 | 1.364 | 19.257 | 20.677 CGWO Ei}lgg 102.901 | 1.257 | 37.697 | 39.048
Gauss BESS 104.813 | 1.079 | 19.524 | 20.677 Gauss BESS 104.972 | 1.330 | 37.620 39.045
CGWO gxgg 92.112 1.062 | 19.523 | 20.674 CGWO gxgg 101.424 | 1.296 | 37.657 | 39.045
Singer BESS 87.252 1.046 | 19.541 | 20.672 Singer BESS 98.993 1.280 | 37.667 | 39.047
CGWO E://Bg 93.014 | 1.060 | 19.525 | 20.676 CGWO Ei}lgg 100.252 | 1.274 | 37.681 | 39.046
Tent BESS 87.510 1.103 | 19.491 20.671 Tent BESS 108.550 | 1.271 | 37.675 39.046
CGWO gxgg 124961 | 1.318 | 19.293 | 20.675 CGWO gxgg 101.633 | 1.304 | 37.648 | 39.045
Sine BESS 86.372 | 1.058 | 19.525 | 20.670 Sine BESS 102.082 | 1.264 | 37.678 | 39.045
CGWO E://Bg 96.115 | 1.090 | 19.493 | 20.670 CGWO EXBS} 101.078 | 1.303 | 37.649 | 39.043
Logistic BESS 87.397 1.066 | 19.521 20.668 Logistic BESS 78.497 1.137 | 37.821 39.037

The rest of the applied algorithms also reveal a good
efficiency in delivering the best results, but in terms of
each parameter on its own, where, as example for the
IEEE 33-bus ADN, the CGWO _Singer algorithm
delivered the minimum TAPL’s value of 92.112 kW,
while the CGWO_Tent algorithm delivered the minimum
TVD’s value of 1.060 p.u. for the case of PVDG, also the
GWO _Basic algorithm delivered the minimum TAPL’s
value of 83.020 kW for the case of hybrid PVDG-BESS.
Meanwhile, for the second test system ADN, as example,
the GWO_Tent provided the minimum TAPL’s value of
100.252 kW and the GWO_Basic algorithm provided the
minimum TOT’s value of 37.647 seconds for the case of
PVDG, while the GWO_Gauss algorithm delivered the
minimum TOT’s value of 37.620 seconds for the case of
hybrid PVDG-BESS.

Figure 6 demonstrates the comparison of active
power losses between the basic case and both cases of

optimal PVDG and hybrid PVDG-BESS presence in both
test systems ADNSs.

From Fig. 6, and the previous results, it is noted that
the optimal allocation of PVDG and hybrid PVDG-BESS
using the CGWO_Logistic algorithm in the two test
systems, contributed excellently and directly to the
minimizing of the active power losses in almost all
branches of both ADNs, especially in branches which
situated near to the optimally located buses of both cases
integration in the two test systems, with superior and
much better results for the second case study with the
integration of hybrid PVDG-BESS.

Also, this comparison could be improved when
basing on the TAPL value, where it is reduced at the first
system IEEE 33-bus ADN, from value of 210.987 kW at
the basic case to 96.115 kW for the case of PVDG, and
until 87.397 kW for the case of hybrid PVDG-BESS.
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For the second system ADN, the TAPL got reduced
from 224.947 kW to 101.078 kW for the case of PVDG
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and reduced until 78.497 kW for the case of hybrid
PVDG-BESS installation.
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Fig. 6. Active power losses in branches:
a — IEEE 33-bus; b —IEEE 69-bus

Figure 7 represents the voltage deviation for all
cases studies of the optimal integration of PVDG and
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Fig. 7. Bus voltage deviation:
a —IEEE 33-bus; b —IEEE 69-bus

When analyzing Fig. 7, it may be noticed that the
voltage deviation at the basic case was above the limited
value of 0.05 p.u. in most buses of the two test systems
ADNs. Moreover, it may be observed after the optimal
integration of PVDG and the hybrid PVDG-BESS into
ADNs by the CGWO_Logistic algorithm, that the voltage
deviation got minimized under the allowed range in all
test systems’ buses with superior and better results
provided by the second case with the integration of hybrid
PVDG-BESS systems.

Also, by checking the value of TVD, it is seen for the
first system, the TVD minimized from 1.812 p.u. to 1.090 p.u.
for the case of PVDG and until 1.066 p.u. for the case of
hybrid PVDG-BESS. For the second system, TVD reduced
from 1.870 p.u. to 1.303 p.u. for the case of PVDG and
until 1.137 p.u. for the case of hybrid PVDG-BESS.

Figure 8 represents the bus voltage profiles for all
cases studies of the optimal integration of PVDG and

hybrid PVDG-BESS units in the two standard test
systems ADNSs.

From Fig. 8, it may note that the voltage profiles
have improved in all buses of both standards test systems
ADNs after the optimal integration of both cases studies
of PVDG and hybrid PVDG-BESS units, with much
better and superior results for the second case of hybrid
PVDG-BESS. Also, this voltage profiles’ ameliorating
was especially in the buses which situated close to the
optimally located buses of both cases studies integration
into test systems ADNSs.

As mentioned previously in Fig. 7, the minimization
of the voltage deviation, consequently led to the
enhancement of the voltage profiles, due to the fact that
the voltage deviation is represented as the difference
between the nominal voltage of 1 p.u., and the voltage
value at the basic case.
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Fig. 8. Voltage profiles of buses:
a — IEEE 33-bus; b —IEEE 69-bus

Figure 9 illustrates the primary overcurrent relays’
operation time with two different zones of zoom for the
basic case and after all cases studies integration of PVDG
and hybrid PVDG-BESS into both standards test systems
ADN:E.

When comparing to the basic case, it is clear that the
operation time in most of the primary NS-OCRs had
considerably minimized after the optimal integration of
PVDG and hybrid PVDG-BESS into both test systems
ADNs by the CGWO_Logistic algorithm. Besides, the
TOT was decreased at the first system IEEE 33-bus ADN
from 20.574 seconds to 19.493 seconds for the case of
PVDG and until 19.521 seconds for the case of hybrid
PVDG-BESS. Also, it is mentioned a clear impact of
operation time’s minimization in both zones of zoom in
Fig. 9,a, between NS-OCRs from 12 to 14 and from 23 to
25, for both cases studies.

For the IEEE 69-bus ADN, the TOT decreased from
38.772 seconds to 37.649 seconds for the case of PVDG
and until 37.821 seconds for the case of hybrid PVDG-
BESS, where that impact of operation time’s
minimization is obvious in both zones of zoom in Fig. 9,b
between NS-OCRs from 10 to 13 and from 50 to 54, for
both cases studies. Hence, according to equation (8), this
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Fig. 9. Overcurrent relay operation time:
a —IEEE 33-bus; b —IEEE 69-bus

minimization was due to the inverse function between the
fault current and the fault voltage magnitude covered by
the NS-OCR and its operation time, where the more I
and Vg increased, the NS-OCR will operate quickly to
clear the faults.

5. Conclusion.

In this paper, a study of comparison was carried out
between the various chaotic grey wolf optimization
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algorithms to identify the optimal allocation of multiple
photovoltaic  distributed  generation and  hybrid
photovoltaic distributed generation and battery energy
storage systems, into the active distribution networks
based on solving the multi-objective function which
represented as reducing simultaneously the three
technically parameters: total voltage deviation, total
active power losses and the overcurrent relays’ total
operation time.

The simulation results confirm the robustness and
efficiency of the chaotic logistic grey wolf optimization
algorithm, compared to the rest of the applied algorithms,
in terms of providing the best and minimum multi-
objective functions-based power losses, voltage deviation,
and overcurrent relay operation time’s values, but including
a late convergence characteristic. The comparison between
the attained results of simulation for various cases studied
led toward the conclusion that best results were achieved
when the photovoltaic distributed generation and battery
energy storage systems were simultaneously optimally
allocated, which drove to a significant minimization of
power losses, ameliorating of the voltage profiles, and
improvement of the overcurrent protection system in the
active distribution networks studies.

Based on the previous discussion, the future work
will focus on implementing the Distributed Static Var
Compensator in addition to the battery energy storage
systems to improve the performance of the studies
systems, while considering new technical indices, also the
distributed generation power outputs and the load demand
variation at the different sessions of the year.
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JOCJAIJKEHHSA BIIUBY OPIEHTAIIIL ABOCTOPOHHIX COHAYHUX
EJIEMEHTIB HA IXHIO EJIJEKTPUUHY ITOTYXHICTh

Po3pobnenuii memoo ananimuuno2o eusHaieHHs ONPOMIHEHHs, MeMNepamypHO20 PeJCUMY, a MAKoIC GUPOOIEHHA eleKmpoeHnepzii
080CMOPOHHIX COHAYHUX eneMenmie npu pizuii opienmayii nauneneii. CmeopeHo iHmezpanrbHy MamemMamuiny mMooensb 01a OYiHKU
eHepeemuyHO20 pedtcumMy pobomu COHAUHUX eNleMeHMi8 NPU 3MIHHUX KAIMAMUYHUX YMO8AX I NPOCMOPOBUX HACTNAHOBHUX XapaKme-
pucmuk. Ilposedeni amanimuuni 0ocniodcenus pobomu cousuHux enemenmis. Ilokazani ocobausocmi onpomiHeHHs nepeoHbvoi Ul
MUTLHOI CMOPIH COHAYHUX NaHenell, YMOSU (POPMYBAHHI MEeMNEPAMYPHO20 pedcumy pobomu i 11020 6NAUBY HA BUPODIEHHS eleKmpo-
enepeii. Pozenanymo mooicnueocmi ¢popmyeanus payionanbHux ymMos npocmopogoi opienmayii nauneneil 3a pakmopom eiekmpuinoi
npoOYKmMueHocmi. BUKopucmans 3anponoHo8anoi Memoouky i pe3yibmamie anaiizy, nposedeHux Ha il OCHO8L, 0036015€ sudpamu
PAayioHAbHY apXimeKkmypy COHAUHOT elekmpocmanyii sucokoi epexkmusnocmi. bioin. 13, puc. 5.

