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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
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

magnetic path (with one or more air gaps in the path of
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
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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

| =% Input coil 1
- Input coil 2
-+ Output ceil 3 |
= Output coil 4
|| =+ Output cail 5 |
[ QOutput coil 6 | |
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Time (s)
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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.
100 |
- ™ .“‘_ - Input-Coil-1 (W)
L | \\ | S o- Input-Cail-2 (W)
80 | "\ . | -+ Output-Coil-3 (W) |
70k J 1 ™ = Dutput-Coil-4 (W) [
80| # [ || | ~+- Output-Coil-5 (W) |
sgl | Output-Coil-6 (W) ||
a0t [
z 30¢ | |
I} 20f 1
=
s 10 f \
o |
<10}
20}
-30f
_40 -
_50 -
60k s ; j ! ]
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.

a0 - Input-Coil-1 (W) | |
ﬂ o Input-Coil-2 (W)
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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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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
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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

12 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 3



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.
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Fig. 9. Torque 7,
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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

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 3 13



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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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 — % .
Co ! ! ! ! ! ! ! '
05— _/_,____‘_h_% ;
i ! T : \\\5 i
i o N
i / : \
: S : N
o E N
Lo il
i/ T
4 A
/i \
7 B .
/ |
1 L 1 1 I 1 I 1
0 2 4 [ B 0 2 4 6 B
Sneead ratin

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.
4000
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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
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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
9 | | | | L
- 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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ELECTROMECHANICAL GUIDANCE SYSTEM BASED ON A FUZZY
PROPORTIONAL-PLUS-DIFFERENTIAL POSITION CONTROLLER

Purpose. The purpose is to develop solutions for the implementation 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 methodology
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 proposed. Practical value. A solution is obtained for the implementation of optimal guidance process,
non-overshooting and requiring no post-adjustments, also featuring the maximum weapons speed and minimal sensitivity to
parametric disturbances. References 20, tables 1, figures 12.

Key words: fuzzy controller, positioning, adaptation, overshoot, speed.

3anpononosano no3uyiiny eiekmpomexaniuny cucmemy HageOeHHs 030POCHHA HA OCHOBI A0ANMUBHO20 He4imK020 NponopyiiHo-
Jupepenyitinozo (I1]]) pecyrsamopa nonodxcenns. Cmeopeno cmpykmypuy Simulink-modens cucmemu nosuyionysanns 030pocHHs
ocHogi Hewimkoi adanmuenoi moodeni Kepyeannus. IIposedeno komn iomepni 0ocniodcens OUHAMIKU NPOYECi6 NO3UYIOHYB8AHHS NPU
GUKOPUCTAHHI  NPONOPYITIHO20 MA  3aNPONOHO8AH020 AdanmueHo2o Heuimkoeo II[ peeynamopa nonodcenns. Pesynemamu
00CNiOAHCEHb NOKA3AAU, WO NPU BUKOPUCAHHE HEYIMKOL a0anmueHoi MoOei Kepy6anHs. NPOYecom NO3UYIOHY8AHHS PeanizyiomobCs
onmumanbhi 6e3 nepepe2ynio8ants ma pelicuMie 00ms2y8ants 3aKonu pyxy o3opocnnus. biomn. 20, tabin. 1, puc. 12.

Kniouosi cnosa: HediTKHUii peryJsiTop, NO3MUiOHYBAHHS, aIaNTallisl, epeperyJa0BaHHs, IIBUAKOIIs.

IIpeonodceno NO3UYUOHHYIO DNEKMPOMEXAHUYECKYIO CUCTEMY HABEOeHUs BOOPYHCEHUS. HA OCHO8E AOANMUBHO20 HEUemKO20
nponopyuonanrbHo-oupgdepenyuarvrozo (I1]) pesynamopa nonoscenus. Paspabomano cmpykmypuyro Simulink-modens cucmemvl
HaBeOeHUs. BOOPYHCEHUsI HA OCHO8e HeuemKol a0anmueHou moldenu ynpaeienus. IIpogedenvl Komnvromepuvle UCCIE008AHUSA
OUHAMUKU NPOYECCO8 NOZUYUOHUPOBAHUS NPU UCNOTb30BAHUU NPONOPYUOHATLHOZ0 U NPEONIONCEHHO20 A0ANMUBHO20 HeuemKko2o TT/]
peaynamopa nonodcenus. Pe3ynbmamul uccnedo8anuil NOKA3AAU, HMO NPU UCHOIb306AHUU HEYEmKOU adanmueHolu Mooenu
YNPasneHus npoyeccom NOUYUOHUPOBAHUSA PEANU3YIOMCs ONMUMAbHble 6e3 nepepezyiuposanus U pelcumos OOmAUSAHUs 3AKOHbL

odsudicenus soopyacenus. bubn. 20, tabmn. 1, puc. 12.

Kniouesvie cnosa: HedeTKHii peryJsTop, o3MIMOHUPOBAHME, A/1aNITALlUS, IlepeperyJIMpoBaHue, ObICTpoAelicTBHE.

Introduction. At the present stage of development
of armaments of missile troops and artillery, there is a
tendency to increase the range, increase mobility and
accuracy of weapons. This trend is realized both in the
creation of new high-precision means of destruction, and
in the process of modernization of existing ones.

Samples of these weapons, which were created and
manufactured in the 70-80s of last century, do not fully
meet modern requirements for accuracy and speed of
guidance. The reason for this is the imperfect element
base, system and circuitry of control systems of the
specified time period, which today is mostly morally
obsolete and physically worn out.

In view of this, it can be argued about the relevance
and feasibility of directing efforts and finances to the
modernization of these models of missile technology in
the direction of improving their tactical and technical
characteristics [1, 2].

Problem definition. Mentioned models of missile
weapons include, for example, rocket-propelled grenade
launchers based on the BM-21 combat vehicle, or others.
The process of guiding the package of guides (PGs) in
azimuth and pitch in these machines is implemented by
manual drive or non-positional electromechanical system
(EMS) according to the scheme «electromechanical
amplifier — DC motor» using the appropriate forming and
stabilizing feedbacks [2].

This EMS contains backlash, elasticity, in particular
a pair of torsions, gaps and other nonlinearities. It is
characterized by the inconsistency of the moment of

inertia and load at different loads of PGs by missiles, as
well as asymmetry of the load at different directions of
movement. These factors negatively affect the dynamics
and statics of the process of positioning PGs in the
guidance process.

Control of the movement of the guide package (the
process of guidance, positioning) in both planes in the
existing EMS is performed manually from the remote
control. There is no position adjustment circuit. In such a
control system, the efficiency and accuracy of weapons
guidance is significantly influenced by a subjective factor
— the qualification of the operator (gunner). To eliminate
this factor, it is advisable to automate the process of
positioning the PGs by using a high-precision sensor and
the setter of the aiming angle and the implementation of
automatic angle adjustment by the mismatch signal. This
approach eliminates the influence of the subjective factor
and guarantees the predicted indicators of the dynamics
and statics of the process of weapons guidance, in
particular the static positioning accuracy.

Analysis of recent research and publications. It is
known that positional electric drives are able to
implement the desired laws and trajectories of the
actuators as well as the quality of static accuracy and
speed of positioning. Therefore, the task of obtaining the
highest control speed in the absence of overregulation and
traction modes at «creeping» speeds and the required
static positioning accuracy can be considered relevant and
important in the modernization and optimization of
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electromechanical guidance systems in azimuth and pitch
of the BM-21 combat vehicle [3, 4].

An effective system approach to solve this problem
is the implementation of an electromechanical control
system of the PG movement according to the scheme
«pulse-width converter — DC motor» (PWC-DCM)
according to the subordinate control principle using
internal control circuits of current (torque) and speed of
the motor and their standard setting for the modular
optimum and additionally introduced external position
control circuit [5, 6].

The classic approach in the construction of
positional automatic control systems (ACS) is the use of
proportional (P) position controller (PC) [3-7]. This
structure of the ACS makes it possible to obtain the
desired indicators of the dynamics of positioning in the
modes of large displacements in the implementation of
the trapezoidal tachogram of the electric drive movement.

But when working out tasks for smaller movements,
which are performed at lower speeds, the positioning
processes are accompanied by traction modes, the
duration of which is commensurate with the braking time
when working out large movements [8]. To eliminate
these modes, a parabolic PC is used, which is most often
included in the control circuit of the three-circuit control
system with internal control circuits of current and speed
with proportional-integral (PI) and P regulators,
respectively, and their standard settings [8].

The predicted dynamics of the positioning process in
the above structures is achieved under the condition of
constant load torque, initial position, moment of inertia
and other parameters. If these conditions are not met, the
dynamics of the actuator movement will deviate from the
optimal, which corresponds to the selected structure of the
ACS and the principle of adjusting the coordinate
controllers.

To eliminate the negative impact on the optimal
laws of motion of the above coordinate and parametric
perturbations in modern control models and with
incomplete information about the state of the control
object, intelligent approaches based, in particular, on
fuzzy logic algorithms are used [9-13]. Such control
models are used in positional ACS, including for tasks of
optimization and adaptation of control in the modes of
positioning and tracking in the conditions of action of
coordinate and parametric perturbations.

It is known that classical proportional-differential
(PD) regulators are well distinguished by their properties
of improving the quality of transients, in particular in
positioning systems in positioning and tracking modes. In
[13-15] it is shown that fuzzy PD regulators and fuzzy
proportional-integral-differential (PID) regulators provide
a significant improvement in the quality of system
dynamics, in particular positional, compared to the use of
classical PID regulators and especially in cases where in
the control object there are various kinds of nonlinearities
and parametric uncertainties.

The main advantage and feature of fuzzy control is
the possibility of its effective use in systems with
complex mathematical descriptions and parametric and
coordinate fluctuations, existing uncertainties, elasticities,
nonlinearities, backlashes, gaps, etc.

In addition, as shown in [14-18], the advantages of
fuzzy controllers are their simplicity, as well as low
sensitivity to parametric changes and uncertainties in the
control object due to the mechanism of rapid information
processing based on fuzzy inference models. These
features are inherent in the mechanism of weapons
guidance of the BM-21. This further argues for the
feasibility of using fuzzy control models to improve the
dynamics and statics of the processes of positioning PGs.

The goal of the paper is to develop the structure and
study the effectiveness of using an adaptive fuzzy PD
position regulator to improve the accuracy and efficiency
of weapons guidance by implementing the optimal laws
of PG movement on the full range of position control in
the structure of positional three-circuit EMS for guidance
of the PGs of the combat vehicle during its
modernization.

Therefore, the task of developing system solutions to
implement the exact positioning of the PGs of the BM-21
without over-regulation and modes of tightening under
the conditions of these perturbations and parametric
changes for the system of vertical guidance of the PGs is
relevant and important.

At the present stage of EMS development there is a
tendency of wide application for the problems of
automatic coordinate control and optimal control of
modes of methods of the theory of artificial intelligence,
the components of which is a transformation of typical
proportional-integral, proportional-differential and
proportional-integral-differential control laws on their
fuzzy or neurofuzzy versions [13-20].

The object of control of the considered EMS is the
mechanism of vertical guidance of the PGs which belongs
to the class of complex systems, because it contains
nonlinear elements, uncertainties, mechanical links with
backlash, delay, limited stiffness, the parameters of which
are also not constant and change in the process of
guidance and depend on the level of missile loading of the
PGs and other factors. In view of this, we use a fuzzy
version of the proportional-differential PC for the position
control circuit of the EMS under consideration, which a
priori gives the position control circuit adaptive properties
that are invariant to the action of parametric perturbations.
In other words, the use of fuzzy PD position regulator
should ensure the implementation of the desired optimal
without overregulation and modes of traction at maximum
speed of the laws of motion of the PGs in the full range of
position regulation in the space of real parametric changes
and coordinate perturbations.

For this purpose, we use the general structure of the
fuzzy controller (FC), on the basis of which we can get
different versions of fuzzy proportional-differential
regulators of direct action. As the input signals of FC we take
the error of adjusting the aiming angle e(?) = ¢,/(f) — ¢(f) and
its derivative de(¢)/dt = (e(t;) — e(t; 1)) / (t; — t,1) — the rate
of error change. Given the fact that currently these
regulators in the structures of the ACS are implemented
on a digital element base (microcontrollers), its
mathematical model is presented in discrete form. In this
approach, the error signal derivative at the input of the FC
is fed in finite increments.
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The mathematical model of the classical analog PD

regulator is presented by the following equation:
u(t)=k.le(t)+T, -de(t)/dt], (1)

where e(?), u(t) are the input and output signals, &,, T, are
the transmission ratio and differentiation constant of the
PD regulator, respectively.

