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The Message of the Conference Organizers
to the 18th International Conference on
“Technical and Physical Problems of Engineering” (ICTPE-2022)
International Organization of IOTPE
www.iotpe.com, 30 October 2022

We are honored and pleased to welcome all
participants of the 18th International Conference on
“Technical and Physical Problems of Engineering”
(ICTPE-2022) going to be held in the International
Organization of IOTPE on October 30, 2021.

It is especially pleasant that the organizers of ICTPE
conferences from Azerbaijan, Iran, Turkey, Romania,
Spain, Northern Cyprus and Norway have decided to
organize the successful conferences and hold them every
year, in each partner country. We would also like to
extend our appreciation to “ICTPE General Chair” for
continuing the important scientific  activities in a
subset framework of the International Organization on
“Technical and Physical Problems of Engineering”
(IOTPE) and annually holding of ICTPE conferences.

The partners of IOTPE organization are Institute of
Physics of Azerbaijan National Academy of Sciences
(Baku, Azerbaijan), Azerbaijan Research Institute of
Energetics and Energy Design (Azerenerji JSC, Baku,
Azerbaijan), Cleaner Production and Energy Efficiency
Center (Baku, Azerbaijan), Nakhchivan State University
(Nakhchivan, Azerbaijan), Seraj Higher Education
Institute (Tabriz, Iran), Taba Elm International Institute
(Tabriz, Iran), Gazi University (Ankara, Turkey), Istanbul
Technical University (Istanbul, Turkey), Isik University
(Istanbul, Turkey), Van Yuzuncu Yil University (Van,
Turkey), Istanbul Rumeli University (Istanbul, Turkey),
University of Pitesti (Pitesti, Romania), University of the
Basque Country (Bilbao, Spain), Near East University
(Lefkosa, Northern Cyprus) and Ostfold University
College (Fredrikstad, Norway).

The IOTPE organization is a scientific association,
founder and holder of International Conferences on
“Technical and Physical Problems of Power
Engineering” (ICTPE) have been held from 2002 to 2012.

The ICTPE Conferences name and topics are
improved to International Conference on “Technical and
Physical Problems of Electrical Engineering” (ICTPE) in
2013 Conference to cover subjects in all fields and topics
of Electrical Engineering.

The ICTPE Conferences name and topics are finally
promoted to International Conference on “Technical and
Physical Problems of Engineering” (ICTPE) since 2020
to enlarge topics of the conference in the next editions
and have been held till now. The ICTPE Conferences
were held biannually till ICTPE-2008 and annually after
ICTPE-2009 in the partner universities and institutes.

The ICTPE conferences promote close friendship and
scientific collaboration of the scientists and researchers of
member countries in electrical engineering development.
The importance of holding ICTPE conferences are mutual
understanding and recognition between the organizer

social and cultural
increasing international

countries through scientific,
development which yields
cooperation in scientific areas.

Furthermore, the main subjects of ICTPE conferences
are related to the opportunity for researches and scientists
from different countries to present and discuss the latest
and mutual research achievements and improvements as
well as generalization of the internationally obtained
results in the area of electrical engineering.

Moreover, the scientific relationship and knowledge
expansion in ICTPE conferences bring development of
international cooperation in engineering and new
technologies. Such scientific activities cause the
participating scientists to define and establish joint
activities in science, research, technology and industrial
fields which positively influence their efforts in creating
and disseminating new knowledge, growing the areas of
applied science and expansion to international grounds.

The ICTPE conference is registered, cited and
indexed in some scientific organization and databases.

Statistics of published papers in ICTPE conferences
reveal the most successful growing of quality and
quantity of research and international relationships of the
participants. We believe that ICTPE-2022 contains such
high quality and quantity expansion regarding the results
and solutions to problems of electrical engineering.

It is an honor for us that ICTPE Conferences have the
valuable supporting of distinguished international
members in the Organizing, Scientific and Executive
Committees of the conference, who carry out all the
stages of information, reviewing, publishing and
programming.

We thank those who were in charge of holding this
scientific international conference of the presidents,
rectors and directors of the Partners, Organizers as well
as the Organizing and Host universities regarding for
providing all requirements for the successful holding of
the conference, and also wish them success in scientific
and executive activities.

We would also like to express our appreciation to the
members of the Organizing, Scientific and Executive
Committees of the conference from the countries of the
world for successfully conducting the related tasks for the
conference and wish them great successes in their
activities.

Finally, we wish to express our gratefulness to all
participants and scientists from all over the world who
have scientific papers to be included in the proceedings
and hope that the conference will be very successful.

October 30, 2022
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Abstract- The article presents results of numerical
research of switching (energization and de-energization)
power capacitor banks equipped by special switchers
which include the sets of pre-insertion resistors with
different resistances, in the terms of possible magnitudes
of switching transitional voltages (over voltages) and
inrush currents, and also the features of the circuit
breakers operations with pre-insertion resistors at
energization high-voltage (namely 110 kV in the
presented article) power capacitor banks. Due to
numerous simulations, there were estimated possible
ratios of switching overvoltage at switching capacitor
banks by SF6 circuit breakers with pre-insertion resistors
for all the range of resistances they are equipped,
explained the nature of inrush currents spikes at presence
of capacitive load (capacitances of connected cable and
aerial power transmission lines) on busbar the capacitor
banks are connected to. There were stated that, the use of
circuit breakers with pre-insertion resistors for switching
capacitor banks provide effective mitigation of switching
overvoltage (at appropriated pre-insertion times) whereas
the ratios of inrush currents at switching-on power
capacitor banks by circuit breakers with pre-insertion
resistors can reach high values (more than 4.5 amplitude
of rated phase current). Right option of resistance and
pre-insertion duration can help to reduce the inrush
current. Magnitudes of currents at arc repeated restrikes
in the capacitor banks switching-off mode can prevail
their energization inrush current.