Kniouosi cnosa: nBOCTOPOHHI cOHsIYHi ¢oTOnaHesi, ONPOMiHEHHSI COHAYHHUX MNaHeJeil, Opi€eHTalliA COHSIYHUX eJIeMeHTIB,
BHPOOHULTBO eJIeKTPOeHeprii.

Paspaboman memoo anarumuyeckozo onpeoeienus 00y4eHus, MeMnepanypHo20 Pexcumda, d maxice 8bipabomxu SAeKmposHepeull
08YXCIMOPOHHUX CONHEYHBIX DNEMEHMO8 Npu paziuuHol opuenmayuu nanenei. Co30aHa UHMESPATLHASL MATNEMAMUYECKAS. MOOETb
07151 OYeHKU IHEPLeMULECKO20 PedcumMa pabombl CONHEUHbIX DIeMEHMO8 NPU NePeMeHHbIX KIUMAMUYeCKUx YCa08Uusx u npoCcmpancm-
6EHHbBIX YCMAHOBOUHBIX Xapakmepucmukax. [Iposedensl ananumuyeckue ucciedosanus pabomul coIHeunbx dnemenmos. Ilokasanbl
ocobennocmu obnyuenus nepeonell u MmolibHOU CIMOPOH CONHEUHbIX NaHenell, YCI06Us QOPMUPOSAUs. MEMNEPAMYPHO20 PeXCUMA
pabomvl u €20 GUAHUA HA 8bIPAOOMKY NeKMPOIHepeul. Paccmompenst 603MOACHOCU OPMUPOBANUS PAYUOHATLHBIX YCIOBULL
NPOCMPAHCIBEHHOU OpUeHmayuyu namenet no Gakmopy 1ekmpuyeckoi npousgooumenvrocmu. Hcnonvsosanue npeonoxcentol
MemoOuKU U pe3yibmamos anaiu3d, npoeedeHHbIX Ha ee OCHO8e, NO38ONAem 8blOpamb PAYUOHATLHYIO APXUMEKMYPY CONHEUHOU
NEKMPOCMaHyuu 8vlcokoll d¢hgexmusnocmu. buobm. 13, puc. 5.

Knroueevie crosa: NBYXCTOPOHHHME COJIHeYHble (OTONAHENH, 00JIyYeHHe COJTHEYHBIX NaHesed, OPHEHTALHUS COJHEYHbIX

3JIEMEHTOB, IPOU3BOJACTBO JICKTPOIHECPIUH.

Beryn.  [IBoctoponHi consuni enementd (CE)
3 BWJIHICA B Pe3yJIbTATI MOIIYKY METOAIB HaiOumbm ede-
KTUBHOI'O BUKOPHCTAHHS KOIITOBHOTO HAIIBIPOBIIHUKO-
BOTO IIapy, 110 abcopOye Ui eCKTPOreHepallii COHIIHE
BHITPOMiHIOBaHHS [1-4]. Ixns repeBara IoJisira€ B Jo4at-
KOBOMY OITpoMiHeHHi abcopbepa 3 TribHOI ctoponn CE,
10 y 3BUYAHHUX OJHOOIYHMX MPUCTPOSX HE 3/1HCHIOETh-
csi. OueBUIHO, IO OIPOMIHEHHS ITOB’s3aHE 3 Opi€HTAIli-
eto CE mozno oro mkepena BUIPOMiHIOBaHHs. J[BocTo-
POHHE OTIPOMiHEHHsI BIUTMBAa€ Ha CHEPreTHYHHH OajiaHC,
3MIHIOIOYHN eKciuryaTaniiHi mapamerpu CE: pobody Tem-
meparypy ¥ eleKTporeHeparlito, siki, K BiIOMO, B3aEMO-
3anexHi [4, 5].

CTUMYJIIOBaHHSl IHTEHCUBHOCTI OTPOMIHEHHS TpH-
BOJIUTH JI0 3MIHH €HEPreTUYHOI0 OaJlaHCy — HE 3aBXKIU
yOik mixBuineHHs edexkruBHocTi. Ll oOcTaBrHa Hakianae
OOMEXEHHSI Ha 3aCTOCOBHICTh TaKUX MPHUCTPOIB, BHUKIH-
Karo4Yu HEOOXIiTHICTh Y TOJATKOBHX 33aX0JaX MIOJ0 3MiHU
crnioco0y opranizanii poootu CE.

AHaJi3 ocTaHHIX AocTiIKeHb i myOJikanii. 3Hay-
HY yBary OpuAiJIeHO JOCHI/KEHHIO TeMIIepaTypHUX YMOB
pobotu coHsyHUX eneMmeHTiB [3-7]. IcHyroui momeni mo
BU3HAYEHHIO CHEPreTHYHUX IOKA3HHUKIB COHSIYHHX elie-
MEHTIB 0a3yl0ThCsl Ha MOJAHHI MPo oAHOOIuHE (poHTa-
JIbHE ONpPOMIiHEHHs1 npucTporo. OfHAK THIBHA CTOPOHA,
CIpHIMaOYy NPOMEHHUCTY EHEPrilo, BHOCHTBH BIJIIOBiA-
HUI BIUTUB B 3arajibpHuii 6ananc eneprii [3, 4]. Cepen piz-
HUX ()aKTOPIB BILUTUBY HAa ONPOMIHCHHS BAXKIHBHM, 3 TIO-
TSy KepyBaHHS PEXHMMOM POOOTH, € TeOMETPUYHUH,
TOOTO MPOCTOPOBE PO3MIIICHHS COHSYHOTO EJICMEHTA.
s BHOOpPY OpieHTaIii TBOCTOPOHHIX COHSYHUX OaTapeit
MIPOTIOHYFOTHCS Pi3HI BapiaHTH [§8, 9], omHaK BOHU HE Ma-
I0Th JIOCTATHHOTO OOIPYHTYBAHHS, 30KpeMa He ypaxoBY-
€THCS BIUIMB pajialliiHOI KOMIIOHEHTH Ha THJIBHY CTOPO-

Hy maHeni. ToMmy sl aHaji3y peajbHUX YMOB pOOOTH
COHAYHOTO €JIeMEHTa HEOoOXiZHAa MOJeNnb, M0 OMHCYE
oco0nBoCTI onpoMiHeHHs abcopOepa i BILIMB opieHTaLil
CE Ha eHepreTHyHi NpoLECH.

MaremaTiuHi Mozeni, 10 BUKOPHUCTOBYIOTHCS IS
JIOCHI/KEHb, y SIKOCTI 30BHIIIHIX YMOB BKJIIOYAOTh
pamiamiitay [3, 4, 7, 10, 11] Ta KOHBEeKTHBHY CKJIaJIOBi.
OcraHHIO, SIK MpPaBWIO, IOB’S3YyIOTb 3  BITPOBOIO
B3aemoiero [5, 8]. OOuIBI CKIIAJ0BI MalOTh 3aJCKHICTH
BiJ opieHTaMii maHeni. OmUc BIUIMBY paiamiifHOI KOMITO-
HEHTH Ha (POHTAJBbHY IOBEPXHIO MOXeE 0a3yBaTHUCh Ha
JIOCTATHBO HAJIMHUX MOJEIBHUX ysBIeHHsX [6-8, 11-13].

Jnst TMIIBHOT cTOpOHM B [4] OyJiu mpoBeneHi A0ciTi-
JUKEHHSI BIUIMBY BiIOMBAJIBHOI 3/1aTHOCTI PI3HHMX ITOBEp-
XxoHb. B [3] 3amponoHoBaHa AMHAMiYHA TPHUCIIOHHA MO-
JIelib COHSIYHOTO €JIeMEHTA, Y SIKY BKJIIOUEHO pajialliiHy
CKJIAIOBY B3a€MOJIi 3 THJBHOK CTOPOHOK. PesynbraTtn
pOOIT MoKa3any MiBUILIEHHS TEMIIEPATYPU B JBOCTOPOH-
HiX MMaHeNAX 3 ypaxyBaHHSIM OIPOMiHIOBaHHA. AJle BIUIHB
OTIPOMiHEHHS Y JWMHAMII IEHHOI i CE30HHOI 3MIHH Opi€H-
Tauii Mmoo JKepesa He MOKa3aHHUH.