The transition in (1) to discrete time makes it
possible to obtain a mathematical model of the PD
controller for its digital implementation:

u(k) =k, {T—d -Ae(k)+ e(k)} , 2)
Ty
where 7 is the time quantization interval; k£ = 1,2.3,... is the
discretization step number in time; Ae(k) = e(k) — e(k — 1).
The main requirement for positional EMS of the
guidance of the PGs for a given angle g, is the
implementation of optimal laws of motion of guides in the

(AFPDPC

positioning  process (without overregulation and
tightening modes) at maximum speed on the full range of
position regulation under real coordinate and parametric
perturbations.

The values of the maximum speed, acceleration and
voltage of the PWC in the proposed positional EMS of the
guidance of the PGs are taken the same as in the real
existing system of providing movement of the PGs of the
BM-21 combat vehicle.

The structure of positional EMS. The block
diagram of the proposed three-circuit positional EMS for
guidance of the PGs of the BM-21 combat vehicle with
adaptive fuzzy PD position regulator is shown in Fig. 1.
The electric drive of such EMS is realized according to
the reversible scheme of PWC-DCM. The regulator of the
internal circuit of the current is proportional-integral, and
of the speed circuit is proportional.

it
outt

— = —=—H
e

ANNZ

FPDPC

TR

L FIS

Fig. 1. Block diagram of the EMS of the vertical guidance of the PGs with fuzzy PD position regulator

To study the dynamics and statics of the guidance
process of the PGs of the proposed positional EMS, its
structural model is created in the Matlab Simulink
application with the option to use to compare the
dynamics of the classical proportional and the proposed
adaptive fuzzy proportional-differential controller in the
position control circuit.

Testing of the built three-circuit position with the
above-mentioned subordinate adjustment of the EMS
coordinates of the guidance of the PGs is performed when
using in the control circuit of the position of the classical
proportional controller to adjust it to the modular
optimum.

Figure 2 shows the time dependencies of the aiming
angle adjustment obtained for this model for three
positioning angles: 17°, 35° and 60°. The P-position
controller is set to the optimal dynamics (optimal law of
motion) for the positioning angle ¢,, = 35° with
transmission factor k,, = 2.11. When positioning at other
guidance angles, overregulation and tightening modes are
observed.

Synthesis of fuzzy PD. The synthesis of the fuzzy
PD regulator and the strategy of fuzzy control of the
position of the PGs are based on the use of empirically
acquired knowledge about the design, control features,
perturbations and indicators of the positioning modes of
the PGs of the BM-21.

The fuzzy inference system (FIS) (see Fig. 1) of the
PD position controller is presented by the Mamdani
model which has two inputs: for proportional x; = e(¢) and

Fig. 2. Reactions ¢(#) of the EMS to abrupt control signals with
proportional PC at the initial setting of the PGs at angles
of 17°, 35° and 60° and the subsequent one at 0°, 0° and 35°,
respectively

differential x, = de(f)/dt, where e(f) is the error of angle
adjustment e(t) = @,.At) — ¢(¥) (Where @,.(?), ¢(f) are the
signals of the set and current positioning angle of the PGs,
respectively).

For the linguistic description of the input variables
x; and x;, two trapezoidal external (N, P) and one
triangular internal term (Z) with symmetric ranges of
change are accepted (Fig. 3).

For the linguistic description of the original
linguistic variable of the FIS Uy which gives the control
signal of the speed controller U, , = Ugs, two trapezoidal
external (Nu, Pu) and one triangular internal term (Zu)
with symmetric ranges of change are accepted (Fig. 4).
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The functional relationship between the angle
reference signal ¢,., and the output signal of the FIS Ugg,
which is the reference signal U., of the P-speed
controller in such a control strategy is given in linguistic
form, namely a set of fuzzy rules of the type
(IF...AND...THEN).

Ne ' ' Ze ' "Pe

x1,V

Fig. 3. FIS membership functions of input variables x; and x,

1 Nu ‘ Zu ‘ Pu
n
>
3 0.5
0 1 L I L I
-100 -50 0 50 100
UFIS’ v

Fig. 4. FIS source variable membership functions Ugg

The FIS rule base is formed on the basis of the
analysis of the change of the control error of the position
e(t) = @,(t) — 0(¢), its derivative de(t)/dt and the current
angle of the position of the PGs ¢(f). The rule base was
formed on the basis of comparison of time dependencies
of change of desirable and actual (at proportional PC)
reactions of EMS at positioning of the PGs on the angle
¢rr = 35° The desired response corresponded to the
optimal law of motion — positioning at maximum speed
and stop without over-adjustment and traction mode. The
optimal transmission factor of the P-position controller
was calculated under the modular optimum condition.

The compiled rule base and other parametric and
algorithmic degrees of freedom of the fuzzy PD regulator
were specified by the results of mathematical experiments
on the compiled Simulink model of the developed
positional ACS (Fig. 1) by the value of the variant of the
integrated quality indicator (7 is the regulation time)

9]
I= Ite(t)zdt —> min. 3)
0
The obtained rule base of fuzzy PD-position
regulator is shown in Table 1.

Table 1
FIS rule base
Adjustment error — x;
Ne Ze Pe
Derivative of Nde N Z z
adjustment error — Zde N VA P
X2 Pde Z Z P

Figure 5 shows the 3D surface of the output signal
of the designed fuzzy PD-position controller on the plane

of change of the input linguistic variables x; and x, of the
designed FIS.

Fig. 5. Characteristics input/output Ugs(x), x,) of the designed
fuzzy PD-position controller

Study of positional EMS. The obtained reactions of
EMS with the designed fuzzy PD-position regulator when
testing control signals for small (¢, = 15° and 0°),
medium (¢, =35° and 0°) and large (¢, = 60° and 0°)
displacement of the PGs are shown in Fig. 6.
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Fig. 6. EMS reactions with fuzzy PD-position regulator

In comparison with the P-regulator (see Fig. 2),
when using a fuzzy PD regulator, the position of
overregulation and regulation time are smaller.

But to achieve complete invariance of indicators of
dynamics and statics of positioning to the value of the
control signal (to the value of displacement), i.e. to obtain
optimal laws of motion of the PGs for any positioning
angles only by changing the parametric and algorithmic
degrees of freedom of the designed Mamdani FIS (fuzzy
PD position regulator) — no succeeded.

Therefore, in order to obtain optimal laws of motion
when positioning the PGs at any angles without over-
regulation and traction modes at the maximum possible
speed, it is proposed to use the adaptation of the fuzzy
PD-position regulator model to change the control signal
@reft). It is proposed to perform the adaptation by
normalizing the output signal of the fuzzy PD controller:

U?TIS =k, ((pref) Upis =Ucw » 4)

where Ujyg is the normalized output signal of the fuzzy

PD-position controller, which is the control signal of the
speed controller U, , of the positional EMS providing the
movement of the PGs; k,(¢,,) is the dependence of the
normalizing coefficient.

A series of mathematical experiments were
performed on the Simulink model to obtain the
normalizing functional dependence k,(¢,.). For different
admissible signals of the task ¢, the position of the PGs,
the value of the normalizing coefficient k,, at which the
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optimal law of motion of the PGs was obtained, is
determined.

The analysis of the research results showed that this
dependence is asymmetric with respect to the average
positioning angle of 35° and different in the modes of
raising and lowering the PGs (for ¢,,, = 35° k, = 1). This
is explained by the active nature of the load torque, the
reactive moment of friction, the different action of
torsions, and so on. These factors in different ways affect
the dynamics indicators of the movement when raising
and lowering the PGs. The obtained dependencies k()
when raising (+—) and lowering (=—=) of the PGs are
shown in Fig. 7.
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O-Sﬁ_@#—>’<\

60 a;'-qﬁ deg 10

10 20 30 40 50

Fig. 7. Dependencies of the normalizing factor k,(¢,.,) of the FIS
output signal for the movement of the PGs up (+—-)
and down (=)

These dependencies are reproduced in the structure
of such an adaptive fuzzy PD-position controller
(AFPDPC) by two artificial neural networks (ANN1 and
ANN?2, Fig. 8 and Fig. 1) of direct signal propagation or
other static nonlinear functional transducers.

Figure 8 shows a block diagram of the proposed
AFPDPC of the guide package, which indicates: PS —
position setter, FPPDS — fuzzy proportional-differential
position controller, Plant — control object.

Fig. 8. Block diagram of adaptive fuzzy
PD-position regulator of EMS of guidance of the PGs

Switching between the branches up/down of the
adaptation coefficient k,(¢,)- in the structure of AFPDPC
is performed as a function of changing the speed
(acceleration sign), which is implemented in the Switch
(Fig. 8). At the output of the Switch, the current value of
the normalizing factor 4, is formed which is fed to
the input of the multiplication element Prod at the output
of which the speed reference signal U., is formed
according to (4).

The obtained structural model of AFPDPC is
implemented in the structure of the Simulink model of
positional EMS of guidance of the PGs (see Fig. 1).

Figures 9, 10 show the time dependencies of the
aiming angle ¢,.(f) obtained on this model during the
operation of two programs of changing in the discrete

control signal ¢,.(f) of the position of the PGs (.---- )
during the operation of the proposed AFPDPC (—) and,
for comparison, of the proportional PC (- - -) .

Fig. 9. Time dependencies ¢(¢) at the PGs positioning at angles
of 60°, 25°, 50°, and 0° at proportional PC (----)
and AFPDPC (——), (~---) — position reference signal

ke 1P i P P i P i P

Fig. 10. Time dependencies ¢(t) at the PGs positioning at angles
of 25°, 60°, 45°, 25°, and 0° at proportional PC (----)
and AFPDPC (——), (----) — position reference signal

According to the first program, PG was alternately
set at angles ¢, = 60°, 25°, 50°, and 0° (Fig. 10), and
according to the second one ¢,.,, = 25°, 60°, 45°, 25°, and
0° (Fig. 10). These time dependencies ¢(f) of the PG
positioning process are obtained when they are loaded by
missiles by 50 %.

The value of the accepted quality indicator (3) in the
operation of the P-position regulator was 4.15 degrees™s,
and in AFPDPC was 3.72 degrees®s (Fig. 9, the first
program) and 3.91 degrees>s and 3.69 degrees’s,
respectively, for the second program (Fig. 10). The
improvement in quality when using AFPDPC was 10.4 %
and 5.6 % for the first and the second program of change
in @,.(1), respectively.

A comparative analysis of the obtained time
dependencies ¢(f) for the discrete (single) nature of the
change ¢,.(f) shows an improvement in the quality of
dynamics during the operation of the proposed AFPDPC
when positioning PG at different guidance angles
regardless of the direction of movement (raising or
lowering) in comparison with use of the classical
P-regulator in a contour of position of EMS of guidance
of the PG.

To obtain a more complete assessment of the
dynamics of the synthesized positional EMS of the PG
motion with AFPDPC, the guidance processes ¢(f) with
sinusoidal change of the position reference signal ¢,.(¥)
were studied (this mode of operation is not typical for the
PG guidance mechanism). The obtained dependencies
¢(f) are shown in Fig. 11.
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Fig. 11. Time dependencies ¢(f) of working off of a sinusoidal
reference signal ¢,.(f) (-——- ) at proportional PC (----)
and AFPDPC (——)

The main perturbations that affect the dynamics of
the movement of the PGs in the proposed positional EMS
of guidance are the moment of static load and the moment
of inertia of the guidance mechanism of the PGs which
change when they are loaded differently by missiles.

Figure 12 shows the processes ¢(f) obtained in the
model when positioning the PG at an angle of 35°
followed by installation in the initial position of 0° at
50 % load (Fig. 12,a) and at full load (Fig. 12,b) during
the operation of proportional PC and the proposed
AFPDPC which illustrate the parametric sensitivity of the
EMS of guidance of the PGs with these PC.

Analysis of the obtained positioning processes ¢(f)
shows a lower sensitivity of the EMS with AFPDPC
compared to the classical proportional PC.

Fig. 12. Time dependencies ¢(t) at positioning of PG on an
angle of 35° and 0° at proportional PC (----) and AFPDPC
(——) for 50 % (a) and 100 % (b) of loading of PG,
(~---) — position reference signal

Conclusions.
1. The expediency of using fuzzy control models to
improve the indicators of dynamics and statics of the
process of guidance of the PGs is substantiated.

2.The structure is developed and the fuzzy
proportional-differential PC is designed with adaptation to
the position reference signal.

3. The structural model of the developed positional
EMS of guidance of the BM-21 weapon is created and its
realization in the Simulink application of Matlab code is
executed.

4. Computer researches of indicators of dynamics of
movement of PGs at installation of the weapon on various
angles of guidance, various character of ¢,(f) and at
various loadings of a package of guides are carried out.

5. The obtained results of computer researches have
shown that when using the designed adaptive fuzzy
PD- position regulator, optimal without over-regulation
and tightening modes and with maximum speed laws of
movement of guide packets in the full range of guidance
angles and at different loads of the PGs are realized.