Keywords: Pre-Insertion Resistor, Inrush Current, Pre-
Insertion Time, Capacitor Switchers, Back-to-back
Arrangement, Wave Impedance.

1. INTRODUCTION

Pre-insertion resistors (PIRs) are mostly used to
mitigate transitional voltages at switching high-voltage
electrical installations [1, 2]. Initially they were used for
the switching-on power transmission lines, so there were
produced circuit breakers with resistance of PIR equaled
to the aerial power transmission lines’ wave impedance
i.e., 300-400 Ohms [3].

These resistances of PIR were not appropriated for
reliable switching of power capacitor banks since the
typical wave impedances of the loops consisting of
capacitor banks’ capacitance and transformers’
inductance are significantly less than aerial power
transmission lines’ wave impedance. But presently there
are produces so called CapSwitchers, the special type of
circuit breakers to switch capacitor banks with no high
overvoltage and inrush currents due to the wide range of
PIR’s resistances (37.5-300 ohms) for standard voltages
123-170 kV [4]. Pre-insertion times of these
CapSwitchers are 5-10 msec.

The use of these switchers for power capacitor banks,
evaluation of switching over voltages and inrush currents,
study of the features of the operation circuit breakers with
PIRs at switching-on capacitor banks are studied in the
presented research. Note here that effectiveness of use the
circuit breakers with PIRs have been actively studied in
last years, thus some important results concerned to
switching-on (energization) of power capacitor banks are
presented in [5-9], to energization of aerial power
transmission lines. In [10] were considered some
peculiarities of switching-off (de-energization) high-
voltage power capacitor banks by CapSwitchers.

2. RESEARCH GROUND

A connection circuit and equivalent network of the
problem under study are presented below in figure 1. The
corresponding numerical values of the parameters used
for computer simulation are given in [10]. For
implementation the present research there was applied a
numerical model described in [11, 12]. In the present
researchn  we used both the MATLAB and
PSCAD/EMTDC program sets to provide and be
confident in obtaining stable solutions for transitional
functions. This is conditioned by the nature of such type
of the problems belonging to the class of so called “stiff”
problems [11-12]. Features of computer simulation “stiff”
problems in relation to transient processes in electrical
networks are considered in [13-15].
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Figure 1. (a) Connection scheme, (b) equivalent network,
Case under study for switching-on capacitor bank by circuit-breaker
with pre-insertion resistor (PIR)

3. RESULTS AND DISCUSSION
The numerous simulations implemented within this
research let us to reveal some features of the process
studied. They are presented and considered below.

3.1. Switching-on (Energization) Process

3.1.1. Ratios of Over Voltages and Inrush Currents

In accordance with our results the ratio of overvoltage
at switching-on power capacitor banks of 110 kV with no
pre-insertion resistors can exceed 1.8-1.9 p.u. This should
be taken into consideration at designing substations with
power capacitor banks connected to the medial or lower
voltage bars of ultra-high voltage (UHV) transformer or
autotransformer since the allowable UHV insulation
levels are less than 2.0 p.u. [16] and relatively little
natural frequencies (about 260 Hz in the case under
study) cannot provide effective attenuation at transition to
the UHV side.

All the resistances of PIR provide effective mitigation
of switching overvoltage in the range of pre-insertion
time 5-10 msec. For example, the results of computer
simulation at pre-insertion time 6 msec for switching-on
the power capacitor bank of 110 kV, 56 MVAr is
presented in the table 1. It is seen from this table that, the
maximum overvoltage occurred can reach 1.33 p.u (at
Rpir = 25 ohm, Tuir = 6 msec). Moreover, minimum
overvoltage occurs at PIR closed to the wave impedance
of the circuit consisting of capacitor banks’ capacitance
and transformers’ inductance.

Not all the resistances of PIR provide effective
decreasing of inrush currents, e.g., ratios of inrush
currents at switching-on capacitor banks of 110 kV, 56
MVAr by CapSwitcher with Rpir = 37.5-300 ohms equal
to 2.1-4.7 p.u. At that the minimum inrush currents take
place at the resistances of PIR approximately equaled to
the doubled wave impedance of the switched circuit. In
Table 1 standard PIR resistances (37.5, 75, 150, 300
ohms) are used, and the rest (25, 50, 100, 200 ohms) are
intermediate resistances for the analysis of the computer
simulation results.

The samples of graphs showing temporal
dependences of transitional voltages and currents are
presented in Figure 2. These graphs are concerned to the
case of use pre-insertion resistor of 75 ohm at pre-
insertion time 6 msec.

3.1.2. Inrush Current Spikes

As it is seen in the Figure 2 the inrush current has a
spike in the very initial period after the switching instant.
At that, the magnitudes of these spikes decrease at
increasing the PIR’s resistance as shown in Table 1.