Jnsi aHANITHYHOTO OIKCY ONPOMIHEHHS IOBEPXHi
Moxke Oyt Bukopuctanuii Metox [10], po3pobneruit mis
yMOB YKkpainu. BigmoBigHO 10 HROTO iHTCHCHBHICTH pa-
JUAI[IHOTO TMOTOKY BH3HAYAETHCSA JUISI TOPU3OHTAIBHOT
MOBEpXHI AK (YHKIIA BiJ reorpadiyHUX ImapaMmeTpiB, ce-
30HHOCTI ¥ uvacy no6u. IlonpaBka R, sika KOHKpETH3Yy€
HaxWi 1 OpIEHTALII0 IOBEpPXHi, IO IMPEACTaBlICHA Yy BH-
TJISII1 BIZIHOILICHHS! MOTOKY MPSMOT COHSIYHOT pajiamii, sike
HAJIXOUTh 10 HOPMAJl Ha HaXWJIEHy IOBEpPXHIO, JI0 I10-
TOKY pajiaiii Ha TOPU30HTAIbHY MMOBEPXHIO, BU3HAYAIOTh
Y BUTIISLI
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Hy

+ﬂ. l+cosp N 1-cosf

H 2 2
ne H, — npuxin nudysidHoi pamiamii Ha TOPU3OHTAIBHY
TMOBEPXHIO, K YacTWHA BiJ IHTETpaJIbHOI pamialii Ha
TOPH30HTAIBHY MOBEPXHIO H; R, — BITHOIIEHHS IPUXOAIB
MPSIMO1 COHSYHOI pajiamii Ha HAXWICHY H TOPU3OHTAIBHY
HOBEPXHI; f — KyT Haxuily IOBEpPXHi; p — BiIOMBHA 311aT-
HICTB IPYHTY.

s 3aymexHICTh MOKE OYTH 3aCTOCOBAaHA JJIsl TIOBEP-
XHI, 10 TIepeOyBace Ha MiB/IeHHIN cTopoHi. BoHa BpaxoBye
MpsSMy COHSYHY pajiamiro (Iepmui 4jeH), po3CisHy B
atMocdepi (Apyruil wieH, o MoKasye, sKa 4acTHHA He-
003BOy BHIHA 3 TTOBEPXHIi) 1 BIZOUTY BiJ MOBEPXHI 3eMi
(Tperiif wieH, IO IMOKa3ye YacTKy BigOWTOi cymMapHOi
pamiamii). JIJis THIBHOI CTOPOHM MOBEPXHI MOAIOHUX Me-
TOAWYHUX MOJIOKEHb HE MaE.

Meta po6oTH mOJNATaE y po3poOIli METOAy BH3HA-
YCHHS ONMPOMIHCHHS Ta CHEPreTHMYHHMX IOKa3HUKIB J[BO-
CTOPOHHIX COHSIYHHMX €JIEMEHTIB; CTBOPEHHS Ha 0oro oc-
HOBI IHTETPOBAaHOI MATEMATUYHOT MOJIEJI I[0JI0 BUBYCHHS
eHepreTn4Horo pexumy podorun CE B pi3HHX KiiMaTny-
HUX 1 YCTaHOBUYMX YMOBaX EKCIUTyaTalil; IOCIiPKCHHS
eHepreTn4HuX pexxumis podotu CE.

MartemaTuuHa Moaeb. s ¢popmanizamii 3aBgan-
HS [IOJO PO3TAallyBaHHS COHSYHOI MaHeNl BUKOPUCTaHA
HACTynHa TepMiHooris. Opi€eHTallis 3a BicCIO «IIiBACHB-
miBHIY» (S-N) pearnizyerscs, KOJIH HOPMAaJb 10 JUIHOBOT
(aBepcHO1) MOBEPXHI COHSAYHOI TaHENi CIpsMOBaHA Ha
miBaeHp i3 asumytoMm 0 rpamyciB. OpieHTamis «cXia-
3axiny (E-W) 3aBpae HanpsiMOK HopMalli aBepCHOI IOBe-
PXHIi Ha cxin.

Jlyist TWIIBHOT CTOPOHM TpHiiMaya, OPiIEHTOBAHOTO 32
Biccio S-N, mpsiMa CKIIaJoBa BiJICYTHsI, BiMTOBIIHO, CKIIa-
JIOBA BiOMTOTO BHITPOMIHIOBAHHS IJISl 3BOPOTHOI CTOPO-
HU HE Ma€ BKJIIOYATH NpsIME BUIPOMiHIOBaHHS. Takum
YUHOM, U THJIBHOI CTOPOHH TIOBEPXHi, OPIEHTOBAHOI 3a
Biccto S-N, BiTHOIIEHHS MOTOKIB paniallii R, BU3HAYUTHCS
Y BUIIALL

R= R, pe (D)

r=g > > 2)

Jlyist moBepxoHb, OpieHTOBaHMX 3a Biccio E-W, me-
TOJl pPO3PaxyHKy TaKWil caMHif, OJHAK JUIsi OpieHTaIlil
NOBEPXHI «Ha CXig» KyT azumyta y = + 90°, «Ha 3axim»
y = —90° Ilpsma cknamoBa A1 3aJHbOI CTOPOHHU
3’SBISETBCSA TICHSA TONYACHHOTO Yacy MPH 3CHITHOMY
KyTi 0,>90 — 4.

Eneprernunuii Gamanc asoctopoHHboro CE wmae
cBoi ocoOmmBocTi. ONMpPOMiHEHHSI 30BHIIIHIX MOBEPXOHb
BiIOYyBa€eThCA Tak camMo, K 1 i omHOOIYHOI OaTapei.
IIpomeHncTa €Heprisi MOTJIMHAETLCS SIK JTUITLOBOIO, TaK i
tunnbHOI0 ctopoHamu CE. OnHak B ogHOGiuHOMY CE ak-
THBHA MMPOMEHEINIOTIMHAIOYA MOBEpXHs (abcopbep) orpo-
MIHIOETBCSL TUTBKH 3 OJIHIET CTOPOHM — MepenHboi. Exep-
rist, 110 HAaJXOJIUTh Ha 3BOPOTHY CTOPOHY, Y TPOLECi BU-
poOHHUITBA eneKkTpoeHeprii He Oepe y4yacTb, — BOHAa BU-
TPavyaeThCsl HA HATPiBaHHS MPUCTPOIO, Y TOMY YHCHTI a0-
copbepa. ¥ nBocroponHboMy CE abcopbep ompominro-
€TbCA 3 IBOX CTOpiH. Ase ompomineHHS abcopbOepa 3
TWIBHOI CTOPOHH XapaKTEePHU3YEThCA OCOOIMBOCTSIMH,
OB S3aHAMHU 3 THM, IO I CTOpPOHA Ma€ CIeIliabHe

H _
R :_d(l cosﬂ+l+cosﬂpj.

HAMIBOPO30pe TOKPHUTTSA U1 3HIDKEHHS eJNeKTPOHHO-
nipkoBoi pexoMOiHamii HOCIiB 3apsmy. ToMy mpomeHemn-
POIYCKaHHS 3 TWJIBHOI CTOPOHM MEHILE, HIK 3 JIMLLOBOI.
BinnoBigHO, ONTHYHI XapaKTePUCTUKU (7a), 10 BU3HA-
YalOTh IPOIYCKaHHS MPO30PUM IIOKPUTTSM 1 HOTJIMHAHHS
abcopOepa, Al JHMIBOBOI ¥ THIBHOI CTOpiH OyayTh
pi3HUMHU.
PiBHSIHHS eHepreTHYHOro OanaHcy AJIsl ABOCTOPOH-
Hporo CE MOkHa IpeCcTaBUTH y BUTIISAIL
[ -R-(za)-(1=npp)]y +[H - R-(z0)-(1=11)], =
=U'(Tab_Ta)a
ae 7,;, — KoedirieHT eQeKTUBHOCTI MePEeTBOPEHHS COHSU-
Hoi eneprii B enextpuudy (KK); U — koediuienT BTpar
tema; 7, — TeMueparypa adbcopbepa; 7, — Tremneparypa
30BHILIHBOTO TOBITPS; IHAEKCH: a — aBepcHa cropoHa CE;
r — peBepcHa ctopoHa CE.
Bemnunny KK #,, OIIAXOM PEryIrOBaHHS 3a3BH-
Yaii HaMararThCs BUTPUMYBAaTH Ha MaKCHMAJIBHOMY PiB-
Hi 7 = Hphmax- KOEPIIIEHT 7, max 3QJIEKHUTH Bill PI3HUX
(hakTopiB 1, 30Kpema, BiI Temmeparypu. 3aJeXHICTbh
Hph.max BLIL TEMIIEPATYPH B OOJIACTI JOJATHUX TEMIIEPATYP
MoXe OyTH onucaHa B TakoMmy Buji [12]
M ph.max :”maxST'[1+ap'(Tab_TST)]s 4)
II€ Nmaxst — KKJ] COHSYHOTO eleMeHTa B TOYIlI MaKCHMa-
JbHOI MOTY>KHOCTI NMPU CTaHJIAPTHUX YMOBAX; G, — TEM-
neparypHuii koedinient noryxuocri CE, K''; Ty — Tem-
mepaTypa COHSYHOTO eJIEMEHTa IPH CTaHAAPTHUX YMOBAX.
Ilig craHgapTHIMH YMOBaMH PO3YMIIOTh HACTYITHE:
TyCTHHA MOTOKY COHAYHOTO BHITPOMIHIOBAaHHS
Hgr =1 kBt/M*, Temnepatypa nosepxti CE Ty =25 °C.
Jmnst nBoctoponHboro enementa KK/ Bu3HauaroTh
JUISL KOXHOI 31 CTOPiH NPH OJHAKOBUX yMOBaX OIPOMi-
HeHHd. [Ipu omHOGIiUHOMY ompomineHHI aOcopbepa piB-
HSHHSI CHEPreTHYHOro OanaHcy OyJie BiAPI3HATHUCS BiICY-
THICTIO JUIS PEBEPCHOT CTOPOHM (haKTopa IMEepeTBOPEHHS
COHsTYHOI eHeprii B enekTpuuny: (1 —77,,),-
Pimnennst piBHSHHS eHeprii 3 ypaxyBaHHSIM HaJaHUX
3aJIEXKHOCTEH I0JI0 TeMIlepaTypu abcopbepa IBOCTOPOH-
HBOT'O OTIPOMIHEHHSI Ma€ BUIJISAL

3)

Tab:
_[H-R-(m)]a+[H-R-(m)],—(1—apTST)-{K}+U-Ta , (5)
B U+a,-{K|

Ac {K}:Z[H'R'(Ta)'rlmaxST]i :

a,r
Enextpuuny notyxuictes CE ciin 3HaxXomutn 3 ypa-
XyBaHHSM HoTo Temreparypu [12]

H
rat'kr.eH_W[1+ap'(Tab_TST)]a (6)
ne P,,, — HoMiHanmpHa ToTyXHicTh CE mpu cTanmapTHHX
yMOBax; k., — koediuieHt 3HmxenHs epexruHocTi CE.