6. When using the developed system solutions for the
control circuit of the EMS adjustment position of the
BM-21 armament guidance, a high level of robustness of
the dynamics indicators is achieved until the change in the
moment of static load and the moment of inertia of the
guidance mechanism of the guide package.
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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
time» 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 EPC9035 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 overcharging 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 calculation of the value in the results of the computer model was
obtained. Practical significance. The dependence of the THD values on the inductance of the choke for converters with a switching
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.

B pobomi docniosceno enaus iHOyKmueHOCmI HABAHMAdCeHHs niocunoeaya knacy D Ha 3HauenHs Koegiyienmy eapMOHIYHUX
cnomeopens (KI'C) na 6uxooi 0na pisnux snauenb mpugaiocmi «Mepmeo2o 4acy» abo 8UMKHEHO020 CAHY GUXIOHUX MPAH3UCIOPIE.
Oyinena adexsamuicmo ICHylOUUX MmamemamuyHux mooenei 0ns pospaxyuky KI'C na euxodi nidcumosaua 6 3anexcHocmi 6io
mpusanocmi «mepmeozo yacyy. Hasedeno pesynomamu komn’tomepnozo mooeniosanus niocumosava xkiacy D ma Odocnioocerno
snauenna KI'C na e6uxodi 6 3anexcrHocmi 6i0 pi3HUX HOMIHANIE THOYKMUBHOCMI 6UXiOHO20 Opocens. Buxonawno nopieHAHHA
meopemuuno 0OYUCIEHUX 3HAYEHb 3 Pe3VIbIMAMAamu KOMAR T10MepHo20 MoOenioganta. B pesynbmami oocniodicenis 6cmanogieno, uo
KI'C, cnpuuunenuii naasuicmio «mepmeozo uacy» 3anedxcums 6i0 iHOykmugHocmi naganmadicenus. Ompumanuil y pezynomami
mooenrweanna KI'C cnisnadae 3 pospaxosanum 3a ¢popmynoro minoku 01 NeBHUX 3HAYEHb IHOYKMUBHOCMI Ha8anmaicents. B moodeni
suxopucmano GaN mpanzucmopu, wo 0036801U10 00CAIOUMYU POOOMY NIOCUTIO8AYA Y WUPOKOMY OIANA30Hi YACMOM NepeMUKaHHA.
Bi6u. 10, Tabmn. 2, puc. 8.

Kniouoei cnosa: GaN Tpan3ucropu, migcuioBadi kiaacy D, HexiHiiiHi cnoTrBopeHHsi, «MepTBHH 4ac», KoediuieHT
TapMOHIYHHX CIIOTBOPEHb.

B pabome uccnedosano enusinue unOykmueHocmu Hazpysku ycunumens kiacca D Ha 3nawenue xKosgguyuenma eapmoHuuecKux
uckascenui (KI'M) na e6vixooe 01a pasiuuHbIX 3HAYEHUL NPOOOIHCUMENLHOCIU «MEPME020 BPeMEHUy UNU BbIKTIOUEHHO20
COCMOSIHUSL BLIXOOHBIX MPaH3ucmopos. Oyenena adekeamnocme Cyuecmayiouux mamemamuieckux mooenetl ons paciema KI'H na
6bIX00€ YCunumens 8 3aGUCUMOCIU OM NPOOOIICUMENbHOCHIU «(MepmMB020 epemenuy. TIpusedensl pe3yivmamsl KOMRbIOMEPHO20
Mooenuposanust ycurumens: kaiacca D u uccnedosanvt 3navenue KIH na 6vixode 6 3a8ucumMocmu om pasiuyHblX HOMUHALO8
unHOyKkmusHocmu opoccens. Beinonneno cpasnenue meopemuuecku blMUCICHHbIX 3HAYEHUN C Pe3YIbMaAmMamiu KOMHbIOMEPHO2O
Mooenuposarnus. B pezyiemame uccnedosanus yemarnogieno, ymo KU, evi36anmbvlil Hanuuuem «mMepmeo2o epemMeHUy 3a6Uucum om
unoykmueHocmu Haepysku. Ilonyuennwiil 6 pesynomame moodenuposanus KI'U cognadaem ¢ paccuumanuviym no popmyne moavKo Ois
ONpedeneHHbIX 3HAYeHUl UHOYKMUGHOCMU Hazpys3ku. B modenu ucnonvzosanvt GaN mpauzucmopul, Ymo no360aulo Ucciedo8ams
pabomy ycunumens 8 WUpoOKom Ouanazone yacmom nepexaoyenus. bubin. 10, Tadmn. 2, puc. 8.

Kniouesvie cnosa: GaN TpaH3HCTOPBI, YCHIMTeJH Kjacca D, HelHmHeliHble WCKa)KeHUsl, MePTBoe BpeMmsi, KodpUIHEHT
rapMOHHYECKHX HCKAKEeHMHIA.

Introduction. Class D amplifiers are widely used in
electric drive, audio equipment and other areas where it is
necessary to amplify the input signal with maximum
efficiency and minimum distortion. The key mode of
operation provides efficiency theoretically up to 100 %,
and the class D amplifiers themselves are small in size
and weight compared to linear amplifiers. The
disadvantage of the key mode is electromagnetic
interference. Class D amplifiers, as well as other types of
amplifiers, are also characterized by nonlinear distortion
of the amplified signal. One type of nonlinear distortion is
the distortion caused by the so-called «dead time» — the

time interval during which the output transistors must be
switched off to avoid through currents. Nonlinear
distortions of the output signal due to «dead time» are
often ignored due to their relatively small values.
However, when amplifying the sound signal, such
distortions are clearly visible to the ear and significantly
reduce the quality of perception of phonograms. Also
distortions are undesirable for the output voltage for
converters that work as part of power grids.

Studies of the effect of «dead time» on the level of
nonlinear distortion at the output of the class D amplifier
are sufficiently described in the literature. The analysis of
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distortions caused by «dead time» is described in [1],
where the differences between the shapes of input and
output signals for different types of modulation are
analyzed. The result is the calculated signal spectra at the
output for the specified values of «dead time». In [2] the
output signal is presented as an input PWM signal with
the addition of «dead time» intervals, analytical
expressions for calculating the values of the harmonics of
the output signal are given.

In [3] the mechanisms of creation of nonlinear
distortions caused by «dead time» for the voltage
converter are considered. The influence of parasitic output
capacitances of transistors and current pulsations of
output choke current on the level of distortions is
analyzed, the method of their compensation is offered.
However, no appropriate methodology is given for
calculating the THD. An experimental study of the factors
influencing the THD of a class D amplifier on GaN/SiC
transistors was performed in [4]. The growth of THD with
the increase of «dead time» for active load is established.
In [5], a study of the dependence of THD on the load
current for different values of «dead time» was
performed, and it was shown that the main contribution is
made by odd harmonics.

Thorough studies of the influence of the duration of
the «dead time» on the THD were performed by
Chierchie et al. in [6-8]. Theoretical calculations are
given, computer modelling and experimental researches
of dependence of THD on value of «dead time» are
carried out, practical recommendations on a choice of its
duration are given.

However, in the above-mentioned works, the effect
of the value of the load inductance on the THD is not
evaluated, although the current through the output choke
is considered as one of the factors of nonlinear
distortion.

Thus, it is expedient to investigate the dependence of
the processes of formation of nonlinear distortions at the
output of the amplifier during the interval of «dead time»
on the inductance of the load.

The goal of the work is to analyze the effect of
class D amplifier load inductance on THD caused by the
presence of «dead time» and assess the adequacy of
existing mathematical models for calculating THD at the
amplifier output for different values of «dead timey.

To achieve this goal it was necessary to solve the
following tasks:

e to analyze with the help of a computer model the
value of THD at the output of the class D amplifier
depending on the different values of the inductance of the
choke for active-inductive load;

e to compare the theoretically calculated THD with
the results of computer simulation;

e to explain the results obtained and identify the need
for and further ways of conducting research.

Description of the computer model. The study of
the effect of «dead time» on the THD was performed
using a computer model of the half-bridge converter
board EPC9035 of 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 electric motor and
to amplify the audio signal. The main parameters of the
PWM signal in the simulation are given in Table 1.

Table 1
PWM signal parameters
1 kHz, 2 kHz, 100 kHz, 400 kHz
Signal frequencies 50 Hz
Depth of modulation 0.6

Switching frequencies

For computer simulation, a modified model of a
half-bridge transducer on GaN transistors was used,
which is described in [9]. The peculiarity of this model is
that the driver chip of the output transistors LM5113 is
replaced by virtual switches S1, S2, and control voltage
sources are replaced by transistors V4, V5. The existing
model of the LM5113 chip does not provide accurate
reproduction of processes over time, as described in [10],
and in addition, the use of switches and voltage sources
simplifies the model and reduces the simulation time. In
the proposed model, the power supply is represented as
bipolar for symmetric amplification of the sinusoidal
signal.

The computer model of the amplifier on GaN
transistors is shown in Fig. 1. Element Ul is a pulse-
width modulator with a built-in sawtooth voltage
generator. Logic elements U2 and U3 are input buffers.
Element U2 also inverts the input signal. Logic elements
U4 and US are buffers of «dead time» circuit formation.
The RC circuit R1, C1 and the diode D1 form the switch-
on delay time («dead time») of the transistor Q1, the RC
circuit R2, C2 and the diode D2 form the switch-on delay
time of the transistor Q2. At high frequencies, the
conversion of the RC circuit is the only way to form a
«dead time», when its duration is tens of nanoseconds or
less. At sufficiently low conversion frequencies, the
formation of dead time is possible by digital methods [3].

Switches S1, S2 are used to generate control
voltages of transistors Q1, Q2. When the switch S1 is
closed, the voltage of the source V4 is applied between
the source and the gate of the transistor Q1. The charge
current of the input capacitor of the transistor Q1 is
limited by the internal resistance of the switch S1. After
opening this switch, the discharge of the input capacitor
occurs through the resistor R3. Similar processes occur
when controlling the transistor Q2. The load of the
amplifier is the choke L1 and resistor R8. Components for
modelling losses on the printed circuit board are resistors
R1, R10. The decoupling capacitor C3 is shown in the
diagram with parasitic parameters: choke L2 (inductance
of terminals), and resistor R10 (internal resistance). The
parasitic parameters of the supply wires are represented
by chokes L3, L4 and resistors R11, R12. The 12 V
power supply is split in half to speed up the simulation
process. The point of connection of the sources is
connected to the «ground», which made it possible to
abandon the use in the circuit of a capacitor divider,
which is necessary for the operation of a half-bridge
converter when powered by a unipolar source.
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Fig. 1. Computer model of a half-bridge transducer for estimating the effect of «dead time» duration on THD

Problem description. Figure 2 illustrates the
process of creating nonlinear distortions due to the
introduction of «dead time». The input PWM pulses U, (¢)
are indicated by a line with triangles, the pulses at the
output of the amplifier Uy(f) — by a solid line, the output
current /y(f) — by a dotted line , «dead time» is shaded. As
can be seen from Fig. 2, the duration of the input and
output pulses do not match when the sign of the output
current is constant. In this case, at the output of the
amplifier there are nonlinear distortions of the amplified
signal, regardless of the method of implementation of the
PWM. The reason is that during both «dead time»
intervals the diode of only one of the transistors operates
and provides current flow through the choke in the «dead
time» interval, delaying the change of the signal at the
output when the input signal has already changed the sign.

ol [ G G 1w ‘

|
L] I It I

S_A_E — — —1 [
A

=
2| 2 L 2

A

J____

No error

40m 41m 42m 43m

Time (s)

Fig. 2. Illustration of the process of creating nonlinear
distortions due to the introduction of «dead time»

If the sign of the output current changes during the
pulse duration, the current through the choke at different
intervals of «dead time» flows through the diodes of
different transistors. The duration of the input and output
pulses are the same, and no distortion occurs. This
interval is indicated in Fig. 2 as «No error». Thus, at
certain values of inductance at the output of the amplifier
and the depth of modulation, the delay in changing the
sign of the output voltage disappears, and therefore the
total value of the THD decreases. Therefore, it is
advisable to investigate the effect of choke inductance at

the output of the amplifier on the THD, taking into
account that the load inductance, in particular class D
sound amplifiers, can have a wide range of values.

Description of the mathematical model of the
spectrum of the output signal to calculate the
dependence of the THD on the duration of the «dead
time». In [6], the authors proposed a method for
calculating the THD, dividing the width-modulated signal
at the output of the amplifier into three components: a
symmetrical rectangular signal with a fill factor of
0.5p.(f); a sequence of pulses, the duration of which
depends on the modulating signal, py(¢), and the error
signal e(f) caused by «dead time». The output voltage of
the amplifier is calculated by the formula given in [6]:

vo() = pc () + ps (1) —e(?) . Q)

Accordingly, the spectrum of the output signal is the
sum of the spectra of the components. The full spectrum
at the output of the amplifier and the amplitude of the
individual harmonics C, is calculated by the following
formulas [6]:

Vo,p ()= Fe p (f)+Fs p (f) = E,(f), @)

where
o (T (T sin(zMT)
P p(f) = jTsine (3 fjsm(;rz fjW, &
M-1 . i ' '
P ,(f)= Z 'L(e -/2”(k+A)Tf _e—]2ﬂ(kT+rk)fJ;(4)
k=0 7#
M,
2 -1
E, ()= Z —j2#f (kT) _ Ze—_Jzaf(erk) y
0 e )
2
oA SIUA)
Af
o =2 o)+ L escoy -ant +
2 4 2mr 6)

+ x/4M2 +6mg® = 2ma[4M cos O +mz cos(26; );
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where M = f/f; is the ratio of the switching frequency f; to
the signal frequency f;, T = 1/f. is the switching period,
A is the duration of the «dead time» relative to the period 7,
m is the modulation depth, k& is the number of the
switching interval.