Table 1. Simulation results for 110 KV, 56 MVAr capacitor bank
switching-on at different values of PIRs (T, = 6 msec)

PIR resistance l\iglLa\g}ebon Inrush Energy
ars L
[ohm] [0.] current [p.u]|dissipated [kJ]
25 1.33 6.78 1317
375 1.18 4.65 930
50 1.16 3.54 718
75 1.20 2.40 493
100 1.23 2.13 375
150 1.26 2.28 253
200 1.26 2.28 196
300 1.24 2.16 126
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= Source vottage [pu 0
T T % pas
1 00175
| ao0a3z0
7 Min -1.263
i Max 1202

= Capacitor bank voltage [pu Y
T | %0145
1 o -0.000
| oa0aes
7 Min -1.263
Y Max 1202

. Recovery voltage [p.u L
T 7| = o0.000
100 42 1 00175

: | oa0a7s
050 :

: ' Min 0299
0.00 ' Max 0.900

-0.50 E

~1.00 1

150
= Capacitor bank current [p.u U

T | w1448

i ©0.000

N 41446

T Min 2328

i Max 2395

3.0
2o
1044

0.0 4

10 17

204

304
tlsec] nn 0.090 0.100 0110

4 r

an %0120
©0.081
4-0.039

Figure 2. Curves of transitional functions at switching-on 110 kV,
56 MVAr capacitor banks at Ryir = 75 ohm and T = 6 msec

To clarify the nature of these spikes we implemented
some simulations at the case of absence of connections
(load) to the 110 kV busbars the switched capacitor banks
are connected to. It has turned out that for these cases
there are not any inrush currents’ spikes at switching-on,
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as shown in Figure 3. This phenomenon can be explained
due to the known fact of sudden jump of inrush current at
switching-on the capacitor banks connected by the back-
to-back arrangement at already switched-on another one
[4]. These two cases i.e., switching-on capacitor banks
connected to the busbars having other connections (e.g.,
aerial and/or cable power transmission lines, instrument
transformers and so on) and switching-on the second
capacitor bank in the back-to-back arrangement are
physically similar.

= Copactor bank current [p.u) : '
T R

i ooo00

i a-1249
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i Max 4653
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304
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Figure 3. (a) at presence of capacitances connected to busbars, (b) at
absence of capacitances connected to busbars, Curves of inrush currents
at switching-on capacitor bank of 110 kV, 56 MVAr at Ry = 37.5 ohm

and T, = 6 msec

3.2. Comparison of Switching-on and Switching-off
Processes in the Terms of Inrush Currents’ Ratios
Comparing results got in the presented research with
ones obtained in the research work [10] devoted to the
study of power capacitor banks switching-off (de-
energization) we can state the following:
e The ratios of transitional currents conditioned by arcs
repeated restrikes at switching-off capacitor banks can
notably prevail the ratios of inrush currents at their
energization. In our opinion this takes place because of
significantly higher magnitudes of intercontact voltages
at the arcing instant at switching-off process (recovery
voltage can exceed 3.0 p.u), E.g., the calculated current
ratios are equalled 2.4 p.u and 3.0 p.u (see [10]) for the
cases of switching-on and switching-off capacitor banks
of 110 kV, 56 MVAr at PIR resistance 75 Ohm and pre-
insertion time 6 msec, respectively.
o Magnitudes of power capacitor banks’ inrush currents
may have a significant impact on substation’s
electromagnetic  environment and  electromagnetic
compatibility. In our opinion, use of circuit breakers with
pre-insertion  resistors can effectively improve
electromagnetic environment of substations due to
mitigation of inrush currents.

3.3. Energy Dissipated in PIR

Graphs of dependence of the energy dissipated in PIR
in all the range of PIR resistances at pre-insertion times 5
msec and 10 msec are presented in Figure 4. All the
possible values of the dissipated energy for pre-insertion
times between 5 msec and 10 msec lie in the region
between the curves given in Figure 4. Note that, the PIR’s
under consideration were designed for such values of
dissipated energy [4]. Fortunately, the energy dissipated
in the pre-insertion resistors at switching-off process is
quantitatively alike one at switching-on process [10].

1600

— tpir = 10 msec

—— tpir=5msec

1200

Energy Dissipated [KJ]
8
38

0

0 50 100 150 200 250 300
PIR resistance [ohm]

Figure 4. Energy dissipated at switching-on capacitor bank of for
110 KV, 56 MVAr at different values of PIRs resistance and
pre-insertion time

4. CONCLUSIONS

The use of circuit breakers with PIR for power
capacitor banks leads to effective mitigation of switching
overvoltage (at appropriated pre-insertion times), wherein
the maximum possible overvoltage that can appear on
transformer's higher voltage windings is less than its
permissible value for EHV and UHV isolation. Ratios of
inrush currents at switching-on power capacitor banks by
circuit breakers with PIR can reach high values (e.g.,
more than 4.5 amplitude of rated phase current for
capacitor banks of 110 kV, 56 MVAr). Right option of
PIR resistance and pre-insertion time can ensure effective
mitigation of inrush current. Splashes of current at arc
repeated restrikes in the capacitor banks switching-off
mode can prevail switching-on inrush current of the same
capacitor banks.