IIpu ogaOGiYHOMY OTnpoMiHEHHi abcopbepa H = H,,.
[Tpu ABOCTOPOHHBOMY OINPOMIHEHHI BUPOOHUIITBO €JIEK-
TpOeHeprii He € JIHIHHOI (QYHKLIEI CHUIBHOTO OMpOMi-
HEHHS JINIBOBOI i THiIBbHOI cTopiH [13]. e dakrop Bpa-
XOBY€TbCSI KOE(IL[IEHTOM JIBOCTOPOHHBOI €(QEKTUBHOCTI
7. ToMy edexTHBHE ONPOMIHEHHS MOKE OyTH IpEeACTaB-
JIeHa SIK

P=P

H=H,+H,-n,=H-R,+H-R,.-1,. 7
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AHaJli3 eHepreTH4HOr0 pesKUMYy NPH Pi3HUX CIIO-
cobax opienrauii. JlocnikeHHs TPOBOIUIUCE [T YMOB
VYkpainu Ha mmpoTi 46°.

Oco0nMBOCTI BUPOOHUIITBA €JIEKTPOCHEPrii 00yMOB-
neHi aBoma (akropamu. [lepmmii — iHTEHCHBHICTH ONpPO-
MiHEHHS MaHeli. [HTeHCHBHICTD 100pe KOPEMOEThCS 3 BU-
pobHunTBOM enekrpoeHeprii. Tomy Takuit dakrop Moxe
BBaXaTucs OCHOBHMM. [lpyruii ¢akrop — Ttemreparypa
HarpiBaHHA aOcopbepa, picT skoi 3mermrye KK 6arapei it
3HIKYE TEPMiH CITYKOMH.

T,

abs

<

&
=

s
L)

n
=]
[

e
[=
=

e —_— - %= 3

st HarpiBaHHsS abcopOepa XxapakTEPHHM € iCTOT-
HO 3MIHHHH XapakTep 3aJIeKHOCTI TeMIepaTrypu BifJ
yacy noou (puc. 1). I[Ipu opienrtamii S-N Temmepatypa
IJIABHO 3pPOCTA€ B MEPIIiil MOJOBUHI AHSI Ta 3MCHIIY-
€ThCSA Y JApYyTiil. Bunm KpUBHUX 3aJIeKHOCTI MPOTITOM
YChOTO POKY ¥ ISl PI3HUX KYTiB HAXUIIY € CHMETPHUY-
HUM MIOJI0 TOJyIEeHHOTro 4acy. Temmeparypa abcopOe-
pa BIITKY, SK 1 IPOAYKTHBHICTh, Y 3HaYHIN Mipi 3ame-
JKUTH BiJl KyTa HaXHIly, a B3UMKY TaKOTO BIUIHBY MpaK-
THYHO HEMAE.

12 16 20 29

—— 4 * 3 *— §

Puc. 1. lenna tepmorpamma abcopOepa B JIiTHIH nepio 1uist pi3HUX opieHTaui, KyTiB Haxwiy i tuniB CE (ogqHocTOpOHHIi - 15,
IBOCTOpOHHIH -25): 1 — S-N,90°,2s; 2 —E-W,90°,2s; 3 — S-N,45°,2s; 4- E-W,45°,2s; 5 — S-N, 45°,1s; 6 —E-W,45°,1s

[pu opienrarnii E-W 3MiHa TemnepaTypu IpOTIroM
mHS Olnpmn cxmagHa. CHMETpis MIOAO TONYAEHHOTO Yacy
CIIOCTEpITaeThCSl TIABKU BIITKY — IS BEPTHUKAIBHOTO
po3TalryBaHHS NaHeni. Bux TemneparypHuX KpHBHX Bif-
PI3HAETHCS 3HAYHO OLIBIINM IHTETPAIBHUM 3alIOBHIOBaH-
HsM rpadiuyHOro Moy B PAaHKOBUH 1 BEUIpHIN mepioau ta
HAasIBHICTIO NMPOBAJy B NOJYJISHHUI 4Yac, y MOPIBHSHHI 3
opienTauiero S-N. Lle noB’s3aHe 3 0COOIMBOCTSIMH OIPO-
MIHCHHS TTAHEJI.

3araipHOI0 TEHACHLIE, IO Bi3HAYCHA 33 Pe3YJib-
TaTaM{ aHaNi3y, € 3POCTaHHS TEeMIIEPaTypH MpPHU 3MEH-
LIEHH] KyTa Haxwiy. Y JiTHIH mepion, KOojau TemrepaTrypa
abcopOepa HaiiOnpma, I PiBEeHb IEPEBHINYE TOW, IO
pexomenayetbes 3Budaiino mist CE (45-50 °C), i nocsrae
BEJIMKOTO 3HaueHHs (y Hamomy npukinani 94 °C).

ITopiBHSHHSA TeMIIEpaTypHUX PEXHUMIB JBOCTOPOH-
HIX 1 OZIHOCTOPOHHIX MaHesei nokasye (puc. 1), o piBHi
HarpiBaHHs abcopOepa B HAWOUIBIN TEIJIOHAMPYKCHHUN
nepioz (J1iTHIA) B 000X BapiaHTaX MPaKTHYHO 30iraloThCs.
Onnak npu opiextauii E-W y micnsnonyaeHHi roguHu
omuocroponHiii CE HarpiBaetscs cwipHinie. lle € Hac-
JIIKOM HAsSBHOCTI HAIUTHIIKOBOI TEIUIOTH IPH OOMexe-
HOCTi BHKOPHCTAaHHSI COHSYHOI €Heprii sl BUPOOJICHHS
SNIeKTPUKH.

Bru3pki TeMmiepaTypu HarpiBaHHS abcopOepa B po3-
TJISTHYTHUX BapiaHTaxX IMOSCHIOIOTHCS HEBEJIMKOI YaCTKOIO
onpominenns croponu CE, 1o nepedysae B TiHi (puc. 2).
Tomy mepe/Hs MOBEPXHSI € BU3HAYAIBHOK MpH (HopMy-
BaHHI TemIiepaTypu abcopOepa, K Uil OJHO-, TaK 1 JUIs
JIBOCTOPOHHBOI MaHEe IeH. 3aKOHOMIPHOCTI 3MIHHM OMPOMi-
HEHHS CXOXIi Uit KyTiB Haxwiny 90° i 45°, ogHak MakcH-
MaJIbHEe 3HAU€HHS B OCTAaHHBOMY BHIAJKy Oijblue, rmpu
TOMYy, 110 IHTEHCHBHICTh ONPOMIHEHHs 3aIHbOI NaHeli
MEHIIIE.

OmnpoMiHeHHSs CXiHOT CTOpPOHH pu opieHTanii E-W
Ha MOYaTKy JHs, 3 4 10 12 roIuHMU, Pi3KO 3MIHIOETHCS: BiJl-
OyBa€eThCsI 3pOCTAHHSI 1 HACTYITHE MAJIiHHS 31 3HAYHUM TEM-
oM (puc. 3). [Ticnst 12 ronuHM TeMIT A iHHS 3HIKYETHCS.
VY wiif yacTHHI THS ONPOMIHEHHS! PEBEPCHOI CTOPOHHU 3Ha-
9yHO MeHire. KapTuHa 3MiHH ONPOMIHCHHS CTOPIH IPH Opi-
enranii E-W € n3epkaibHOI0 MIOJ0 ITONYJEHHOTO dYacy.
VY micnsnoayieHHI TOMUHN SKUICh Yac COHSIYHE BHIPOMI-
HIOBaHHs HE IOMAJA€ Ha 3BOPOTHY CTOPOHY HAXHJICHOI
MaHeNi, TOMY 3arajibHe OIpOMiHEeHH i1 B meil mepiox MeH-
mre. Komm 3eHiTHHI KyT jocsirae 3HadeHHs 07 > 90 — f3,
3’BISIETBCSL TIpsiIMa ckilajgoBa. Jlis BepTHKanbHOI maHeni
67 = 0 1 Takuii nepexij Big0yBaeThCs IPAKTUYHO HETIOMITHO.
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Puc. 2. 'yctuna noTtoxy BunpominioBanHs Ha CE
npu opienTanii S-N i kyTi Haxwy 45°
(cnpsiMoBaHicCTh CTOpiH: / — MiBHIYHA; 2 — MiBAEHHA; 3 — CyMapHa)
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Puc. 3. 'yctuna noToky BunpomintoBanus Ha CE
nipu opienTanii E-W 1 kyTi Haxuy 45°
(cipsiMOBaHiCTh CTOpiH: / — cXifHA; 2 — 3aXxifgHa; 3 — cyMapHa)

TakuM YMHOM, y NEpLIil TOJIOBHHI THS HPEBaJIOE
IHTCHCUBHICTh BHIIPOMIHIOBAHHS HA aBEPCHIM CTOPOHI, Y
Jpyriii — Ha peBepCcHid, 110 W BH3HAYAE IEPEBAXKHHMA
BIUIMB OJHI€T 31 cTOpiH Ha HarpiBaHHs. CyMapHe onpoMmi-
HEHHS, Ha BIJIMiHY BijJ TOTO, IO MaJa€ Ha KOXKHY CTOPO-
HY, BUSIBIISIETHCS OLTBIIOI0 MipOIO 3TJI/DKEHUM, X04a H 31
CIaJIOM Yy IOJyACHHI TOANHH.