THD, which was used for comparison with the
results of computer simulation, was calculated in % by the
formula given below [6]:

6
11D =23\, 2, ©)
lal” n=

where C; is the amplitude of the first harmonic of the
signal.

Estimation of the influence of load inductance on
THD values caused by «dead time». The calculation of
the THD at the output of the amplifier is performed by the
formula

TED = \/A22+A32+Af +...+A,§ ’
4
where A1, A,, ... Ay are the harmonics of the output signal.

To calculate the CGS, the first 7 harmonics were
taken, by analogy with formula (9).

The computer model shown in Fig. 1, contains a
pulse-width modulator U1, which increases the nonlinear
distortion of the output signal. In order to estimate the
contribution of nonlinear distortions of the modulator to
the overall level, the THD at its output is calculated for
each of the operating frequencies of the amplifier. The
results of the calculations are given in Table 2.

(10)

THD at the output of the PWM element for different frqu::;?ei
of transformation
Parameters THD, %
fo=1kHz 0.033
fo=2kHz 0.05
f.=100 kHz 0.012
f. =400 kHz 0.01

As can be seen from Table 2, THD values for
different conversion frequencies vary in the range of
0.01-0.05 % and will be taken into account in further
comparison of results. It should be noted that the feature
of the PWM element U1 is the reduction of the THD at
high conversion frequencies.

Figure 3 shows the results of the calculation of the
THD at the output of the amplifier depending on the value
of the inductance of the output choke. The simulation was
performed for a signal frequency of 50 Hz and conversion
frequencies of 1 kHz, 2 kHz, 100 kHz and 400 kHz. The
duration of «dead time» during simulation was 10 %. The
inductance values varied in the range from 47 pH to
22 mH. The value of the load resistor remained
unchanged — 8 Q.
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Fig. 3. Dependence of THD on the value of inductance of the
output choke

As can be seen from Fig. 3, with increasing load
inductance, the THD increases. At a maximum value of
inductance of 22 mH, the maximum THD is observed
both for the conversion frequency of 1 kHz and for the
frequency of 2 kHz. Although the dependence for the
frequency of 2 kHz is more gentle.

Similar dependencies are observed when amplifying
the sound signal with conversion frequencies of 100 kHz
and 400 kHz (Fig. 4). As the inductance of the choke
increases, the distortions caused by the «dead time»
increase. Although for a frequency of 400 kHz after a
certain maximum there is a decrease in THD.

THD, %

&= /.=100 kHz
++ /=400 kHz

0,05
0,001 0,002

0,005 0,01 002 005 0,1
L,mH
Fig. 4. Dependence of THD on the value of the inductance of
the output choke for the conversion frequencies of 100 and
400 kHz

0203 05

Thus, it can be argued that the value of the
inductance at the output of the amplifier affects the level
of nonlinear distortion caused by «dead time», changing
the ratio of intervals when the current sign does not
change (input and output signals do not match in
duration) and changes (PWM signal pulse duration at the
input and at the output coincides). Reducing the load
circuit time constant also reduces the THD of the output
signal, which was noted in [5].

Additional factors that affect the THD at low supply
voltages may be the voltage jumps on the diodes of the
transistors in the mode when the current sign does not
change during the switching period. The fact that both
transistors are closed and the choke current flows twice
through the diode of one of the transistors can increase the
THD. The voltage drop across the diode U, is added to
the supply voltage (Fig. 5,a) and changes the amplitude of
the current /,(¢) through the choke. Reducing the duration
of «dead time» reduces the impact of output voltage Uy(¢)
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jumps on the THD. The effect of voltage drop across
diodes on THD requires further research.

Figure 5,b shows the shape of the output pulses for a
switching frequency of 400 kHz (solid line), when the
sign of the output current /,(¢) does not change. When the
input voltage U,,(f) changes to zero, there is a process of
delaying the output voltage drop Uy(f) due to the charge
of the output capacitance of the transistor in the interval
of «dead time». In the next «dead time» interval, the
current flows through the diode and creates a delay in
switching the output voltage compared to the input signal
(line with triangles).

U, 8

R

U 4

2

Ordanc ] Y S

2

Io(t) 4

5 6
u b

Fig. 5. Output voltage jumps due to voltage drop across diodes
(a) and the effect of the output capacitance of the transistor on
the shape of the output pulses (b)

Comparison of mathematical and computer
simulation results. Next, a comparison of the THD
calculated according to the formulas above with the THD
obtained by simulation for different values of inductance
of the choke is carried out. Figure 6 shows the
dependencies of the THD on the duration of the «dead
time» calculated by formula (1) and modelled for the
following parameters of the amplifier: signal frequency
fs = 50 Hz, conversion frequencies f; = 1 kHz, 2 kHz,
modulation depth m = 0.6.

20
10 ;
5
° 2
&y
[a) 1
g 05
- s
0,2 e /fc=1 kHz simulated
0,1 g 4+ f.=1 kHz, calculated
0.05 = f:=2 kHz simulated
Tl % f.=2 kHz,calculated
0,02
1 2 3 4 5 6 7 8 9 10
A, %
Fig. 6. Dependence of THD on the value of A for the inductance
of the choke 22 mH

The curves show that the dependence of THD on the
duration of «dead time» as a result of modelling exceeds the
calculations by formula (1) by 0.6 % — 4 %. The high values
of the THD can be explained by the fact that the inductance
of the output choke provides the current sign constant
throughout almost the entire period of the signal, which is
amplified, so the THD increases with increasing A.

Figure 7 shows the curves of the THD dependence
on the duration of the «dead time» for the case when the
output inductance provides a change in the sign of the
current twice for the switching period. In this case, the
THD does not change significantly when changing A from
1 % to 10 %, which differs from the values of THD at the
output of the amplifier, calculated by formula (9).

10 b
5
2
5 1 4+ fi=1 kHz simulated
-~ 05 & fi=1kHz, calculated
% ’ =+ f. =2 kHz simulated
= o2 —¥%- f;=2 kHz, calculated
*! _/\‘/’
b
0,05 —
—— D
0,02
1 2 3 4 5 6 7 8 9 10

A, %
Fig. 7. Dependence of THD on the value of A for the inductance
of the choke 470 uH

The greatest interest is the effect of load inductance
on the THD at switching frequencies from 100 kHz, on
which the sound amplifiers of class D operate. The
dependencies of the THD on the duration of the «dead
time» are shown in Fig. 8 for an inductance of 47 pH. The
use of GaN transistors in this case provides a switching
frequency of 400 kHz and higher.
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[
2
N 1
o o5
I
= 02 .
&8 /:=100 kHz simulated
0,1 w2 f.=100 kHz, calculated
0,05 ++ /: =400 kHz simulated
4 —e- £.=400 kHz, calculated
0,02
1 2 3 4 5 6 7 8 9 10
A, %
Fig. 8. Dependence of THD on the value of A for the inductance
of the choke 47 pH

If for the switching frequency of 100 kHz there is an
increase in THD with an increase of A from 0.5 % to 3 %,
then for the switching frequency of 400 kHz the level of
distortion at values of A > 6 % practically does not
increase. Although the effect of inductance of 47 pH
should be greater at a frequency of 100 kHz. This result
can be explained by the recharging of the output
capacitance of the transistors, which compensates for
voltage jumps (see Fig. 3,b).

Thus, the dependence of THD on the duration of
«dead time» as a result of modelling differs from the
calculated one.

Conclusions.

The paper evaluates the influence of the load
inductance at the output of the class D amplifier on the
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level of nonlinear distortions caused by «dead time». As a
result, it was found that reducing the value of inductance
within certain limits reduces the THD. This is due to the
reduction of the number of errors between the input and
output signal, which occur at a constant sign of the
inductance current during the output pulse. When the
inductance decreases, the number of intervals in which
there is no error increases. Thus, the change in the value
of the load inductance leads to a change in the ratio of the
intervals with and without error, and hence to a change in
the THD.

At high conversion frequencies, the voltage jumps
caused by the current through the built-in diodes during
the «dead time» are partially compensated by recharging
the output capacitance of the transistors, which also
reduces nonlinear distortions.

The next stage of research is to create a
mathematical model of the PWM signal at the output of
the class D amplifier, which takes into account the effect
of load inductance on the THD, and its experimental
verification.
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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.

© K.V. Chunikhin, V.S. Grinchenko
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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

40 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 3




y.m -

30 -

20 -t

10 -+
.""--.__

0 - v S
-30 -20 -10 0 10 x,m
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 1=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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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 vacuum discharger, in which, with a high probability, there is a «cuty of the
discharge current pulses and the expansion of cylindrical 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 complicated shape
are made by expansion of cylindrical tubular workpieces with help of external coil. Pressed metallic tubular part is removable
from inner dielectric rod. Originality. The frequency of «cuty» 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 magnetic forming technology
based on «cuty pulses. References 17, tables 2, figures 5.

Key words: high-voltage magnetic-pulse installations, capacitive energy storage, controlled vacuum discharger, current pulse
«cuty, probability of «cut», external coil, expansion of cylindrical tubular workpiece, part of complicated shape.

Mema. Memoio pobomu € excnepumeHmMaibHA NepeipKa ICHYSAHHS 30HU NAPAMEMPI8 EMHICHO20 HA2POMAOdICYs8aua enepeii
MASHIMHO-IMNYIbCHOI YCMAMKOBUHU 3 KEPOBAHUM BAKYYMHUM DPO3IPAOHUKOM, 8 KOMPIU 3 8UCOKOIO IMOSIpHICMIO 8i00y8acmbCs
«3pi3» IMRYIbCIE pO3PAOHO20 CMPYMY mMA POWUPEHHS YUTIHOPUYHUX MOHKUX MPYyouacmux 3a20migoK 3d OONOMO20I0
306HIWHbLO2O [HOYKmMopa. Memoouka. Bukxopucmano 6ucokogoibmuy machimuo-imnynvcry yemamrosuny HTY «XIII» 3
KepoBaHuM 6aKyyMHUM PO3PAOHUKOM ma 0a2amosumxosull iHOYKMop, ycepeouni Kompo2o 0yn0 po3smiujeno OieleKmpuuHy
mMampuyio i 3a20Mmi6Ky 3 ANOMIHIEG020 cmoOny. 3MIHIO8ANU EMHICIb A 3aPAOHY HaAnpyey Hazpomaoddcysada ewepeii. Imnyrvcu
PO3PAOHO20 CIMPYMY BUMIPIO6AAU 3a 00NOMO2010 hoscy Pozcoecvrkozo ma peccmpysanu ocyunozpagom. Pesynomamu. Maenimno-
IMRYIbCHUM PO3UUPEHHAM YULIHOPUUHUX 3A20MIBOK 3d OONOMO20I0 308HIUHBbO20 [HOYKMOPA OMPUMAHO 0emai CKIa0HOT ¢popmu
ma 30iticeno 3HaAmms mMemanegoi demani, wjo d6yna nanpecogana Ha dienekmpuynuti cmpudxcensv. Haykoea nosusna. Iloxasano,
Wo wacmomy iMRYIbCY, WO «3Pi3Acmbesy, npu KOompit amnaimyoa 6i0 €eMHO20 MUCKY MAHIMHO20 NOJA HAOIUNCAEMbCA 00
MAKCUMATLHOL, @ MAKOC 3aPAOHY HANpyey He0OXIOHO Y3200i4CY8amu 3 NApaMempamy EMHICHO20 HAZPOMAaoX Cy8aua enepeii, npu
AKUX 3 BUCOKOI0 IMOGipHicmio 6i0bysacmuvca «3pi3» imnyavcy. Ilpakmuune 3nauenna. Pesynbmamu ma pexomeHnoayii, wjo
OMPUMAHO, MOJCYMb OYMU SUKOPUCMAHO ) MASHIMHO-IMIYIbCHUX MEXHON02IAX HA YCMAMKOSUHAX 3 KePOBAHUMU BAKYYMHUMU
po3spsonukamu. bion. 17, Tabn. 2, puc. 5.