NOMENCLATURES

1. Acronyms
UHV: Ultra-High Voltage
PIR: Pre-Insertion Resistor

2. Symbols / Parameters

Rs: Source resistance

Ls: Source inductance

Gi: Load conductivity

Ci: Load capacitance

G.: Capacitor bank conductivity

C.: Capacitor bank capacitance

Es: e.m.f. of voltage source (rms value)



The 18th International Conference on “Technical and Physical Problems of Engineering” (ICTPE-2022)
30 October 2022

REFERENCES
[1] R. Smeets, L. Van Der Sluis, M. Kapetanovic, et al.,
“Switching in Electrical Transmission and Distribution
Systems”, Wiley, New York, USA, 2014.
[2] D.V. Razevig, “High Voltage Engineering”, Khanna
Publishers, New Deli, India, 1989.
[3] Gujarat Energy  Transmission, “Technical
Specifications of 400 kV SF6 Circuit-Breakers with PIR
and Spring-Spring Mechanism”, April 2013.
[4] S.S. Southern States, “110-170 KV RMS
CapSwitcher Sales Brochure”, Hampton, GE, 2012.
[5] P.A.A. Pramana, A.A. Kusuma, B.S. Munir, “Inrush
Current Investigation of Capacitor Bank Switching for
150 kV Electrical System in Indonesia”, High Voltage
Engineering and Power Systems (ICHVEPS)
International Conference, pp. 259-263, 2017.
[6] L.V. Teli, H.T. Jadhav, “A Review on Protection of
Capacitor in Power Quality Industry”, Current Trends
Towards  Converging  Technologies  (ICCTCT)
International Conference, pp. 1-5, 2018.
[71 A.H. Fajariawan, A.l. Fadlika, et al., “A New
Switching Control Approach to Reduce Capacitor Bank
Inrush Current”, Annual International Conference on
Renewable Energy (ICORE), University Negeri Malang,
Malang, Indonesia, August 9-10, 2019.
[8] V. Kuchanskyy, P. Satyam, O. Rubanenko, et al.,
“Measures and Technical Means for Increasing
Efficiency and Reliability of Extra High Voltage
Transmission Lines”, Electrotechnical Review, Vol. 96,
No. 11, pp. 135-141, 2020.
[9] S.M. Sangeeta, M.S. Sureban, “Effect of Pre-Insertion
Resistor on Energization of Long Lines”, International
Journal of Scientific an Engineering Research, Vol. 10,
No. 5, May 2019.
[10] T. Lazimov, E. Saafan, “Transitional Processes at
Switching-Off Capacitor Banks with Pre-Insertion
Resistors”, The MEPS’15 Symposium, pp. 1-4, Wroclaw,
Poland, July 2015.
[11] J.C. Butcher, “Numerical Methods for Ordinary
Differential Equations”, John Wiley and Sons, Ltd., p.
538, New York, USA, 2016.
[12] L.F. Shampine, “Numerical Solutions of Ordinary
Differential Equations”, Routledge, Oxfordshire, p. 632,
England, 2020.
[13] T. Lazimov, E. Saafan, “Influence of Arc Resistance
on Transitional Functions, Stability at Computer
Simulation of Switching-Off Processes”, IEEE PES Asia-
Pacific Power and Energy Engineering Conference
(APPEEC), pp. 1-4, Hong Kong, 2014.
[14] T. Lazimov, E.A. Saafan, “Computational Features
of Numerical Simulation of Some Transitions in Electric

Power Systems”, The 2019 Modern Electric Power
Systems (MEPS), pp. 1-4, 2019.

[15] T. Lazimov, S. Akhundov, “Peculiarities of
Transients’ Simulation in Electrical Circuits”, The
Republican Conference on IT, Vol. Il, pp. 104-107, Baku,
Azerbaijan, 2003.

[16] E. Shim, E. Zaima, “Introduction of Insulation
Coordination for UHV AC Systems”, Journal of
Electrical Engineering and Technology, Vol. 10, No. 3,
pp. 1293-1297, May 2015.

BIOGRAPHIES

Esam Saafan was born in ElI-Mansoura,
Egypt in 1977. He received the B.Sc. and
M.Sc. degrees in Electrical Engineering
from Faculty of Engineering, University
of EI-Mansoura, Egypt in 2001 and

2007, respectively. He obtained the
Ph.D. degree in High Voltage
Engineering in 2012 from Azerbaijan Technical

University, Baku, Azerbaijan. From 2001 to 2012 he
worked in Electrical Engineering Department, University
of El-Mansoura, Egypt as a Lecturer Assistant. Since
2012, he has been a Lecturer in the same university. His
research areas include transitional processes in power
electric systems and their computer simulation, power
systems electromagnetic compatibility.

= Tahir Lazimov was born in Baku,
Azerbaijan in 1955. He received the
engineer qualification in electrical
engineering from the Azerbaijan State
Oil Academy, Baku, in 1977, Ph.D.
degree in high voltage engineering from
the Tomsk Polytechnic Institute, Tomsk,
Russia Federation, in 1989. From 1977 to 2004 he
worked in Power Engineering Research Institute, Baku,
Azerbaijan. In 2004-2020 he was the head of Electric
Power Systems Department in Azerbaijan Technical
University, Baku, Azerbaijan. He has been a Professor of
Azerbaijan State Marine Academy, Baku, Azerbaijan
since 2021. He is the author of about 200 scientific
works. His research areas include transitional processes
in power electric systems and their computer simulation,
power systems electromagnetic compatibility. Prof. T.
Lazimov is IEEE Senior member, the member of some
scientific councils and editorial boards in Azerbaijan and
abroad.