Ha puc. 4 npencrasieni nani mo 1060BOMy po3rop-
HEHHIO NIPOJYKTHBHOCTI ITaHeNi HPH JBOX PO3IITHYTHX
opieHTauisx B JiTHIM mepioa. Ilpu HampsMmKy 3a Biccro
S-N ocHOBHHMI1 4Yac BUPOOHHIITBA €JIEKTPOCHEPTii — Iie
cepeauHa nHs, it E-W — mouyarok 1 kiHenb aHs. Taki
3aJIeKHOCTI XapakTepHi W AJsl 1HIIMX NepiofiB poky. [H-
TerpajbHa KUIBKICTh €JIEKTpOoreHepaii, 1o Moxxe OyTu
BHpoOIIeHa 3a CBITIOBUIT AeHb NpH opieHTauii S-N, € Me-
Hioro, Hix npu E-W. Illono nanux Ha puc. 4, T0 y JIUMHI
i piBeHb ckimamae 1534 Brroa/m® i 1864 Br-rom/m Bin-
TOBIIHO.

XapakTtep KpHBHX 3MiHH TOTYXXHOCTi E€JIEKTPUIHOT
rerepamnii CE mpoTsSroMm CBITIIOBOTO THS KOpPETIOETHCS 3
OIIPOMIHEHHSIM 1 TeMIiepaTyporo nanerni (puc. 2 — puc. 4).

o 4 8 12 16 20 24
hour
Puc. 4. ITotyxHicth enexrpuunoi rerepauii CE B po3ropHeHHi
00U [UIst JITHHOTO Tepiony MpH KyTi Haxuiry 45° 1 opieHTartii:
1-S-N; 2—E-W; 3—(S-N)+(E-W)

BigzHaueHi 0COOMMBOCTI HA MPAKTHII MOXKYTh MaTh
KOH IOHKTYpHY TIPHBAOJIMBICTB, 1 JJIs IEBHUX CIOXKHMBAUiB
Taka CUTyaliss Moxke OyTu crpusTiuBoio. PazoMm 3 Tum,
Ipe/CTaBiIeHi Ha puc. 4 1aHi T03BOJISIIOTH 3pOOHMTH BaX-
JIMBUH JUTA IPAKTHYHOTO 3aCTOCYBAaHHS BHCHOBOK. 3i Cy-
MIIIeHHs! KpUBUX 1 i 2 BHOHO, IO OHOYAacHA poOoTa ma-
HeJIeH 3 PI3HOI0 OPIEHTAILIEI0 BUPIBHIOE MPOIYKTUBHICTH
CTaHLil NpoTAroM cBiTIoBoro ausa. CyKynHe BHPOOHHIIT-
BO €JIGKTPOCHEPTil maHeIsIMy pi3HOi opienTamii (kpusa 3)
XapaKTePU3y€eThCs IiIBUILEHOO PIBHOMIPHICTIO Ta Kepo-
BaHUM IHTErpaJIbHUM 3aIIOBHIOBAHHIM JICHHOTO rpadika.
Tak, KiJbKICTh IEHHOTO CYKYITHOTO BHPOOHHUIITBA €JIEKT-
poeHeprii HpU OJHAKOBOMY CIIiBBIJHOIIEHHI PO3MIpiB
PI3HOCTIPSIMOBAaHUX MaHeJel [yl TaHWX Ha puc. 4 cTaHo-
BuTh 1699 Br rom/m>. 3MiHa CIIBBiIHONIEHHS KiTBKOCTI
MaHeJNe 3 PI3HOK OPIEHTAIIEI0 J03BOJISE IIiBUIIYBATH
a00 3HIKYBaTH JE€HHY NMPOAYKTUBHICTH B iHTEpBaJ pPiB-
HIiB CKJIaJIOBHX OpI€HTAIlI i KepyBaTH MOIyIACHHUM CIia-
JIOM BHpOOHHITBA. TakuM YHHOM MOXKHA ITiIJIAIITOBYBA-
TH TpadiKu BUPOOHMIITBA 1 CITOKUBAHHS €HEPIil.

3 anamizy BruuBy opieHtanii CE Ha npoaykTHB-
HICTh BMIUIMBAE, LIO TipIIi YMOBU IeHepalil eleKTpoeHe-
prii criocTepiraloThCst MpH CHPSIMOBAHOCTI 3a Biccto S-N i
KyTi Haxmity 90°. Opienranist E-W € kpamioro npu pizHUX
KyTax Haxuily. BIJMB HaXuiny Ha MPOAYKTHBHICTH Y JIT-
Hill Tepiox MpOSBISETHCS B 3HAYHIM Mipl TiABKHM JUIs
ycranoBku CE 3a Biccto S-N. EnekrpudHa HpogyKTHB-
HICTh 3pOCTa€ 31 3MEHIIICHHAM Haxwmry. Y Mepiox 3 Bepec-
HS TI0 KBiTeHb e(eKkTuBHICTE poboTr CE mamno 3anexursb
BiJl KyTa yCTaHOBKH. Y IIei IepioJl OCHOBHHUI BIUTHB Ma€
opienrartist CE.

3 orysiiy Ha Pi3HUHM CTYIMIHB 3aJI€KHOCTI IPOIYKTH-
BHOCTI CE BiI OCHOBHMX IapaMeTpiB 1 CE30HHICTh BU3HA-
YaJbHUX 3B’S3KiB, HAWOUIBII iHPOPMATHBHUM € PO3IJIISLN
npoxykruBHocTi CE 3a cymapHUM 3aralisHOpIYHUM IOKa-
3HUKOM.

Ha puc. 5 mpencraBneni JaHi MIOAO0 BHPOOJIICHHS
€JIEKTPOEHEPTii MPOTArOM POKY Ul PO3IIISHYTHX YOTH-
pbox BapiaHTiB ycranoBku CE. Sk 6aunmo, Halikpammm e
BapiaHT i3 opieHTariero 3a Biccto E-W, HaifripommM — 3a
Biccio S-N. BapianTtu 3 opieHranismu 3a Biccio E-W, kyt
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Haxuity 90°, i 3a Biccto S-N, kyT Haxmity 45° € OIU3bKUMUA
3a e()eKTHBHICTIO.

500
i
kEWh
(m vear)

200

100

# 2 3 o
Puc. 5. Piune BUpOOHHUITBO €1EKTPOCHEPTT 3aJIEKHO
Bij opieHTaii i kyra Haxwry CE:
1—-S-N,90°% 2-E-W,90°% 3-S-N,45° 4—-E-W,45°

Bucnoskn.

Po3pobneno Merox BHU3HAYEHHS JABOCTOPOHHBOTO
OIPOMIHIOBAHHSI COHSYHHMX €JEMEHTIB, 3a JONOMOIOI0
SIKOTO CTBOPEHO 1HTErpoBaHy MaTeMaTH4YHY MOJEJNb €He-
pretuyHoro pexxumy podotu CE B 3anexHocTi Big 1Horo
IIPOCTOPOBOTO PO3MillieHHS. MoJienb JJ03BOJISIE TIPOBOJIH-
TH OLTBII TOYHMH, B TIOPIBHAHHI 3 ICHYIOUHMH METOAAMH,
ananiz epextuBHOCcTi podotn CE mpum pisHuX crnocobax
Opi€HTAaIli] i CTBOPIOBATH paIliOHAIEHY apXITEKTYPy €IeK-
TPUYHOI CTAHIIII.

3a pesympTaTaMu
MIOKAa3aHO:

1.V nitniit nepiox temneparypa CE maiixe BaBiui 1e-
PEBHILYyE Ty, IO 3BUYAHHO pekoMeHayeThes (45-50 °C).
PiBHi HarpiBaHHs abcopOepa JBOCTOPOHHIX 1 OJIHOCTO-
POHHIX MaHened npakTH4YHo 30iratorbesi. OHaK 1pu opi-
enrauii E-W y micnsinosyseHHi TOIUHA OZHOCTOPOHHIN
CE HnarpiBaetbes cuipHilIe. Ile € HacmiKOM HasBHOCTI
HaUIMIIKOBOI TEIJIOTH TPH O0OMEXEHOCTI BUKOPUCTaHHS
COHSIYHOI eHeprii Ayl BUPOOIEHHS SJIEKTPUKH.

2. 3acTocyBaHHSA JBOCTOPOHHBOI (POTOMIAHENI IS BCIX
croco0iB OpieHTaIIi € TOJaTHIM 32 €JICKTPUIHOI0 TPOJIY-
KTuBHICTIO. HaiOinemmii edekT BiJ IBOCTOPOHHBOTO
ONPOMIHEHHSI COHSYHOI MaHelll MO)e OyTH OTpHUMaHH
npu crpsiMyBaHHi 3a Biccto E-W. 31 3MeHIIeHHsSM KyTa
Haxuily, HOYMHAro4M Bix piBHA 90°, cymMapHe ONpOMiHEH-
HS TAHEl 3pocTae. 3aJeKHICTh PIYHOTO BUPOOHHUIITBA
EJIEKTPUKHM BiJ| KyTa HaxXWily HaiOUIbIIe MPOSBISIETHCS
qutst opierranii S-N, i st kytiB 90° 1 45° pisHung gocs-
rae 26 %. Pi3Huns piuHOrO BUPOOHMIITBA MIX Opi€HTaIli-
smMu E-W 1 S-N npu kxyti Haxmity 45° mMana i CTaHOBUTH
6m3bK0 3 %.

pu xyti 90° i Hanpsimy E-W piune BUpOOHUIITBO
Ha 24 % Oinbiue, HiX 1pu S-N. Mix TuM, Ipu opieHTanii
E-W mpomyKTHBHICTE BEpTHKAIBHOI MaHENi € TipIIoIo
TiIBKH Ha 2,6 % B MOPIBHSHHI 3 MaHEIMH, HAXUICHUMH
i kytom 45°. ToMy, Take po3TallyBaHHs BUIIPaB/IaHe 3a
YMOBH 3aCTOCYBaHHS, HaNpPUKIa, Uil oropoxi abo o00-
JIUIFOBaHHI (hacany.