Kniouogi cnosa: BUCOKOBOJIBTHA MAarHITHO-iMIYJIbCHA YCTAaTKOBHHA, €MHICHHII HarpoMaji:KyBad eHeprii, KepoBaHuUii
BaKYYMHMii PO3pPAIHHK, «3pi3» iMIy/abcy cTpymy, iMOBipHicTB «3pi3y», 30BHilIHIN iHAYKTOpP, PO3IIMpPEHHs HMJIIHIPUYHOI
TpYyOuAaToi 3aroTiBKH, AeTallb CKJIAIHOI opMHu.

Leny. Llenvio pabomul agnsiemcs dKCnepUMEHMAlbHAs NPOGePKA CYUWecmeosanus 001acmu 3HaveHull napamempos eMKOCHHO20
Hakonumens dHepaul MASHUMHO-UMNYIAbCHOU YCMAHOBKU C YNPABAEMbIM 6AKYYMHbIM DPA3PAOHUKOM, 6 KOMOPOU C BblCOKOU
6EPOSIMHOCIBIO NPOUCXOOUN (CPE3» UMNYILCO8 PA3PAOHO20 MOKA U pacuiupenue YunuHOPULeCKUX MOHKOCMEHHBIX Mmpyouamoix
3a20MOB0K Npu NOMOWU BHewHe20 unoykmopa. Memoouka. Jxcnepumenmul ObLIU NPOBEOEHbl HA BbICOKOBOILIMHOU MACHUMHO-
umnynvcroti ycmanoske HTY «XIIH», ochawennoil ynpagnaemvim 8aKYYMHbIM pA3pAOHUKOM. Hcnoavsosanu MHO208UMKOGbIl
UHOYKMOP, 6HYMPb KOMOPO20 NOMEWANAC, OUINEKMPULECKAS MAMPUYA U 3a20MO6KA U3 ATIOMUHUEB020 cniasd. M3meHsanu eMKocmy
u 3apso0noe HanpsadceHue Hakonumensi dHepeuu. Hmnyavbcel paspaonoco moka usmepanu npu nomowu nosca Pozoeckoco u
peaucmpuposanu na ocyunnozpage. Pesynvmamul. MaznumHo-uMnynoCHLIM pacuiupenuem YuruHOPUYEeCKUX 3a20mo60K npu
nomMowu GHewHe20 UHOYKMOpA NOJYYeHbl O0emanu CIOJICHOU QOpMbl U OCYWeCmBNeHO CHAmMUEe MEemailudeckol oeman,
Hanpecco8annoll Ha oudnekmpudeckuli cmepocens. Hayunaa noseusna. Iloxasano, umo uacmomy «cpe3aemoz2oy» UMnyiscd, npu
KOMOpOU aMniumyoa ompuyamenbHo20 0a6ieHUs MAZHUMHO20 NOJs ONU3KA K MAKCUMANLHOU, d MAKdCe 3apsaoOHoe HANpAlCceHue
HeobX00UMO €021aco6bl6aAMb C NAPAMEMPAMU eMKOCMHO20 HAKONUMEI JHepauu, Nnpu KOMOPLIX C BbICOKOU GepOAMHOCHILIO
npoucxooum «cpesy» umnyavca. Illpakmuueckoe 3nauenue. Ilonyuenvi pexomenoayuu O UCHONL308AHU 8 MACHUMHO-UMNYTbCHBIX
MEXHONO2UAX, OCHOBAHHBIX HA NPUMEHEHUU «CPE3AHHBIXY» UMNYIbCOS8, YCMAHOBOK C YAPAGIAEMbIMU 8AKYYMHUIMU PA3PAOHUKAMU.
bu6n. 17, Tabn. 2, puc. 5.

Kniouesvie cnoéa: BbICOKOBOJILTHASI MATHHTHO-HMITY/IbCHAs YCTAHOBKA, €MKOCTHOH HAKONHWTEIb 3HEPruH, yNmpapJsieMbli
BAKYYMHBIii Pa3psiIHUK, «cpe3» HMITYJIbCAa TOKA, BEPOATHOCTh «Cpe3a», BHEIIHUI HHIYKTOP, paclIMpeHHe HHINHIPHYeCKOii
TPY04AaTOii 3ar0TOBKH, eTaJIb CJI0KHOI (POPMBI.

Introduction. When performing various ~ well as ones inaccessible from the inside. In such cases,

technological operations on magnetic-pulse installations
(MPIs), workpieces in the form of thin-walled cylindrical
pipes made of highly conductive metals are used [1-8].
Below, we restrict ourselves to operations based on the
expansion of cylindrical workpieces of small diameter, as

the use of an internal coil is difficult or impossible.

In 1965, H. Furth received a patent for devices that
allows magnetic-pulse processing of cylindrical and flat-
sheet workpieces by the forces of attraction to the coil [9].
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42 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 3



The principle of operation of these devices is based on a
controlled «cut» of current pulses in the discharge circuit
of a capacitive energy storage (CES). In this case, eddy
currents are induced in the workpiece, causing it to be
attracted to the coil. For the «cuty» it is proposed to use a
fusible element or an additional capacitive storage, and to
enhance the effect — an additional conductor. The «cut» of
the current pulses allows the cylindrical workpieces to be
expanded by the magnetic field of an external coil. In one
of the first works [10], the authors registered the
expansion of the workpiece using an external coil. In this
case, both the oscillatory and the aperiodic discharge of
the CES were used [10, Fig. 4], and compression of the
workpiece was prevented by an inner cylindrical mandrel.
In the works of recent years, the use of a system of two
coils has been proposed, through which various current
pulses are passed [6], as well as the effect of two pulses of
different durations, passed through one coil [7].

When using in the MPI for switching the CES of
controlled vacuum dischargers (CVD), there is a natural
(without additional devices [9]) «cut» of the oscillatory
pulses of the discharge current (Fig. 1,a) [11, 12]. In the
experiments that were carried out at NTU «KhPI» [12],
attention was drawn out to the probabilistic nature of the
appearance of «cut» pulses under the same conditions. In
the case of a «cut» of the pulse, the negative half-wave of
pressure of the magnetic field expands the workpiece 1
(pos. 1 in Fig. 1,¢), and at full (not «cuty) pulse (Fig. 1,b)
after that it is compressed (pos. 2 in Fig. 1,¢). Therefore,
the determination of the parameters of the CES, at which
the CVD with a high probability «cuts» discharge current
pulses is an urgent problem. Some of the first results of
our studies of this phenomenon and the corresponding
recommendations for obtaining «cut» pulses were
presented in [13].

Fig. 1. «Cut» (@) and full (b) discharge current pulses
(50 ps/div), as well as workpieces 1 and 2, respectively (c),
deformed by them

On the other hand, the parameters of the «cut» pulse
significantly affect the amplitude of the negative half-
wave of the magnetic field pressure, which expands the
workpiece [14-16]. The coordination of the parameters of
this pulse with the characteristics of the material and the
dimensions of the workpiece has not been sufficiently

studied, and the probabilistic nature of the «cut» was not
taken into account.

The purpose of this work is 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 vacuum
discharger, in which, with a high probability, there is a
«cuty of the discharge current pulses and the expansion of
cylindrical thin-walled tubular workpieces using an
external coil.

Equipment used in experiments. The CES of the
MPI designed at NTU «KhPI» consisted of capacitors
IK6-150 and allowed to change the capacitance
C = 600-1200 pF. The CES charging voltage U, = 1,5-6 kV.
The CES was discharged to the coil (Fig. 2) through the
RVU-63-20-UHL4 type CVD produced by the
Minusinsk Electrotechnical Institute. The winding of the
coil 1, which has the shape of a cylindrical spiral made of
a copper bus, was connected to the MPI using leads 2 and
contact nodes 3. The position of the processed metal
workpiece 4 inside the coil was fixed by a dielectric die 5
and a dielectric rod 6, which also prevents compression of
the workpiece. Tubular cylindrical billets of AMg2M
aluminum alloy with specific electrical conductivity
y = 0.27-10% S/m had an inner radius R = 8 mm and a
thickness d = 0.5 mm.

7 ol
Fig. 2. Coil for magnetic-pulse expansion of cylindrical tubular
workpieces

The discharge current pulses were measured using a
Rogowski coil with an RC integrator and recorded on an
S8-13 oscilloscope. The total current pulses had a shape
close to an exponentially decaying sinusoid (Fig. 1,b).

CES parameters providing a high probability of
current pulses «cut». To determine C, U, at which there
is a «cut» of the discharge current pulses, instead of die 5
(Fig. 2) a dielectric sleeve was used to prevent expansion
of the workpiece. The probability of the appearance of
«cut» pulses was characterized by the probabilistic
frequency N¢/N (N, is the number of «cut» pulses, N is the
total number of pulses). Table 1 shows more detailed than
in work [13], the results of tests of the CVD (I, is the
amplitude value of the current). After that these data were
used to determine the parameters of the CES when
performing technological operations.
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Table 1

Amplitude values and probabilistic frequency of the «cut» of the discharge current pulses

C, uF

Up, kV 600 750 900 1200

I, | NINJ/N| I, | N|NJN | I., | N| NJN | I, | N| NJN

kA kA kA kA
1,5 18 6 1 21 7 1 25 | 6 1 30 | 6 1
2 24 | 6| 1 28 6| 1 | 326/ 1 36 | 6] 1
2,34 29 7 1 32 6 1 38 |16 1 42 6 1
2,7 32 | 181094 | 37 | 6 1 43 | 61083 | 50 |6 1
3,4 42 (30| 0,8 46 | 6 | 083 | 50 | 6|08 | 5 | 6| 05
3,8 47 [321] 0,8 51 6 083 |54 |6|08 | 62 |6
4,25 52 | 271078 | 57 |12 05 | 60 | 6 | 05 67 | 6
4,65 57 10 | 0,2 61 6 0 64 | 8 0 - - -

Determination of the frequency of the «cut» pulse
of the discharge current. The frequency of the «cut»
pulse, which can be provided by the MPI, must be
matched with the electrophysical characteristics and
dimensions of the workpiece. For this we use the
generalized similarity criterion 7 = -7 [15], where w is
the circular frequency, 7 is the time constant of the first
approximation, t = uoy-R-d/2, p is the magnetic constant.
The generalized criterion 7 comprehensively takes into
account the electrophysical characteristics (up, y) and
dimensions (R, d) of a thin workpiece, and also replaces
two criterions d' = d/A and d;" = d/R (4 is the penetration
depth of the electromagnetic field [17]). In a wide range
of values of the damping coefficient of an exponentially
damped sinusoid, the optimal value of the generalized
criterion 7', at which the amplitude of the negative
pressure P,,, acting on the workpiece, is maximum, is
7, = 0,8. Here, in the range

05<r<14 (1)
the value of P,, changes insignificantly [15, Fig. 4,
curves 5-8].

Condition (1) is universal and is valid for thin
cylindrical workpieces made of non-magnetic materials.
For the workpieces used in the experiments described
here (r = 67,858 ps), from condition (1) we obtain the
corresponding ranges of the recommended values of w
(1/s) and frequency f'(kHz) of the «cut» pulse

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

and also the criterion d"
0,1768 <d <0,2958. 4)

Values o, f, d, corresponding to 7,, equal to
wo=11789 1/s, fy=1,876kHz, d, =0,2236.

Table 2 shows the values of the half-period duration
T/2, w, f obtained from the oscillograms of the current in
the discharge circuit of the MPI, as well as of the criteria
T andd.

Analysis of data of Table 2, taking into account
conditions (2)—(4), allows us to conclude that the MPI
with a CES capacity C = 900 or 1200 pF provides the
recommended frequencies of the «cut» pulse, at which the
amplitude of the negative pressure of the pulsed magnetic

field expanding the workpiece with the help of an external
coil, is close to the maximum value.

Table 2
Time and frequency parameters of the «cut» pulses of the
discharge current and the values of the criteria 7, d"

3
C, uF Tﬁ “’/11/2 | fkHz | 1 d
600 130 | 24,17 | 3,846 | 1,638 | 0,32
750 150 | 20,94 | 3333 | 144 | 030
900 160 | 19,63 | 3,124 | 1,346 | 0,29
1200 | 200 | 15,71 | 2,500 | 1,082 | 0,26

Technological operations based on the expansion
of tubular workpieces by «cut» pulses. When
performing the described technological operations, it was
taken C = 900 pF, U, = 3.2 kV. The value of U, was
selected experimentally from the condition of achieving
sufficient deformation of the workpiece. These
parameters of the CES provide both a high probability of
«cut» pulses (Table 1), and the recommended frequency
of the «cut» pulse (Table 2, conditions (2), (3)).

Manufacturing of parts with complex shapes. Figure 3
shows drawings of a part with one cylindrical protrusion
(a) and a corresponding collapsible dielectric die (b) (see
also pos. 5 in Fig. 2), and Fig. 4,a shows parts made from
a tubular workpiece using «cut» pulses. The part can have
a more complex shape, which is determined by the shape
of the dielectric die, for example, it can have two
cylindrical protrusions (Fig. 4,b).