The 18th International Conference on
“Technical and Physical Problems of Engineering”
30 October 2022
International Organization of IOTPE

ICTPE Conference

www.iotpe.com

ictpe@iotpe.com
ictpe0@gmail.com

ICTPE-2022 Number 02

Code 01PES02 Pages 5-8

SOME ISSUES RELEVANT TO MONITORING OF ENERGY SYSTEM

K.A. Suleymanov

Department of Power System Modes, Azerbaijan Research and Design-Prospecting Institute of Energetics, Baku,
Azerbaijan, kamran.suleymanov99@gmail.com

Abstract- Over the past decades, there has been a strong
increase in the load on transmission networks in the
electricity markets. Power transmission systems operate at
their technical limits, thus becoming more susceptible to
instability and cascading failures than before. The annual
increase in power system outages is increasing, so the need
for modern tools for monitoring the situation in power
systems is becoming the most urgent. Modern systems for
regulating the parameters of the operator for online
assessment of the state of the system for regulating its
operation, considering the forecast, have been developed.
This consumption of synchronized vector measurements is
becoming a major trend for power system monitoring.

Keywords: Power System, Agent, SCADA/EMS, PMU,
MAS, Optimal Placement.

1. INTRODUCTION

Recently, according to the requirements of the socio-
economic development of the Republic of Azerbaijan,
over the past 30 years, the installed capacity of power
plants in its energy system has increased by almost 3000
MW and amounted to 7775.3 MW, incl. traditional power
plants 6458.6 MW (without RES). During the same period,
the electricity generation increased from 18.71 billion
kWh to 26.1 billion kwWh. At the beginning of the year,
Gobu power plants with a capacity of 385 MW were put
into operation, the foundations of 920 MW stations were
laid (Yashma CCGT), the implementation of wind farm
projects - 240 MW (ACWA Power contract) and solar
power plants - 230 MW (Macdar contract).

Azerbaijan has a high renewable energy potential,
which is estimated at 26,940 MW (3,000 MW - wind
farms, 23,040 MW - solar power plants, 380 MW - bio,
520 MW - mountain rivers), which allows planning the
production of electricity based on renewable energy by
2030 at the level of 30 % of total electricity production [1].
Along with this, such factors as the concentrated nature of
the network structure of the ES (without extended
overhead lines), the presence in the structure of parts of the
ES that are redundant and deficient in terms of power,
large megacities of production and consumption of electric
energy, functioning in the structure of the ES. Association
and diversification of technological processes for the
production of electric energy (CCGT, GTU, CHPP, HPP,

RES-based power plants, MPP with internal combustion
engines), development of the principles of distributed
generation, the prospect of increasing the share of
electricity generation based on RES generate, along with
positive factors, also have negative ones: load variability,
decrease in the constant inertia of the system, increase in
short-circuit currents, ambiguous effect on the generation
of higher harmonics, the appearance of low-frequency
oscillations, complicating the work of operational dispatch
control and conditions operation of RP and PA, etc. This
affects the state of operational reliability (RL) of the ES,
in particular, such indicators as resilience, controllability
and survivability [2].

The above listed features of the network and power
structure of the Azerbaijan ES, which determine the
requirement for ensuring a high level of the state of the
RN, should also include the functioning of the Azerbaijan
ES in the structure of the Association: the ES of the
Russian Federation (IPS of the SOUTH), Georgia, Turkey,
Iran with the prospect of entering the Intercontinental
level. The capacities of the listed countries are high: IPS
of the South 22,800 MW, Georgia and Turkey 96,439
MW, Iran 85,695 MW, which predetermine the high level
of transit of capacities through the 1/0O structure of the EPS
of Azerbaijan and its unpredictable variability.

In the last two decades, in accordance with the
requirements of development, two major projects were
carried out on the “Modernization of the emergency
automatics of the Azerbaijan system using microprocessor
technology” in 2010 and 2020, as a result of which the
degree of adequacy of the current settings of the
emergency automatics in terms of ensuring LV in static
and dynamic conditions of the action of disturbances, as
well as their sufficiency and location of the UA.

2. OBJECTIVE

At the same time, taking into account the absence of
extended overhead lines in the Azerbaijan EPS, the
presence of a shortage of reactive power and an imbalance
between parts of the EPS, it should be considered the most
probable and mutually related indicators of violations: in
terms of voltage and current. This affects the state of the
launch vehicle and requires the introduction and
development of an innovative Smart-Grid control system,
which is being implemented in many EPSs of the world.
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It implements three main tasks of monitoring and

ensuring regime reliability:

- Monitoring;

- Condition assessment;

- Management.

o Monitoring task:

- monitoring the implementation of restrictions on the
parameters of the system mode, set by the requirements in
accordance with regulatory requirements;

- identification of dangerous mode changes in the direction
of violating the boundaries of the permissible area of mode
parameters and increasing the emergency.

o With the assessment of the state are carried out:

- formation of the current design scheme according to the
ES data;

- analysis of observability;

- detection of gross errors in TI;

- filtering random errors in TI;

- additional calculation of non-measurable parameters.