3. KomOinyBanus ¢oromaneneil 3 pi3HUM cCrocoOoM
IIPOCTOPOBOTO PO3MIIIEHHS JIO3BOJIIE KEPYyBaTH piBHEM

AHAJITHYHOTO  JTOCHIIKEHHS

BUPOOHHUIITBA €JICKTPOCHEPTIi MPOTIrOM CBITIIOBOTO JHS,
MITAITOBYIOUM rpadiky BUPOOHHMITBA 1 CIHOXKHUBAHHS
eHeprii. 3MiHa CIiBBIAHOMIECHHS KIJIBKOCTI MaHesen 3 pi3-
HOIO OPIEHTALIIEI0 JT03BOJISIE IMiBHUIYBAaTH ab0 3HMKYBa-
TH JICHHY NPOAYKTHBHICTh B IHTE€PBaJl PIiBHIB CKJIaJOBUX
opieHTaNil 1 KepyBaTH piBHEM HOJIYIEHHOTO CIaIy BUPO-
OHMIITBA ENEKTPOCHEPTiI.

Konduikr iHTepeciB. ABTOpH 3asBIAIOTH PO
BIZICYTHICTh KOH(QJIIKTY 1HTEpECIB.
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Investigation of orientation impact on electrical power of
bifacial solar elements.

Purpose. To develop the integrated mathematical model for
definition of bifacial solar element rational power operation in
the various operation conditions caused by orientation of solar
panels and power influence. Methodology. We have proposed
the method of definition of bifacial solar elements irradiation
and temperature mode and also electric power production at
various orientation of panels. Results. We have made analytical
investigations of temperature operation conditions of solar ele-
ments and their influence on electrical power for various panels
orientation in space. Features of irradiation of the forward and
back parts of solar panels, conditions of a temperature operat-
ing mode and its influence on electric power production are
shown. Possibilities of rational conditions of spatial panels ori-
entation are considered. Originality. We have suggested and
proved the model of definition bifacial irradiation solar panels
and thermal conditions of electric power production and also
rational conditions of spatial orientation of panels. Practical
value. The developed by us methodology as well as results of its
application, allows to choose rational architecture of a solar
power station with high efficiency. References 13, figures 5.

Key words: bifacial solar photo panels, irradiation of solar
panels, orientation of solar cells, power generation.
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D. Sengupta, A. Datta

VALIDATION OF OPTIMAL ELECTRIC VEHICLE CHARGING STATION
ALLOTMENT ON IEEE 15-BUS SYSTEM

Introduction. The diminishing conventional energy resources and their adverse environmental impacts compelled the researchers and
industries to move towards the nonconventional energy resources. Consequently, a drastic paradigm shift is observed in the power and
transportation sectors from the traditional fossil fuel based to the renewable energy-based technologies. Considering the proliferation of
electric vehicles, the energy companies have been working continuously to extend electric vehicle charging facilities. Problem. Down the
line, the inclusion of electric vehicle charging stations to the electric grid upsurges the complication as charging demands are random in
nature all over the grid, and in turn, an unplanned electric vehicle charging station installation may cause for the system profile
degradation. Purpose. To mitigate the problem, optimum allocation of the charging stations in existing power distribution system in a
strategic manner is a matter of pronounced importance in maintaining the system stability and power quality. In this paper, optimum
allocation of electric vehicle charging stations in IEEE 15-bus system is studied in order to minimize the highest over and under voltage
deviations. Methodology. Primarily, voltage stability analysis is carried out for identification of the suitable system nodes for the
integration. Voltage sensitivity indices of all the system nodes are calculated by introducing an incremental change in reactive power
injection and noting down the corresponding change in node voltage for all nodes. Henceforth, dynamic load-flow analysis is performed
using a fast and efficient power flow analysis technique while using particle swarm optimization method in finding the optimal locations.
Results. The results obtained by the application of the mentioned techniques on IEEE 15-bus system not only give the optimum feasible
locations of the electric vehicle charging stations, but also provide the maximum number of such charging stations of stipulated sizes
which can be incorporated while maintaining the voltage profile. Originality. The originality of the proposed work is the development of
the objective function; voltage stability analysis, power flow analysis and optimization algorithms. Practical value. The proposed work
demonstrates the detailed procedure of optimum electric vehicle charging station allotment. The experimental results can be used for the
subsequent execution in real field. References 15, table 1, figures 4.

Key words: electric vehicle charging station, optimal allotment, IEEE 15-bus system, voltage stability analysis, load-flow
analysis, particle swarm optimization.

Bemyn. 3menwenns mpaduyitinux enepeemuuHuX pecypcie ma ix Hecnpusmaueuil 6Nau6 HA HABKOIUWIHE cepedoguuje 3MYCUnu
docnionuxie i eany3i npomuciogocmi nepeimu 00 HempaouyiliHux enepeemuunux pecypcie. Omoice, 6 enepeemuyuHOMy ma
MPAHCNOPMHOMY CEKMOPax CHOCMEPicacmvcs KapOUHANbHA 3MIHA NApaoueMu 8i0 mpaouyiiiHo2o 6UKONHO20 NAIUea 00 MexHON02il,
wo 6azyombcss HA BIOHOGNIOBAHUX Odicepenax eHepeii. bepyuu 00 yeazu po3noecioOdicenHs eneKmpomooinie, eHepeemuyti KOMNaHii
NOCMILIHO NPaYIoMb HAO POSUUPEHHAM NOMYAHCHOCIEN 05 3apsA0KU elekmpomodinie. IIpoonema. Brniouenns 3apaonux cmanyiii 01a
e1eKmpoMobiNie 00 eneKMPUYHOL MepexCi BUKTUKAE YCKIAOHEHH S, OCKIIbKU 8UMO2U 00 3apAO0KU Mal0ms UNAOKOSULL Xapakmep no 6ciil
eeKmpomepedici, i, 8 CBOI0 uepzy, He3anIaHo8aHa YCMAHOBKA 3apa0HOT cmanyii 0 eneKmpomMoobinie Modice npuzeecmu 00 NOSIPUIeHHS
npoghino cucmemu. Mema. [L[o6 nonecwiumu npobremy, onmumantbHe pO3MIiujeHHs 3apaoOHux Cmanyill 8 iICHyoUill cucmemi po3nooiny
efeKmpoeHepeli cmpameivHum YUHOM € NUMAHHAM HAO3GUHAIIHO 8AANCIUB020 3HAYEHHS OJsl NIOMPUMKU CMAOLILHOCMI cucmemu ma
saKocmi enekmpoenepeii. YV yiti pobomi 6usuacmvcs ONMuManbHe po3miujeHHs 3apAOHUX CIAHYil 05l eNeKMPUYHUX MPAHCHOPIMHUX
3aco6ig 6 15-wunniti cucmemi IEEE 3 memoio minimizayii Hatusuwux eioxuneHv Hanpyeu e2opy ma oonusy. Memooonocis. B nepuiy
yepey, npoeooUmMbCs aHaui3 cmabiibHocmi Hanpyeu 075 i0enmugixayii 6i0nosioHux €ysnie cucmemu O0as inmeepayii. Ilokaznuxu
YYmaueocmi 00 Hanpyau 6Cix Gy3/i@ CUCMeMU 0OYUCTIOIOMbCA WIIAXOM 66E0EHH NOCIYN0BOI 3MIHU NOOAYT PeaKmMuHOi NOMYHCHOCII
ma GiOMimKU GiONOGIOHOI 3MIHU 8Y371080i HANpyau OA 6cix 8y31ie. Hadani Ounamiynuil ananiz nomoxy Ha8aHMadCeHHs GUKOHYEMbCA 3a
00NOMO02010 WBUOKO20 MA eheKMUBHO20 MmOy aHANI3Y NOMOKY HOMYICHOCHI, BUKOPUCMOBYIOUU MenOoO ONMUMI3ayii poio YacmuHox
0151 NOWLYKY ONMUMATLHUX Micyb posmautyéanns. Pezynomamu. Pe3ynemamu, ompumani npu 3acmocy8anti 3a31HaieHux memoois na
15-wunniti cucmemi IEEE, ne minvku 0aroms OnmuMaibHO MOJICIUGE POIMAULYEAHHS 3aPSOHUX CIMAHYIL eleKmpoMODLTie, ale MaKoiC
3a6e3newyions MaKCUMANbHY KilbKiCmb MAKUX 3apsOHuX CIaHyill 6CIAaHOBIEeHUX pO3MIPI6, AKI MOJICHA 8KIIOUUMU, 30epiealoyu npodins
nanpyeu. Opuzinansnicms. Opuzinansbhicms 3anponoHo8anoi pobomu noas2ac y po3eumxy yinbosoi Gyukyii; y ananizi cmabinbHocmi
Hanpyeu,; y aneopummax ananizy ma onmumizayii nomoky nomyxcnocmi. Ilpakmuyune 3nauenus. 3anpononosana pob6oma 0emoHcmpye
OdemanvHy npoyeoypy ONMUMAIbHO20 PO3NOOLTY CMAHYil 3apAoKu eneKmpomooinie. Pesyiomamu excnepumenmie mModicymos Oymu
suKopucmati ost nodanswiol peanizayii 6 peanvnux ymogax. bioin. 15, Tabn. 1, puc. 4.