2 o o e
185
17
z = |
20 30 vl 20 |
a
1 2
DOCRIHAR XK XSO XN
|
Sy Ese b e e _T
TR S IR R R o
b

Fig. 3. Drawings of a part with one cylindrical protrusion (a)
and a collapsible dielectric die (b, where 1, 2 — symmetrical
parts of the die)
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a b

Fig. 4. Parts with one (@) and two (b) cylindrical protrusions,
made using «cut» pulses

Removing the metal tubular part from a dielectric
rod. A tubular part made of aluminum alloy was pressed
onto a dielectric rod of circular cross-section using a pre-
machined groove by magnetic-pulse compression
(Fig. 5,a). To remove this part (for the purpose of
replacement), a «cut» pulse of the discharge current was
used, and instead of die 5 (Fig. 2) — a dielectric sleeve
allowing sufficient radial expansion of the removed part
(~ 0.5 mm). Figure 5,b shows workpiece 1 before pressing
on the rod and parts removed in the described way (2, 3).

a

Fig. 5. Permanent joint of a dielectric rod and a tubular metal
part (a), a workpiece and parts removed by «cut» pulses (b)

The need to remove the outer technological
conductive shells arises after the magnetic-pulse pressing
of parts made of powder materials. If the part has a
tubular shape and is accessible from the inside, then this
operation can be carried out using an internal coil. The
experimental results presented in this article confirm the
possibility of removing the technological shell from
tubular and solid cylindrical parts made of powder
materials using an external coil and «cut» pulses. Note
that in [16], it was noted that such an operation can be
performed in the case of a cylinder made of a powder
material by the second pulse of the magnetic field.

The studies carried out show that one «cut» pulse is
enough: in this case, with the help of the first, positive,
half-wave of pressure, the part is pressed, and with the
help of the second, negative one, the technological shell is
removed.

Conclusions.

1. With the help of technological operations based on
the magnetic-pulse expansion of cylindrical tubular
workpieces with an external coil, the existence of a range
of values of the parameters of the capacitive energy
storage with controlled vacuum discharger was
confirmed, in which the discharge current pulses are
«cut» with a high probability.

2. Before performing technological operations based
on expanding workpieces using an external coil, it is

necessary to test the controlled vacuum discharger and
determine the values of the capacitance and charging
voltage of the energy storage, at which the relative
probability of the «cut» of the discharge current pulses is
close to 1.

3. The recommended frequency of the «cut « pulse of
the discharge current, at which a close to optimal
amplitude of negative pressure expanding the workpiece
is achieved, can be determined from the conditions
obtained using the generalized similarity criterion.

4. The charging voltage of the storage capacity is
selected experimentally from the condition of achieving
the required deformation of the workpiece and is
coordinated with the test data of the controlled vacuum
discharger.

5. Magnetic-pulse pressing of tubular and solid
cylindrical parts made of powder materials and then
removing the technological conductive shell can be
carried out with one «cut» current pulse.
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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 polymer 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, accompanied 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 magnetically coupled contours. SLAE can be used to calculate conductors taking into account the skin effect and
proximity effect. Practical value. The developed model is the basis for determining 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.

3anpononosana uucenrbHa po3paAxXyHKo8a MOOelb GUSHAYEHHS AKMUGHO20 ONOPY MA IHOYKMUBHOCMI CMPYMORPOSIOHOI dmcuiu i
Memane6o2o ekpamy CUNOBUX OOHONCUTLHUX KaDelie KOAKCIanbHOI KOHCMPYKYIL 3 YPaxXy8aHHam no6epxneeo2o egexmy ma egexmy
OaU3bKOCHI 8 WUPOKOMY diana3oni yacmomu. Bukonano 6 3anedcnocmi 6i0 wacmomu nopieHsHHsA KoeQiyicHmie HepieHOMIPHOCI
PO3n00INy cmpymy no nepemuny cmpymonpogionoi owcunu xabemo. Iloxaszano, wjo 36inbuienns MoSWUHU MIOHO20 eKpauy
npu3800uUms 00 30iNbUEHHA KoepiyicHma HepiBHOMIDHOCIE PO3NOJLTY CmMpyMy NO nepepizy eKpawy ma akmueHoz2o Onopy Kabenio
ona wacmomu 100 xl'y npu He3minHOMY nepepi3i cmpymMonposionoi ocunu. Pospobrena moodenv € 0CHOB0I0 04 GUIHAYEHH:
Xapaxkmepucmui4Ho2o iMReOancy CUNOBUX BUCOKOBOILMHUX OOHOJICUNbHUX KaDenis 8 WUpOoKOMY OianasoHi uacmomu, HeoOXiOH020
07151 6CMAHOBIEHHS A0EK8AMHUX KPUMEPII8 OYIHKU Napamempie UCOKOYACHOMHUX GNIUGIE, KPUMUYHUX OJIs1 3UUMOT NOJIIeMUIEeH060T
i3onayii. bion. 16, Tabn. 1, puc. 7.

Kniouogi cnoea: cuiioBi kabeni, KOMIIEKCHUH OIip, MarHiTo3B’si3aHi KOHTYpPH, cHCTeMa JIHIl{HUX ajre0paiyHuX PiBHSAHb,
CTPYMONIPOBiA, ekpaH, KoedinieHT HepiBHOCTI po3noainy cTpymy.

IIpeonoxcena yuciennas paciemuas mooenb onpedeieHus aKkmueHo20 CONPOMUBIEHUA U UHOYKIMUBHOCIU MOKONPOBOOAWell HCULb
U IKPAHA CUTOBBIX OOHONMCUNLHLIX Kabenel KOAKCUANbHOU KOHCMPYKYUU C YYemoMm NO8epXHOCHHO20 dpghekma u sPghexma
Onuzocmu 8  WUPOKOM OUANA30HE YACMOMbL. BbINOIHEHO 8 3A8UCUMOCHU Om  HACMOMbL CPASHEHUe KoIDPuyueHmos
HePABHOMEPHOCIU PACNpeOeleHls NMOKA NO CeYeHuio MoKonpogoda. Ilokasano, umo yeenuuenue mMOIYUHbL MEOHO20 IKPAHA
npueOOUMm K YBEIUYeHUIO KO3(DQUYUEHMA HEPAGHOMEPHOCIU PACHPeOeNeHUss MOKA N0 CeYeHUro JSKPAHd U  AKMUBHO20
conpomugnenus Kabens ons uacmomvl 100 Iy npu HeusMeHHOM ceuenuu MoKOnpogooswel dcunvl. Paspabomannas moodens
A6/151eMCsL OCHOBOU 05l ONpedeNeHUsi XapaKmepucmuieckoeo UMNeOanca CUNOBbIX BblCOKOBOILIMHBIX OOHOICUTbHBIX Kabenel 6
WUPOKOM — OUANA30HEe — YACMOMmbl, He0OX00UMO20 Ol YCMAHOGNEHUs A0EeKBAMHbIX — KpUmepues OYeHKU napamempos
8bICOKOUACMOMHBIX 8030€liCBUL, KPUMUYHBIX 0151 CLUUMOU NOIUIMUNeH080U usoaayuu. bubin. 16, Tabn. 1, puc. 7.

Kniouesvie crosa: cuiioBble Kadeau, KOMILIEKCHOe CONPOTHBJIEHHE, MATHMTOCBSI3AHHbIE KOHTYPBI, CHCTeMa JIMHEHHBIX
ajrefpanyecKux ypaBHeHHii, TOKONPOBOJ, IKPaH, KO3(p(PpUIMEHT HePABHOMEPHOCTH paclpe/ie/ieHHs TOKa.

Introduction. High-voltage power cables with
thermosetting polyethylene insulation are critical
components of power systems. Many investments are
made in their production to ensure reliable operation
[1-3]. Power high-voltage cables with insulation based on
cross-linked polyethylene with voltage of 6-500 kV are
characterized by increased values of electrical capacitance
and reduced values of impedance (characteristic
impedance) compared to cables with paper-impregnated
insulation [4-8]. As a result, there are more and more
objects in electrical networks for which complex multi-
frequency transients should be expected, which are
accompanied by dangerous overvoltages and currents
[5-8]. The values of overvoltage and the duration of the
transient are determined by the length of the cable line
and the impedance of the high-voltage power cable.
The duration of transients is tens and hundreds of
microseconds, which corresponds to the frequency of
such processes from units to tens and hundreds of
kilohertz [9]. High-frequency components of current and
voltage accelerate, in particular, the development of water

treeings in polymer insulation and can cause the
development of electrical treeings, i.e. loss of electrical
insulation strength of high-voltage power cables [10, 11].
The development of adequate criteria for assessing the
parameters of high-frequency effects critical for cross-
linked polyethylene insulation of high-voltage cables is
based on monitoring of the electrical insulation state
during operation, including the results of temporal
reflectometry, which requires data on the complex
resistance of conductive core and screen to determine the
characteristic impedance of the power cable [12].

The normative and technical documentation gives
the values of the resistance of the current-carrying core at
DC at temperature of 20 °C and the inductance of the
power single-core high-voltage cable of coaxial design
depending on the spatial location in a three-phase cable
line (triangle or plane) [2]. To determine the active
resistance of the core during the flow of AC with
frequency of 50 Hz, mathematical expressions are given
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that approximate the dependence of resistance due to the
skin effect and the proximity effect of adjacent single-
core cables [2, 13].

In [14] the analytical model of calculation of
longitudinal complex resistance taking into account the
proximity effect for a current-carrying core and
inductance of a core and the metal screen without taking
into account influence of frequency of a single-core
power cable is presented. In [15], the intrinsic inductance
of the metal screen is determined under the assumption of
uniform distribution of the induced current in the screen
of a single-core power cable.

Thus, obtaining the frequency dependencies of the
active resistance and inductance of current-carrying cores
and metal shields of high-voltage single-core power
cables, taking into account the skin effect and proximity
effect is an important and urgent problem, which until
recently is insufficiently developed.

The goal of the research is to develop a
computational model of complex resistance of high-
voltage single-core power cables of coaxial design,
necessary to determine the frequency dependencies of
active resistance and inductance of conductive core and
metal screen taking into account the skin effect and the
proximity effect.

Numerical determination of the active resistance
and inductance of the current line, taking into account
the skin effect and the proximity effect. Divide the
conductor into a number of parallel branches (Fig. 1) —
current filaments. Each i-th branch has an active
resistance R; and an inductance L, and due to the
magnetic field is connected to the j-th branch. The mutual
inductance between the i-th and the j-th branches is
denoted as M;;.

3
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Fig. 1. Layout of nodes along the cross section of the current
line. The first node is in the center of the current line, the others
are located radially. The line connecting the nodes determines
the numbering order — counterclockwise

Suppose that in the i-th branch there is a source of
variable electromotive force EMF E; of frequency f. Then
for the closed contour of this branch we write the
Kirchhoff equation:

N,
. 1 . .
(R + joL, )'Ii+2(jwMif'lj):Ei’ D
J#i
where the first term (R; + jwl; )-I; determines the

voltage drop on the active resistance and the intrinsic
inductance of the i-th branch, and all other components
N 1
Z(ja)M i v j) are the voltage drops on the mutual
J#i
inductance of the i-th branch with all other branches.
Equation (1) contains N; terms with unknown
currents of parallel branches: I, L, ... I, ... I;, ... Iy. For
each of N, branches we write an equation similar to (1).
We obtain a system of linear algebraic Kirchhoff
equations (SLAE):

. N] . .
(R + jooly )-1y+ > (joMy -1 ;)= By
Jj#l
. Nl . .
(Ry + jooLy )- 15+ Z(ja;M,-j .1j)=E2;
) @)
J
. Nl . .
(Ry1 + j@Lyy ) Iyt + Z(JWMU'IJ):EM-
J#N1
Write SLAE (2) in matrix form:
(R +joly)  jeoMy JoM y I (£
oMy (Rytjely) o jeMyy (1D | | Ey | (3
jaMyy  joMy, - (Ry+jely)) i) | Ey

On the diagonal of the matrix of SLAE coefficients
(3) there are the intrinsic resistances of the branches
(active and inductive), outside the diagonal — the mutual
inductive resistances of the branches.

In some cases, the values of EMF acting in the

branches of the current line are the same — E,. Then
SLAE (3) takes the form:

(Ri+joly)  joM, JaoM y L) (Es
jaMy  (Ry+jaly) - jaMyy .I'z _ Eg @)
joMyy  joMy, - (Ry+jely)) | Eg

SLAE (4) allows to determine the parameters of the
complex resistance of current lines, taking into account
the skin effect and the proximity effect.

The mutual inductance M), between two coaxial ring
contours with currents is calculated based on the
analytical formula [16]:

PR gt [[l—éjK(w—E(k)}, ©

where r, 7, are the radii of the current lines (for single-
phase power cable of coaxial design r; is the radius of the
current-carrying core; r, is the inner radius of the metal

4nr

; where G
(rl +V2)

cable screen, respectively); k= 35
+G
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is the distance between the planes of the current lines
along the axis of symmetry; K(k) and E(k) are functions of
complete elliptic integrals of the first and second kind:

/2 /2

K(k)= j m . E(k)= j JI-k2sin g-dp.