Based on the data of monitoring and assessment of the
state, control actions are formed in accordance with the
state of the EPS. At the current stage of development and
in the near future, the most important issues for the
monitoring of the Azerbaijani HPP are:

1. Real-time monitoring of the status of the ES based on
the data in the database.

2. Assess the condition of the ES.

3. Mode visualization.

4. Evaluate the “sensitive” points of the ES.

5. Estimation of transmission capacity of lines and
sections.

6. Static stability reserve monitoring.

7. Monitoring of voltage levels.

8. Monitoring the damper characteristics of the system.

9. Monitoring of low-frequency dances and other issues.

The foregoing requires the improvement of the existing
PAC system, which at present, against the background of
the new properties of the developing Azerbaijan EPS, can
show low fault tolerance, lack of adaptability and
coordination, interaction, redundancy of primary raw
information for the dispatcher in emergency and
emergency situations, etc. An analysis of the above, as
well as other systemic accidents, shows that if in the initial
phase the system operator still manages to influence the
processes in the system (by changing generation, limiting
flows, disconnecting consumers) and ensuring
survivability, then in the next phase the main role should
be assigned to the PAH system.

Bringing the PAC system to the new conditions
(properties) of the functioning of EPS and their
Associations is currently being solved in many EPS and
UES of the world on the basis of the implementation of the
Concept of intellectualization (Smart Grid) and the
creation of Intelligent Power Systems (IES), in which an
important place is given to the intellectualization of the
PAC system. The latter is implemented on the basis of
innovative measuring and control systems, such as
SCADA / EMS - WAMS (WAMS, WACS, WAPS) -
MAS. The listed systems are integrated and provided
based on PMU measurements.

The solution to the problem of preventing these risks in
modern EPS is based on the implementation and effective
intelligent use of an integrated information-measuring and
control system (Smart-Grid) [3]:

- SCADA (EMS, DMS, OMS)
- WAMPAC (WAMS, WACS, WAPS)

The systems are well studied and widely used in the ES
of the World and their Associations for the control of
stationary (SCADA) and dynamic (WAMPAC) modes.
SCADA (EMS) is currently being implemented at the
Azerbaijan TPP, covering 7 regional centers of power
plants (21) and substations (70) of the Azerbaijan Power
Plant. As a result of SCADA/EMS measurements, the
following functions are implemented:

Y:[PiQiPijQijUih'ijJ 1)
where, P, Q; are active and reactive power in the ith node;

Rj, Q; are active and reactive power in the ijth branch;
U; is voltage in the ith node; and I, 1;; are currents in the
ith node and the ijth branch, respectively.

As a result of WAMS measurements, the function
Y :[Uifsihj'//id 2
where, Uj; is the voltage modulus of the ith node; Ij; is
the branch current ijth; y; is phase shift; and & is voltage
phase of the i-th node.

The process of monitoring, control and protection is

carried out at a high speed, which is different from
SCADA /EMS in Table 1 [4].

Table 1. Process of monitoring

System types |System shut down time| Duration of event
WAMS Between 100ms-1s From 100 ms up to
several minutes
SCADA Less than 5s Less than 1supto 1 h
EMS Less than 5s Lessthanlmuptolh

The efficiency of the above-described SCADA/EMS -
WAMS system can be significantly increased by using
multi-agent technology (MAS) [5, 6], which makes it
possible to implement:

- Transition from a centralized to a decentralized
(distributed) structure of the PAH system;

- Interaction of elements of the PAC system in the process
of ensuring regime reliability;

- Ensuring the prevention and avoidance functions of
accidents to a systemic level.

Prevention of the development of system accidents,
culminating in a voltage collapse, is solved using multi-
agent technology (MAC), which ensures the interaction of
emergency management tools in real time. MAC is a
distributed network of connected self-regulating regime
hardware software agents that work together to achieve a
common result and based on which can be built electrical
systems with an active-adaptive network. The functioning
of the MAC is implemented by agents that are “smart” due
to the implementation of such technologies as neural
networks, genetic algorithms, fuzzy logic, clustering
algorithms, Bayes’ theorem, etc.
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The operating ARV, RZ, ARS, RPN, etc. are
considered as agents with a reactive structure, they are not
mutually coordinated. Another type includes interaction
based on deliberative behavior in a special language -
FIPA (The Foundation for Intelligent Physical Agents).
Below, using the example of the simplest system “station-
buses-load” (Figure 1), the inclusion and operation of
MAC agents and their technology of action are shown [7].

In Figure 1, the Generator Agent (DN) includes
information about the generators connected to the power
grid. Information about loads is concentrated by means of
the Load Agent (ZIPN). The Prime Agent (RN) includes a
PMU to monitor and measure system parameters such as
current and voltage, as well as network configuration. The
RN agent uses voltage and current to identify the fault, and
monitors the current state of the network through
information from the Y matrix. Protection agent (PR) with
built-in equipment and high voltage circuit breaker (CB)
provides fault isolation.

For simplicity, all PMUs are assumed located at the
nodes of the power system. In this configuration, the group
of Node Agents related to every physical unit model is
represented by an individual subsystem that is physically
linked to others.

Monitor

RN Agent Computa\tion> cCTY

evaluation
for

transient
stability

\A4
Fault RN |« »| ZIPN g
detecti
Full
Dynamic < > power
adaptive system

v

Figure 1. Multi-agents in electrical system diagram “station-line-load”

In Figure 1, there are 4 agents as RN: the main agent
that receives information from the PMU, implements the
transmission of information, monitoring and its
measurements; DN: generator agent; PR: protection agent
(RP); and ZIPN is a load agent. Figure 2 demonstrates the
interactions of agents under perturbation.