Kniouoei cnoea: 3apsifHa CTaHUisz VIl eJ1eKTPOMOOLIIB, onTHMaJbHUN po3moain, 15-mmHHa cucrema IEEE, ananis
cTa0iIbHOCTI HANIPYTH, AaHAJII3 IOTOKY HABAHTAKEHHS, ONITUMI3allis POI0 YACTUHOK.

1. Introduction. Presently, the transportation sector
is being transformed rapidly to adopt electric vehicles
(EVs) as it is an important revolution to circumvent the
depletion of conventional energy resources and their
detrimental environmental impacts like global warming,
public health hazards, etc. [1]. With the proliferation of
EVs, there is an equivalent obligation to meet the EV
charging needs. In this perspective, a massive
infrastructure planning is required towards the installation
of electric vehicle charging stations (EVCSs) [2].
Expansion of generation and energy storage planning is
the concern to accommodate many EVCSs. The
generation extension may be combined with energy

storage systems. However, the generation expansion is
constrained by several factors like renewable energy
integration, rating of existing transmission/distribution
lines, investment cost, risk assessment, long-term
planning, etc. [3].

Optimal allocation of EVCSs can comfort to
accommodate a substantial number of EVCSs in existing
power system while sinking power losses and functioning
cost in tandem with voltage stability. In recent years,
several studies have been carried out in the domain of
optimal sizing and allocation of the EVCSs in power
distribution networks. In [4], greedy algorithm along with
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three other optimization techniques was presented for
maximizing the accessibility of EVCS to the EV owners.
In [5], a stochastic collaborative planning for EVCS
integrated distribution network was performed by
utilizing a realistic traffic assignment model in
conjunction with conical congestion function. Optimal
placement of fast charging EVCSs for charging cost
minimization using game theory was proposed in [6]. A
multi-objective bi-layer Pareto optimization technique for
maximizing EV parking garage profit and minimizing line
loss as well as voltage deviation was pronounced in [7]. A
multi-agent system (MAS) simulation framework along
with evidential reasoning (ER) approach was used for
minimizing the charging cost, charging waiting time and
charging travel time [8].Optimal allocation of EVCSs for
sharing charging level improvement and total charging
distance minimization was presented [9]. In [10], a
collaborative multi-aggregator EV charging scheduling
for PV powered EVCSs for aggregator total profit
maximization was accomplished. An optimum distributed
energy trading strategy was proposed using game theory
on an EVCS incorporated integrated energy system (IES)
[11]. A geographic information system (GIS) based
technique for PV based EVCS location analysis and
evaluation was presented in [12].

Literature review reveals that less amount of work is
performed in the domain of EVCS allocation in view of
voltage profile retention. Another general shortfall of all
these researches is the absence of voltage stability
analysis which is vital to check the suitability of the nodes
for power injection/absorption while retaining the system
stability.

In the present work, an effective strategy for optimal
allocation of EVCSs to maintain the voltage profile of a
distribution network is presented. Among the different
optimization techniques, the particle swarm optimization
(PSO) is an easy and distinct convergence technique [13].
Thus, PSO technique is adopted in compliance with an
efficient dynamic power flow analysis method. IEEE
15-bus system is taken for optimal allocation of EVCSs
with respect to minimization of node voltage deviation.
The optimum results obtained from the case study are
substantiated with the voltage stability analysis results. A
comparison of the system voltage profile with EVCS and
without EVCS is presented to show the effectiveness of
the optimal allocation of EVCSs.

The rest portion of this paper is structured as
follows: problem formulation is included in Section 2.
Voltage stability analysis is discussed in Section 3. Power
flow analysis and PSO technique are described in
Sections 4 and 5, respectively, whereas Section 6 presents
the proposed power flow analysis collaborated PSO
technique in detail. Results and discussion are placed in
Section 7, and finally Section 8 concludes the paper.

The aim of the paper is to optimally allocate the
maximum number of electric vehicle charging stations of
specific sizes while retaining the voltage profile. In turn
the system stability, power balance and power quality will
be maintained.

2. Problem formulation. Objective function. The
integration of several EVCSs into a distribution network
can introduce severe voltage deviations in different

feeders depending on the power flow. Therefore, optimal
sizing and allocation of such EVCSs are very essential in
maintaining the voltage deviation within the standard
limit. In view of this, an objective function is formulated
to minimize the highest voltage rise and drop with respect
to the reference voltage.
To objective function is defined as

MinimizeEdevihighest =

= Minimize| ({V .oy =VIFNG, D1}, (Ve =VIFNG, j+D]}) =

= Minimize ({| Vo | =[VIENGDI ALV yer [ =

J(BLFBG, D + 5T FBG. N
VIENG. )]

—{UVIFNG D=

x| ZIFBG, P1I}}).
The voltage of the (j + 1)" node of the i"™ path is
|[VIENG, j+D1I=[VIFNG, )] -

— o2 2
_\/(PS[FB(Z,])]) +st[FB(”f)]) | ZLFBG, )], *
|VIFN(i, )|

where i =1, .., TN andj = 1, ..., N(i) — 1; i represents the
main feeder, lateral or sublateral number of the
distribution network; i path signifies the paths associated
with main feeder, laterals, and sub-laterals; TN is the total
number of paths of the network; j is the index for
representing the nodes and branches of the i path; N(i) is
the maximum number of nodes present in the i path. As
number of branches present in a path is exactly 1 less than
the number of nodes, the total number of branches of the
i path is N(i) — 1. Henceforth, [FB (i, j)] presents the
branches of the i" path and for j = N(i) — 1, [FB (i, j)]
denotes the last branch of the associated i path. [FN(, /)]
indicates the nodes of the allied /™ path. For j = N(i) — 1,
[FN (i, j)] presents the node just before the last node.
[FN(i, j+1)] presents the last node of the i path. Egeyinighest
is the highest voltage (over and under voltage) errors
among the node voltages of the distribution system; V., is
the reference bus voltage, which is taken as (1 + j-0) pu.
The voltage of main feeder first node V [FN (1,1)] = (1 +
+j-0) pu. V[FN(i,1)] denotes the first node voltage of the
i" path. V[FN(i, j)] is the /" node voltage of the /" path.
Z[FB(i, j)] represents the /™ branch impedance of the
i" path. Ps[FB(i, j)] and O4[FB(i, j)] are the active and
reactive power flows of the [FB(i, j)] branch.

Decision variables. EVCS locations.

An array named EVCSLOCS is assigned to store the
decision variables of the proposed optimization problem,
i.e., the randomly generated EVCS locations

EVCSLOCS =[EVCSLOCS,,..., EVCSLOCS;. .., )
.. EVCSLOCS, 1,

where EVCSLOCS; denotes the i EVCS location among
total n number of EVCS locations.

The operating range of EVCSLOCS; is restricted to
[FNG, j)]; for i = 1, j = 2,...,N(i) and for i = 2,...,TN,
j = 1,...,N(i). The total number of EVCSs (n) varies based
on the requirements of different case studies.

Maximum powers of the EVCSs.

Two arrays named Pgy,, and Qgyy, are assigned to
hold the active and reactive power capacities of the
EVCSs
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Prysim =[Pevsm s PEvstni s> PEVsnn 15 4)

Okvsin =OEvsin1 >+ OEVstni s+ QEVsinn ] » (5)
where n is the numbers of EVCSs are to be allocated;
Prygni and Qgyy, are an active and reactive power
capacities of /" EVCS (EVCS,) respectively.

Bus voltage constraints.

Vrnin <VIFN(, ])] < Vmax (6)
where V[FN(i, j)] represents the node voltages of the
distribution network.

The Vi and V. are taken as 0.9 pu and 1.1 pu
respectively for primary distribution.

3. Voltage stability analysis. Voltage stability
analysis is a mandate to identify the suitable nodes
appropriate for load point integration [14] in view of
retaining the overall system stability. For checking the
stability of the network due to integration of EVCS at
different nodes accept the swing bus, the voltage
sensitivity analysis of all these nodes is essential. For a
decoupled network, the voltage sensitivity is dominantly
reliant on its reactive power sensitivity (6Q,/0V,). The
voltage sensitivity index (VSI) for n™ node is defined as

Vi 7)

VSI |,=
n

where 90, and oV, represent the incremental changes in
n™ node reactive power Q, and voltage ¥, respectively.
The term (5Q,/0V,) represents the ratio of the two
incremental changes. JV,/00, is the reciprocal of the
aforesaid ratio. It denotes the incremental change in node
voltage oV, subjected to a corresponding incremental
change in reactive power , and is called the VSI of the
n™ node.

Positive value of VSI indicates a suitable node for
load point inclusion, whereas, negative VSI implies an
unstable node. The less value of positive VSI infers a
more stable node and vice versa.

4. Power flow analysis. An efficient power flow
analysis method [15] is utilized along with the PSO
optimization technique for dynamic power flow and node
voltage calculation. The governing equations of this
method are

WVIENG Dlota | =1 VIENG j+Dloa | .