The intrinsic inductance of a circular conductor of
massive cross-section is calculated as the mutual
inductance between two filamentary conductors of the
same radius, located at a distance G from each other.

For a circular section of radius r, the geometric
mean distance of the area of the circle from itself G is
equal to:

G=—r 6
. (6)
where e = 2.71828... is the basis of natural logarithms.

As a result of solution (4), the currents in the
branches / and the total current /s of all parallel branches
of the current line are determined.

After finding the total current of all parallel
branches, the total complex resistance, its active R and
reactive X; components, the equivalent inductance L of
the current line are determined:

B R=Rre(z) x;=m(z) L=2L, (7)

I, 27w,
where r, is the bending radius of the current line.

Results of numerical modelling. The axis of
symmetry of the annular current line (Fig. 1) is on the left
at a distance Z from the center of the current line. Passing
the nodes in each layer begins on the outside of the
annular current line, then passes on the inside and returns
to the outside. The current tends to pass along the path of
the smallest length (on the inner side of the current line),
due to which its density is higher there (Fig. 1).

Figures 2-4 show the effect of frequency on the
distribution of currents / in branches N (Fig. 2), active
resistance R. (Fig. 3), equivalent inductance L. (Fig. 4) of
a copper conductive core of a power cable with a cross
section of 240 mm* (Fig. 2,a; curves 1 in Fig. 3, 4) and
800 mm?” (Fig. 2,b; curves 2 in Fig. 3, 4), respectively.

With increasing frequency, the displacement of
current on the surface of the current line increases. As a
result, the effective resistance of the current line increases
(Fig. 3).

Figure 5 shows a layout of the location of the nodes
at the intersection of the conductive core and the screen of
the power single-core cable of coaxial structure. The
results of numerical calculation of frequency-dependent
active resistance and inductance L of the power cable with
voltage of 110 kV with a cross section of a copper
conductive core of 240 mm® and a copper screen with
thickness of 1 mm are shown in Fig. 6, 7, respectively.
The active resistance of the cable R consists of the
resistance of the conductive core R, and the metal screen
R R = R, + R;. The equivalent inductance of the cable L
includes the equivalent inductance of the conductive core
L., the equivalent screen inductance L; and the mutual
inductance between core and screen.
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Fig. 2. Influence of frequency on current distribution on

branches N of the power current line (curve 1 — frequency 50

Hz, curve 2 — 1 kHz, curve 3 — 10 kHz, curve 4 — 100 kHz,
curve 5 — 1 MHz)
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Fig. 5. Layout of the nodes at the intersection of the conductive
core and the screen with thickness of 1 mm (a) and 3 mm (b)
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Fig. 6. Frequency dependence of the active resistance of a power
cable of single-core design of voltage of 110 kV
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Fig. 7. Frequency dependence of the equivalent inductance
of a power cable of single-core design of voltage of 110 kV

Increase the thickness of the copper screen 3 times
(from 1 to 3 mm) leads to an increase in the coefficient of
non-uniformity of current distribution across the screen
by 1.25 and 4.48 times with constant value of the
coefficient of non-uniformity of current distribution
across the copper core section for frequency of 1 kHz and
100 kHz, respectively. For frequency of 1 kHz, the active
resistance of a cable with a screen of smaller thickness is
1.4 times the active resistance of a cable with a screen of
thicker thickness.

Checking the reliability of the results of numerical
calculations is performed on the basis of comparing the
coefficients of non-uniformity of the current distribution
due to the skin effect and the proximity effect, along the
cross section of the current line.

The first coefficient K, is calculated through the ratio
of heat output at AC and DC. The power of heat
dissipation at AC is determined by the total power of heat
dissipation of parallel branches taking into account the
redistribution of current along the cross section of the
conductive core. The power of heat dissipation at DC is
determined by the uniform distribution of current across
the cross section of the conductive core.

The second coefficient K is calculated through the
ratio of the resistance of the current line at AC and DC.

Table 1 shows a comparative analysis of the
coefficients of non-uniformity of current distribution at
the intersection of conductive copper cores. The results of
the calculations are identical.

Table 1
Comparative analysis of the coefficients of non-uniformity of
current distribution across the current line section

Frequency, | Cross section of the Cross section of the
Hz copper current line copper current line
240 mm’ 800 mm’
K, Kz K, Kz
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
Conclusions.

For the first time, a computational numerical model
for determining the complex resistance of high-voltage
single-core power cables with polymer insulation is
proposed, which allows to determine the active resistance
and inductance of both conductive core and copper
screen, taking into account the skin effect and proximity
effect.

The developed model is the basis for determining
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.

Based on the proposed computational numerical
model, an appropriate technique can be developed to
determine the frequency dependencies of the active
resistance and inductance of a single-core power cable of
coaxial design, which can be the basis for improving the
accuracy of mathematical modelling of transients in cable
lines arising at single-phase short circuits to the earth and
other switchings in electric networks at bilateral
grounding of the screen.
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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

D,=|C.X,-X|, (29)
Dﬁz‘*z.f(ﬁ—f(‘, (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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By doing the analysis of both convergence curves,
also for a maximum iterations’ number equal to 150, it
can be noted that the CGWO_Logistic delivered the best
minimization of MOF results for both cases of PVDG and
hybrid PVDG-BESS presence in both test system ADNs,

comparing to the other algorithms.

For the case of only PVDG integration, the MOF got
minimized by the CGWO_Logistic algorithm until 20.670
for the first test system ADN, and until 39.043 for the
second system ADN.
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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. 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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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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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 elements 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 operating mode and its influence on electric power production are shown. Possibilities of rational
conditions of spatial panels orientation 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.

Po3pobnenuii Mmemoo ananimuuno2o eusHaueHHs ONPOMIHEHHs, MeMNepamypHO20 PeJCUMY, a MAKoiC GUPOOIeHHA eleKmpoeHepzii
080CMOPOHHIX COMAYHUX eNleMeHmie npu pisniu opicnmayii nanenetl. Cmeopeno iHmezpanbhy Mamemamuiny mooenb Oas OYiHKu
eHepeemUyHO20 pedcUMy poOOMU COHAYHUX elleMEeHmi6 Npu 3MIHHUX KIIMAMUYHUX YMOBAX [ NPOCMOPOBUX HACMAHOBHUX
xapaxmepucmux. Ilposedeni auanimuuni 00CHIONCEeHH pobOmMU COHAYHUX enemenmis. Ilokazani ocobausocmi oOnpoMiHeHHs
nepeoHboi il MUNbHOI CMOPIH COHAYHUX NaHenell, YMO8U (QOPMYBAHHA MEMNEPAMyPHO2O Pexcumy pobomu i 1020 6nIusy Ha
6upobnents eiekmpoenepeii. Poszensnymo mooicnusocmi ghopmyeannss payionanbHux ymMoe npocmopoeoi opicnmayii nawnenel 3a
axmopom enekmpuunoi npodykmuerocmi. Buxopucmants 3anponoHosanoi Memooukuy i pe3yivmamis aHanizy, NpoeedeHux Ha ii
OCHOBI, 00360JA€ BUOPAMU PAYIOHATLHY APXIMeEKmMypy COHAUHOL enekmpocmanyii eucoxoi echexmuenocmi. bion. 13, puc. 5.

Kniouogi cnosa: nBocTOpoHHI cOHsuHi ¢oTOnaHesi, ONPOMiHEHHSI COHAYHUX MNaHeeil, Opi€HTAlliA COHYHUX eJeMeHTIB,
BHUPOOHHULITBO eJ1eKTPOEHEeprii.

Paspaboman memoo ananumuueckozo onpedenenus 0OnyHeHs, MeMnepamypHo2o pexcuma, a marice bl pabomxu dNeKmpoIHepRUn
08YXCIMOPOHHUX CONHEYHBIX DNEMEHMO8 Npu paziuunol opuenmayuu nanenei. Co30aHa UHMESPATLHASL MAMEMAMUYECKAS, MOOETb
0N OYeHKU OSHepeemuyecko20 peddcuma pabomuvl CONHEUHbIX DNEeMEHMO8 NPU NePeMEeHHbIX KIUMAMUYECKUX YCI0GUAX U
NPOCMPAHCMBEHHbIX  YCIMAHOBOUMbIX — Xapakmepucmuxax. 1Ipoeedensvt ananumuueckue uUccre008anus pabomvl COIHEYHbIX
anemenmos. Ilokazanvl ocobennocmu 001yueHus nepeowel U MoLILHOU CMOPOH CONHEYHbIX NAHenel, YCI08Usi POpMUpoSaHus
memnepamypHo20 pesicuma pabomsl U €20 6IUAHUA HA 8bIPAOOMKY dNeKmposnepeuu. Paccmompenst 603modicnocmu hpopmuposanus
PAYUOHANLHBIX  YCIOBULL  NPOCMPAHCMBEHHOU  OpueHmayuy naweieli. no (Qaxmopy 3S1eKmpudeckoli Npou3B00UmMeIbHOCHIU.
Hcnonvsosanue npeonodtceHHOU MemoOuKu U pe3yivmamos ananu3d, HpOSeOeHHbIX Ha ee OCHO6e, NO0380.sAem  6blOpamb
PAYUOHATLHYIO apXUMeKmypy COIHEeYHOU dNeKmpocmanyuu 8blcoxkoll sggexmusnocmu. bubn. 13, puc. 5.

Kniouesvie cnosa: NBYXCTOPOHHME COJIHEYHbIe (hoTomaHenu, 00JydYeHHe COJIHEYHBIX IaHeJjeH, OPHEHTALUS COJIHEYHBIX
3J1eMEHTOB, IPOM3BOJCTBO 3JIEKTPOIHEPTUH.

Introduction. Bifacial solar cells (SEs) have determining the energy performance of solar elements are

emerged as a result of the search for methods for the most
efficient use of a valuable semiconductor layer that
absorbs solar radiation for power generation [1-4]. Their
advantage is the additional irradiation of the absorber
from the back of the SE, which is not carried out in
conventional one-acial devices. Obviously, the radiation
is related to the orientation of the SE relative to its
radiation source. Bifacial irradiation affects the energy
balance by changing the operating parameters of SE:
operating temperature and power generation, which are
known to be interdependent [4, 5].

Stimulation of radiation intensity leads to a change
in energy balance — not always in the direction of
increasing efficiency. This fact imposes restrictions on the
applicability of such devices, causing the need for
additional measures to change the way the organization of
the SE operation.

Analysis of recent research and publications.
Considerable attention is paid to the study of temperature
conditions of solar elements [3-7]. Existing models for

based on the idea of one-facial frontal irradiation of the
device. However, the back side, perceiving the radiant
energy, has a corresponding effect on the overall energy
balance [3, 4]. Among the various factors influencing the
radiation, from the point of view of operating mode
control, the geometric, i.e. the spatial location of the solar
elements is important. Different options are offered to
choose the orientation of bifacial solar panels [8, 9], but
they do not have sufficient justification, in particular, the
impact of the radiation component on the back of the
panel is not taken into account. Therefore, the analysis of
the real operating conditions of the solar elements
requires a model that describes the features of the
absorber irradiation and the influence of the orientation of
the SE on energy processes.

Mathematical models used for research include
radiation [3, 4, 7, 10, 11] and convective components as
external conditions. The latter is usually associated with
wind interaction [5, 8]. Both components depend on the
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orientation of the panel. The description of the influence
of the radiation component on the frontal surface can be
based on sufficiently reliable model representations [6-8,
11-13].

For the back side, in [4] studies of the effect of
reflectivity of different surfaces were conducted. In [3], a
dynamic three-layer model of the solar element is
proposed, which includes the radiation component of the
interaction with the back side. The results showed an
increase in temperature in the bifacial panels, taking into
account the radiation. But the effect of irradiation in the
dynamics of diurnal and seasonal changes in orientation
relative to the source is not shown.

The method [10] developed for the conditions of
Ukraine can be used for the analytical description of
surface irradiation. According to it, the intensity of the
radiation flux is determined for the horizontal surface as a
function of geographical parameters, seasonality and time
of day. Correction R, which specifies the slope and
orientation of the surface, which is represented as the ratio
of the flux of direct solar radiation, which flows normally
on the inclined surface, to the radiation flux on the
horizontal surface, is defined as:

R _Hy Rb+ﬂ'l+cosﬁ+l—cosﬂ.
H H 2 2

p, (D

where H,; is the arrival of diffusion radiation on the
horizontal surface as part of the integrated radiation on
the horizontal surface H; R, is the ratio of direct solar
radiation on the inclined and horizontal surface; f is the
angle of inclination of the surface; p is the reflectivity of
the soil.