The PMU is the main device that performs synchro
phasor measurement and real-time transmission of
information to the SCADA / EMS, WAMS system to
implement  control and  monitoring  functions.
Measurements should be carried out on those elements of
the EPS, the parameters of which determine the state of
operational reliability. These are “weak”, i.e., elements
sensitive to disturbances: load nodes (by voltage), high-
voltage power lines (by thermal overload), intersystem
connections (low-frequency oscillations), SG having a
high rate of interphase mutual oscillations, etc. during
disturbances.

i ' S . -
Generator Tra}]sformer \/ Input Outpuﬂ Bus-3  To utility
H grid
@ 5 ~iLl -
Li CBl Line I
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| Load
DN agent = Dynamic node v
agent ZIPN
DN ZIPN agent = ZIP node Agent
agent agent
RN agent = Root node
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Figure 2. Demonstrates the interactions of agents under

This means that the number of PMUs in a complex ES
can be quite large. Given the high cost, including the cost
of not only the device itself, but also the cost of
information transmission channels, the optimal number of
PMUs placed in the ES should be the minimum number
that ensures complete observability.

3. METHODS

The CLP method is applied to the 500-330-220 kV
electrical network of the Azerbaijan PS, in which there are
36 nodes, incl. 18 nodes in the 500-330 kV network and
18 nodes in the 220 kV network. Decomposition was
carried out according to intersystem connections with RF
power lines (HVL-330 kV Khachmaz-Derbent), Georgian
power plants (HVL-500 kV Samukh-Gardabani, HVL-330
kV Akstafa-Gardabani), Iranian PS (HVL-330 kV Imishli-
Parsabad, VL -330 kV Imishli-Tagi Dize) [8].

Those. To ensure full observability, PMUs must be
installed in 10 nodes (28% of the total number of nodes)
of the ES. In the nodes adjacent to these nodes, the
observability is provided by calculations based on
measurements of voltages and flows from installed PMUs.
If the cost of one channel is 1 cu, then in accordance with
the recommendation, the cost of placing a PMU is 48 cu.
Observability in the nodes of intersystem communications
with the Georgian ES and the Russian ES is provided by
calculation (either along the branches from the PMU in the
neighboring nodes of the Azerbaijan ES, or the
corresponding neighboring ES.

Voltage phase measurements at the ends of the lines of
the main sections of the transmitting part allows you to
monitor the throughput and static stability margins in real
time. Integration of PMU measurement data installed on
the voltage busbars of the AzTES-500 kV station, Jenub-
220 kV, Shirvan-220 kV, as well as data obtained by
calculation on the voltage busbars of the AzTES-330
station kV Sumgayit-220 kV and Shimal-220 kV with
information from SCADA/EMS systems in the same
nodes makes it possible to monitor dynamic processes
under large disturbances.
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4. CONCLUSION

An analysis of the network and power structure of the
Azerbaijan EPS, the prospects and nature of development,
shows that the most likely and significant in the event of a
disturbance may be a violation of voltage stability. The
structure of both components includes an integrated PAH
system:  SCADA/EMS-WAMS-MAS  fed  with
information from the PMU synchrophasor measurement
device. A recommendation is presented for installing the
required number of PMUs in a 500-330-220 kV network
that satisfies the requirements for optimality and
observability.
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Abstract- Lack of development in the manufacturing
sector to meet the growing demand for electrical energy
highlighted the need for economical use of the ultimate
capacity of current systems in different operating
conditions. This paper presents a multi-strategy
optimization  process  organized using  modern
compensation devices including shunt and series FACTS
devices, and demand management program. With the aim
of achieve the practical optimal solutions, it is necessary
to consider the real system conditions in the optimization
process. One of the important conditions affecting the
behavior of the power system is the nature of the
uncertainty of electrical loads. The multi-strategy
optimization process allows the study of load
uncertainties on the capacity of the compensating devices
and demand response programs as well as the associated
costs for a wide range of operating conditions. Also,
designing and adopting different strategies for selecting
suitable multi-objective functions in the proposed
optimization  process, ensures the simultaneous
improvement of technical and economic indicators of the
power system in a competitive market. Another important
feature of this article is the analysis of data obtained from
optimization processes in making the optimal decision
foe perfect management of the power grid. Furthermore,
in order to strengthen optimization processes
evolutionary algorithm is applied to them. Simulation
programs are performed in MATLAB and PSAT
environments on the standard IEEE 30-bus test network.

Keywords: Demand Management Program, Shunt and
Series FACTS Devices, Economic Optimization,
Technical Optimization, Multi-Objective  Function,
Power Loss, System Loadability, Voltage Static Stability.

1. INTRODUCTION
Uncertainty of electrical loads as an inevitable factor
in power grids shows decisive effects on the results of
optimization processes. Achieving important economic
goals in competitive electricity markets is often
impossible  without  considering the uncertainties
conditions of electric loads in optimization processes.