ITFB(, Nlpew |= . ; (8
[ I[FB(, )lpew | | ZIFBG)]] (3

LP[FB(i, )lpew =| [LFBG, Nyew I* -RIFBG, ))]; (9)
LOLFB(i, )pew =| IIFBG, [Ylew |* -X[FB(i, j)]; (10)
| V[FN(iaj+1)]new |:| V[FN(i’j)]new | -

VBB e + O FBG e
I[VIFN(, /)]

x| ZLFB(, j)]1,
where, i = 1, ..., TN and j = 1, ..., N(i) — 1. The notations
used in this section are like the notations mentioned in
«objective function» section. V[FN(i, j)], I[FB(i, j)],
LP[FB(i, j)] and LQ[FB(i, j)] are the relevant node
voltage, line current, line active and reactive power losses
respectively. The active and reactive power flows from
the branch [FB(i, j)] are Ps[FB(i, j)] and Qs[FB(i, j)]
respectively, which are dependent upon the values of

(11

new |

LPIFB, j)1, LOIFBG, j)], PLLFNG, j)l, QuIFNG, j)] and
the system configuration. P;[FN(i, j)] and Q;[FN(, j)] are
the load active and reactive powers connected to the
[FN(, j)] node. The subscript «mew» represents the
running iteration of power flow, whereas subscript «old»
denotes the previous iteration.

5. PSO algorithm. PSO [13] is a population-driven
algorithm which shows a good resemblance with the flock
of birds searching for food in a search space. The entire
population is called the swarm and individual members of
the swarm are called particles. In contrast to the
conventional optimization techniques, PSO gives faster
convergence, identification of global optima in presence
of local optima along with the features of simplicity in
programming and adaptability for the constrained
problems.

The governing equations for PSO algorithm are

Vi) =o(0) Vit=D+cp-n-(BE-D)-X;-D)+ (12)

+ey (G- - X;(-1);
and

Xi()=X;t=D+V (1), (13)

where X; and V; symbolize the position and velocity of the
i particle, and are denoted by X; = [x;1, ..., x;,] and
Vi = [vi1, ..., vin]l. These are the arrays, which contain the
position and velocity of the i™ particle. P; and G are the
arrays containing the local best position of the i particle
and global best position of all the particles of the swarm
ever visited in each iteration. Symbol «#» represents the
current iteration number and (¢ — 1) signifies the previous
iteration number, 1 < ¢ < [T, where [T, is the
maximum iteration number.

When ¢ =1 the Vit — 1), X(t — 1), P(¢t — 1) and
G(t — 1) present V(0), Xi(0), P{0) and G(0) respectively.
These are the 0" iteration (initial) values of velocity,
position, best position of i particle and global best
position of the entire swarm. Before starting the iteration
process, initialization of all the particles’ position,
velocity, particles’ best position and global best position
of the entire swarm is accomplished. The entire swarm
size or population of all the particles is denoted by n,,,.
Therefore, 1 <i < ny,,. At first, x; to x;, (the positions of n
numbers of decision variables) of all the particles are
initialized by generating random values in » dimensional
search space. Velocities (V;) of all the particles are
initialized by storing zeros. After initialization of
particles” position and velocity arrays, the objective
function is calculated. Particle’s best position P; is
initialized by assigning the same initial random values
stored inside the X; array for all particles. Particle’s initial
objective function value is stored inside the particle’s best
objective function array for initialization. Global best
objective function is initialized by taking (0) or (inf) for
the  maximization and minimization problems
respectively. Gradually, with the initialization of each
particle’s best values; continuous updating of global best
values (global best position G along with global best
objective function value) for the entire swarm is
completed to achieve the final initialized global best
values. w is the inertia coefficient. At first iteration,
usually its value is taken as 1 for the entire swarm and
gradually at successive iterations, its value decreases to
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almost zero if damping inertia coefficient, @y, is
introduced. a?) = (T — 1)- Wyamp- €1, > are the cognitive
and social parameters respectively, and |, r, denote
random numbers.

6. Power flow coordinated PSO technique. To
attain minimum values of highest over and under voltage
deviations (Egerorn and Egemorn) N accommodating
multiple numbers of EVCSs in a distribution network,
PSO is exploited with power flow method. The maximum
power handling capacities of EVCSs are selected
considering different relevant factors. After selection of
the EVCS capacities, the next step is to generate random
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o //

—

Define objective function to be minimized
(Edevi_highest )

v

Initialize system parameters

I

Generate population , global best
and
initialize global best

A 4
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v

Initialize particle i’s velocity to zero

A
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v

Update particle s best and global best
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i=it+1
No — T
—_
L Is i> 1y ? >
i Yes
‘ =1 ‘
D
™
I
A\ N
\%/
3

EVCS locations within the lower and upper bounds of
distribution feeder to initialize the entire swarm. These
random EVCS locations generated inside the PSO
algorithm for each particle are sent chronologically inside
the power flow analysis function as input arguments.
System data along with the EVCS capacities are
encumbered inside the power flow algorithm. The
distribution network data is updated inside the power flow
algorithm based on these random EVCS locations. The
power flow algorithm executes concurrently with the PSO
method. Figure 1 shows the flow chart of the proposed
power flow coordinated PSO technique.

P
{
\?

Calculate velocity and
then position of particle /

Round off the position
array of particle 7

!

Run the power flow and calculate the
objective function ( Egevi pighest) for
particle i

v
Update the particle i’s best and
global best values

v

i=i+1

g
(L

O =0 . Odamp

Global best of PSO is the solution
of optimal EVCS allocation
problem

Fig. 1. Flow chart of the power flow coordinated PSO technique
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7. Results and discussion. The IEEE 15-bus radial
distribution system, shown in Fig. 2 is taken for the case
study. The active and reactive power demands are 1126.5
kW and 1251.182 kVAR respectively. The base values
are chosen as 100 MVA, 11 kV. The normalized voltage
sensitivity indices of all nodes are calculated by finding
out the 8V,/50, value of the n™ node, where n = [FN(i, /)],
excluding the main feeder first node. For this purpose, an
incremental change in reactive power of the n™ node is
introduced and the corresponding incremental change in
node voltage is obtained by applying power flow analysis.
Figure 3 presents the normalized voltage sensitivity
indices of the test network.

N

10

V ]
Fig. 2. IEEE 15-bus system
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Fig. 3. Normalized voltage sensitivity indices of 15-bus system

It is observed that node number 13 is inappropriate
for power injection or extraction into the system as the
VSI value of this node is negative. Other nodes are having
positive VSIs and guarantee the sustained stability of the
system. But amidst them, node numbers 3, 4 and 5 attain
high values of VSI. Therefore, these are the
comparatively weaker nodes. Amongst these three nodes,
node 3 is unsuitable for power injection as the VSI value

of this node is very high. The other two nodes, i.e. nodes
4 and 5, can be considered for EVCS integration. After
sensitivity analysis, gradually augmented numbers of
identical EVCSs are approached to investigate the effect
of newly integrated EVCSs upon the system voltage
profile. The motive is to find out the maximum number of
such EVCSs that the network can accommodate without
compromising the voltage profile. The proposed power
flow collaborated PSO technique is utilized for this
purpose. For the execution of the PSO algorithm, the
value of @y, 1s taken as 0.99. ¢, and ¢, are set to 0.5
each. r; and r, are taken from the uniform distribution
interval [0 1]. For deciding the capacity of each EVCS,
maximum 2 EV charging requirement per EVCS is
considered. Considering 8 kW DC charger, the total
power consumed by 2 EVs are 16(2x8) kW DC. Rectifier
efficiency is 90 %. Henceforth, the rectifier input power is
17.78 (16x100/90) kVA AC. Taking grid load power
factor as 0.7, the active and reactive powers drawn from
the grid by each EVCS are 12.446 (17.78x0.7) kW and
12.7 (17.78%0.7141) kVAR correspondingly. The per unit
values of these powers are 0.00012446 pu and 0.000127 pu.
Four trials are carried out considering 2, 3, 4 and 5 EVCS
allocation. In each trial, the global best values i.e.
optimum values of highest over and under voltage
deviations (Egvervorn and Egemorn) along with the
optimum EVCS locations are captured. The results are
illustrated in Table 1.

Table 1

Optimum feasible EVCS locations for gradually augmented
EVCS numbers along with the optimum voltage errors

]I:\I\(/)C%fs Optimum fgasible E{,W,vol,h E,,.,,dc,n,ol,h
| EVCS Locations — (in pu) (in pu)
2 9 | 10 0.0472 0
3 8 19 |10 0.0475 0
4 7181910 0.0478 0
5 318910 10 0.483 0

From the results, it is seen that maximum 4 numbers
of EVCSs of stipulated sizes are feasible to be integrated
at optimum locations 7, 8, 9 and 10. Increasing the EVCS
number to 5 gives two repeated optimum locations at
node number 10 which is not suitable for implementation.
The optimum nodes 7, 8, 9 and 10 achieved from this case
study are verified with the results of sensitivity analysis
and found to be satisfactory. The highest over and under
voltage errors are substantially lesser (0.0033 pu and
0 pu) compared to the stipulated voltage errors limits
(£ 0.1 %). That’s why these locations are considered as
the optimum locations for EVCS integration.

Figure 4 shows a comparison in between the voltage
profiles of the system with EVCS and without EVCS.
From this analysis, it is observed that voltage profile of
the system with EVCS is far better than that of without
EVCS. For the system without EVCS, the highest over
and under voltage errors are 0 pu and 0.0554 pu,
respectively.
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Fig. 4 Comparison of node voltage profile with and without
EVCS for 15-bus system
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8. Conclusions.

Optimal allocation of electric vehicle charging
stations in an existing power distribution system is of
great importance for maintaining voltage profile. An
effective strategy, i.e. power flow analysis coordinated
with particle swarm optimization, is applied for the
deployment of electric vehicle charging stations in a
distribution network with the intention of optimal power
flow and voltage profile improvement. Voltage stability
analysis is carried out by calculating the voltage
sensitivity indices of the network nodes to identify the
suitable nodes for the integration. IEEE 15-bus system is
taken to wvalidate the usefulness of the anticipated
procedure. Comparison of system voltage profiles with
and without electric vehicle charging stations is presented
to reveal the effectiveness of the optimal allocation with
the proposed strategy.
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