This dependence can be applied to the surface on the
south side. It takes into account the direct solar radiation
(the first term), scattered in the atmosphere one (the
second term, which shows which part of the sky is visible
from the surface), and reflected from the earth's surface
(the third term, which shows the proportion of reflected
total radiation). There are no similar methodological
provisions for the back side of the surface.

The goal of the work is to develop a method for
determining the radiation and energy performance of
bifacial solar elements; creation on its basis of the
integrated mathematical model concerning studying of an
energy mode of operation of SE in various climatic and
installation conditions of operation; study of energy
modes of SE operation.

A mathematical model. The following terminology
is used to formalize the problem of the location of the
solar panel. Orientation along the «south-north» (S-N) is
realized when the normal to the front (obverse) surface of
the solar panel is directed to the south with an azimuth of
0 degrees. Orientation «east-west» (E-W) determines the
direction of the normal of the obverse surface to the east.

For the back side of the receiver oriented on the S-N
axis, the direct component is absent, respectively, the
component of the reflected radiation for the reverse side
should not include direct radiation. Thus, for the back side
of the surface oriented along the S-N axis, the ratio of
radiation fluxes R, is determined as

R =ﬂ(1—cosﬁ+1+cosﬁp) @)

" H 2 2

For surfaces oriented along the E-W axis, the
calculation method is the same, but for the surface «east»
orientation the azimuth angle y = + 90°, for «west»
y = —90°. The straight component for the back side
appears after noon at the zenith angle 8, > 90 — f.

The energy balance of the bifacial SE has its own
peculiarities. Irradiation of external surfaces is the same
as for a one-facial battery. Radiant energy is absorbed by
both the front and back sides of the SE. However, in one-
facial SE, the active beam-absorbing surface (absorber) is
irradiated only on one side — the front one. The energy
supplied to the back side is not involved in the process of
electricity production — it is spent on heating the device,
including the absorber. In the bifacial SE, the absorber is
irradiated on two sides. But the irradiation of the absorber
from the back side is characterized by the fact that this
side has a special translucent coating to reduce electron-
hole recombination of charge carriers. Therefore, the
radiation transmission from the back side is less than from
the front side. Accordingly, the optical characteristics
(), which determine the transmission of the transparent
coating and the absorption of the absorber, for the front
and back sides are different.

The energy balance equation for bifacial SE can be
represented as

[ -R-(za) - (1=npp)]q +[H - R-(z0)- (=1 p)], =
=U-(T,-T),),

where 7, is the coefficient of efficiency of conversion of
solar energy into electricity (efficiency); U is the heat loss
coefficient; T,, is the absorber temperature; 7, is the
outside air temperature; indices: a — the obverse side of
the SE; r — the reverse side of the CE.

Usually they try by adjusting to maintain the value
of the efficiency #,, on the maximum level of
Hph = Mphmax- The coefficient #,,m. depends on various
factors and, in particular, on temperature. The dependence
of #ymax ON the temperature in the region of positive
temperatures can be described as follows [12]

Mph.max :’7maxST'[1+ap'(Tab_TST)]s 4)

3)

where #maxst 1s the efficiency of the solar element at the
point of maximum power under standard conditions; a,, is
the temperature power factor of the SE, K Tgr is the
temperature of the solar element under standard conditions.

Under standard conditions they understand the
following: the flux density of solar radiation Hsr= 1 kW/m?,
the surface temperature of the SE Ty = 25 °C.

For the bifacial element, the efficiency is determined
for each of the sides under the same irradiation
conditions. At one-facial irradiation of the absorber the
equation of energy balance will differ by the absence for
the reverse side of the factor of conversion of solar energy
into electric energy: (1 — 77,,),.

The solution of the energy equation taking into
account the presented dependencies on the temperature of
the absorber of bifacial radiation has the form
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Tab =

[H-R-Ga)], +[H-R-(z)], (1=, Ts7) - {K}+U T, , (5)
- U+a,-{K|

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

The electric power of the SE should be found taking
into account its temperature [12]

H
P:Prat'kr.eH_[l"'ap'(Tab_TST)]: (6)

ST

where P, is the rated power of the SE under standard
conditions; k,., is the coefficient of reduction of efficiency
of the SE.

At one-facial irradiation of the absorber H = H,.
At bifacial irradiation, electricity generation is not a linear
function of the joint irradiation of the front and rear sides
[13]. This factor is taken into account by the coefficient of
bifacial efficiency #,. Therefore, effective irradiation can
be represented as

100.0

»

o0,0

- - ] —_— — = 3

H=H,+H,-n,=H-R,+H -R,.-1,. 7

Analysis of the energy mode in different ways of
orientation. The research was conducted for the
conditions of Ukraine at latitude 46°.

Features of electricity production are due to two
factors. The first one is the radiation intensity of the
panel. Intensity correlates well with electricity production.
Therefore, such a factor can be considered the main one.
The second factor is the heating temperature of the
absorber, the growth of which reduces the efficiency of
the battery and reduces its service life.

Heating of the absorber is characterized by a
significantly variable nature of the temperature versus
time of day (Fig. 1). With the S-N orientation, the
temperature rises smoothly in the morning and decreases
in the afternoon. The view of the dependence curves
throughout the year and for different angles of inclination
is symmetrical with respect to noon time. The temperature
of the absorber in summer, as well as performance,
largely depends on the angle of inclination, and in winter
there is almost no such effect.

12 1& 20 24

—.— 4 * 3 * ]

Fig. 1. Daytime thermogram of the absorber in the summer for various orientations, angles of inclination and types of the SE
(one-facial — 1s, bifacial — 2s):

1-S-N,90°,2s; 2 —E-W,90°2s; 3 —S-N,45°2s; 4—E-W,45°2s;

At E-W orientation change of temperature during the
day is more difficult. Symmetry relative to noon is
observed only in summer — for the vertical location of the
panel. The type of temperature curves differs by a much
larger integral filling of the graphical field in the morning
and evening periods and the presence of a failure at noon,
compared with the S-N orientation. This is due to the
features of the panel irradiation.

The general trend determined by the analysis results
is an increase in temperature with decreasing angle of
inclination. In summer, when the temperature of the
absorber is highest, its level exceeds that normally

5—-S-N, 45°1s; 6—E-W,45°1s

recommended for the SE (45-50 °C), and reaches a high
value (in our example 94 °C).

Comparison of temperature modes of bifacial and
one-acial panels shows (Fig. 1) that the heating levels of
the absorber in the most heat-stressed period (summer)
in both versions are almost the same. However, with the
E-W orientation in the afternoon, the one-facial SE heats
up more. This is due to the presence of excess heat with
limited use of solar energy to generate electricity.

The similar heating temperatures of the absorber in
the considered variants are explained by a small share of
irradiation of the side of the SE, which is in the shade
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(Fig. 2). Therefore, the front surface is decisive in the
formation of the temperature of the absorber, both for
one-facial and bifacial panels. The patterns of irradiation
change are similar for angles of 90° and 45°, but the
maximum value in the latter case is greater, although the
irradiation intensity of the back panel is less.

1o00

H,

900 Wil
800
TOD
&00
500
400
300
200
100

]

0 4 B 12 16 20 24

haur
Fig. 2. Radiation flux density on the SE at S-N orientation
and angle of inclination 45°
(direction of the sides: / —north; 2 — south; 3 — total)

Irradiation of the eastern side at the E-W orientation
at the beginning of the day, from 4am to 12am, changes
dramatically: there is an increase and subsequent decline
with a significant rate (Fig. 3). After noon, the rate of
decline decreases. In this part of the day, the irradiation of
the reverse side is much less. The picture of the change in
the irradiation of the sides at the E-W orientation is a
mirror image of the noon time. In the afternoon, for some
time the solar radiation does not fall on the back side of the
inclined panel, so its total exposure during this period is
less. When the zenith angle reaches the value 6; > 90 — £,
a straight component appears. For the vertical panel 6, =0
and this transition is almost imperceptible.

1000

=]
=
5]

12 16 20 24
haour
Fig. 3. Radiation flux density on the SE at E-W orientation
and angle of inclination 45°
(direction of the sides: / — east,; 2 — west, 3 — total)

Thus, in the first half of the day the intensity of
radiation prevails on the obverse side, in the second one —
on the reverse one, which determines the predominant
influence of one of the sides on the heating. The total
radiation, in contrast to that which falls on each side, is
more smoothed, although with a decline in the afternoon.

Figure 4 presents data on the daily development of
panel performance in the two considered orientations in
the summer. At the direction along the S-N axis, the main
time of electricity production is the middle of the day, for
E-W — the beginning and end of the day. The same
dependencies are characteristic of other periods of the
year. The integrated amount of power generation that can
be produced in daylight at the S-N orientation is less than
at the E-W. Regarding the data in Fig. 4, then in July its
level is 1534 W-h/m” and 1864 W-h/m?, respectively.

200
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Fig. 4. Power of electric generation of the SE in the
development of the day for the summer period at an angle of 45°
and orientation:

1-S-N; 2-E-W; 3—(S-N)+(E-W)

The nature of the curves of power change of electric
generation of the SE during daylight hours correlates with
the irradiation and temperature of the panel (Fig. 2-4).

These features can be opportunistically attractive in
practice, and for some consumers this situation may be
favorable. However, presented in Fig. 4 data allow to
draw an important conclusion for practical application.
The alignment of curves 1 and 2 shows that the
simultaneous operation of panels with different
orientations equalizes the performance of the station
during daylight. The total production of electricity by
panels of different orientation (curve 3) is characterized
by increased uniformity and controlled integrated filling
of the daily schedule. For example, the amount of daily
total electricity production at the same ratio of the sizes of
multidirectional panels for the data in Fig. 4 is 1699
W-h/m®. Changing the ratio of the number of panels with
different orientations allows to increase or decrease daily
productivity in the range of levels of components of
orientation and manage the noon decline in production. In
this way, it is possible to adjust the schedules of
production and consumption of energy.
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From the analysis of the influence of the SE
orientation on productivity it follows that the worst
conditions of electricity generation are observed at the
direction along the S-N axis and the angle of inclination
of 90°. The E-W orientation is best at different angles.
The effect of the slope on productivity in the summer is
manifested to a large extent only for the installation of the
SE on the S-N axis. Electrical performance increases with
decreasing slope. In the period from September to April,
the efficiency of the SE depends little on the installation
angle. During this period, the main influence is the
orientation of the SE.

Given the different degree of dependence of the SE
productivity on the main parameters and the seasonality
of the determinants, the most informative is the
consideration of the SE productivity on the total annual
indicator.

Figure 5 presents data on electricity generation
during the year for the considered four options for
installation of the SE. As it can be see, the best option is
with the orientation on the E-W axis, the worst one — on
the S-N axis. Variants with orientations on the E-W axis,
an angle of inclination of 90°, and on the S-N axis, an
angle of inclination of 45° are close in efficiency.

P,
EWh
(myear)

20

=]

100

i 2 3 4
Fig. 5. Annual electricity production depending on the

orientation and angle of inclination of the SE:
1-S-N,90° 2-E-W,90°% 3-S-N,45°% 4-E-W,45°

Conclusions.

A method for determining the bifacial irradiation of
solar elements has been developed, which has been used
to create an integrated mathematical model of the energy
mode of SE operation depending on its spatial location.
The model allows to carry out more exact, in comparison
with existing methods, the analysis of efficiency of
operation of the SE at various ways of orientation and to
create rational architecture of power plant.

According to the results of the analytical study it is
shown that:

1. In summer, the temperature of the SE is almost
twice that of the usually recommended (45-50 °C). The
heating levels of the absorber of bifacial and one-facial
panels are almost the same. However, at the E-W
orientation in the afternoon, the one-facial SE heats up
more. This is due to the presence of excess heat with
limited use of solar energy to generate electricity.

2. The use of bifacial photo panel for all ways of
orientation is positive for electrical performance. The
greatest effect from the bifacial irradiation of the solar
panel can be obtained by directing on the E-W axis. As
the angle of inclination decreases beginning from the
level of 90°, the total exposure of the panel increases. The
dependence of the annual production of electricity on the
angle of inclination is most pronounced for the S-N
orientation, and for angles of 90° and 45° the difference
reaches 26 %. The difference in annual production
between the E-W and S-N orientations at the angle of
inclination of 45° is small and is about 3 %.

At the angle of 90° and at the E-W direction, the
annual production is 24 % higher than at the S-N
orientation. Meanwhile, at the E-W orientation, the
performance of the vertical panel is only 2.6 % worse
compared to panels inclined at the angle of 45°.
Therefore, such an arrangement is justified if used, for
example, for fencing or facade cladding.

3. Combining photo panels with different methods of
spatial placement allows to manage the level of electricity
production during daylight hours, adjusting the schedules
of production and energy consumption. Changing the
ratio of the number of panels with different orientations
allows to increase or decrease the daily productivity in the
range of levels of components of orientation and to
manage the level of the noon decline in electricity
production.
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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

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 3 69



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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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

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 3

71



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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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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