In this regard, organizing the presented multi-strategy
optimization process provides the possibility of auditing
the effects of load uncertainty over a broad range of
operating situations. Thus, the implementation of the
multi-strategy optimization process in the presence of a
variety of shunt and series FACTS compensators, and
demand management program individually and in
combination. In addition, assessing the impact of errors
and uncertainties in each of these situations, create a
strong control system for optimal operation of the power
system. Another important aspect of the multi-strategy
optimization process is the use of a variety of multi-
objective technical and economic functions tailored to the
operating conditions of the system. In addition, increased
response times of the multi-strategy optimization process
to achieve optimal solutions in an acceptable amount of
time employs an evolutionary algorithm. The
implementation of the evaluation and selection method of
the Pareto front is guaranteed.

In reference [1] based on the concept of flexible
pricing of demand; the customer benefits from an
economic model of price/incentive responsive loads as
presented. A combination of flexible alternating current
transmission system (FACTS) devices and demand
response (DR) were added on transmission lines to
manage the power in a restructured market environment
[2]. In reference [3] using optimal location and rating of
single TCSC in the system, a new optimization method is
presented based on an objective to minimizing the device
investment cost and maximizing the social welfare.
Reference [4] proposes an electricity market strategy
under conditions of uncertainty, including distributed
generators, renewable power generators, and load support
units. The predominant methods for power system
operations are to manage the uncertainties caused by
large-scale integration of renewable energy and active
load demand are discussed [5]. In reference [6], the
optimal location and capacity of the demand response
program has been determined using multi-objective
function. In reference [7], to achieve minimum power
losses and maximum voltage static stability, the optimal
capacity and location of a TCSC have been targeted.
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In reference [8] synthesizing thyristor-controlled
phase shifter and flexible AC transmission systems
(FACTS) devices, namely, thyristor-controlled series
capacitor was applied for solving the optimal power flow
(OPF) in the electric power system. In reference [9] the
optimal capacity and location of shunt FACTS devices
have been determined by the use of genetic algorithm.

In reference [10] the outcomes of uncertainty in
prognosticating the wind farm's power output in on
location of marginal price in the market have been
analyzed. The presented procedure maximizes the social
welfare. Simultaneous application of shunt and series
FACTS compensators, and demand management program
(DR) for purpose of improvement multi-purpose function
using evolutionary algorithm is investigated [11].

In reference [12] the importance of demand response
program to deal with the out-of-tolerance conditions and
control of costs are investigated. The generation capacity
expansion in a multi-stage embedded strategic generation
companies has been studied using a new framework [13].
In reference [14] a bi-level model including binary
variables in both lower and upper levels has been
proposed and solved by applying a personalized
decomposition and reformulation algorithm. Some ideas
for future research have been proposed based on
reviewing different research works on DR optimization
problems [15].

In [16] new methods for optimal allocation of DR,
series and parallel FACTS devices considering both the
technical and economic criteria are presented. The impact
of the set of lateral conditions on the flexible optimization
process is solved in a complex manner considering
technical and economic indices for various multi-
objective functions. This is according to the current needs
of the system [17]. The major purpose of this study is to
evaluate the efficiency of shunt and series FACTS
compensators, and demand management program to
optimizing multi-objective function and comparing them
to enhance technical and economic indices for reaching
the use of the ultimate capacity of current systems.

In reference [18] the efficiency of shunt and series
FACTS devices, and demand management program in
optimizing multi-objective function and improvement of
technical and economic indices to meet the use of the
ultimate capacity of current systems have been evaluated
and compared. This paper is arranged as follows. In the
next section, optimization approaches are classified
according various operating scenarios of the power
system. The third section deals with designing of multi-
strategy optimization process. In the fourth section, data
analysis and recommendations are made. Fifth section
presents our conclusions.

2. CLASSIFICATION OF OPTIMIZATION
APPROACHES
The approach to solving optimization problems in
power systems is highly dependent on the operating
conditions and current needs of the system. This includes
low load and peak load conditions, normal and fault
conditions as well as load uncertainty.

10

In this way, depending on the mentioned conditions,
the targets of the objective function such as reduction of
loss, system loadability enhancement, voltage stability
improvement and reduction of compensation costs can be
selected. In this research, optimization approaches are
classified as shown in Table 1. As can be seen from the
table, in the case of low load, the approach of loss
reduction, voltage stability improvement and costs
reduction are targeted.

While in peak load conditions, in order to prevent
blackouts, regardless of losses and compensation costs,
the approach of system loadability enhancement and
voltage stability improvement is a priority. It is worth
noting that the choice of compensation equipment or the
use of load response program and their individual or
group implementation provides the multi-strategy
property of the optimization process. Also, all classified
approaches and strategies are implemented for normal /
fault conditions, as well as fix loads / load uncertainty
conditions. In the next section designing and applying of
categorized approaches and strategies are described. The
most important advantage of these classifications is to
help the system operator to make the best decision in
order to achieve the maximum potential and benefits of
technical and economic opportunities.

Table 1. Approaches Classification

All approach repeated for
Normal / fault & fix load / load uncertainty
Approaches Classification
= c | o
(<) B
= | 2| E
s g|lo | B S| 2| ¢
E| 2|0 Q|8|E|8S
Operation | 3 | 5 | & T e8| 8 g N
Conditions 2 - o |3 | 2|2 |2E
1%} = ] = = o] =]
g = - © g o | £ g
= 2 n g & £ £
o (a) [s] [5]
g g e
S [
Low Loads * * *
Low Loads * * *
Low Loads * - - - * *
Low Loads * * * * *
peak Loads - * * - *
peak Loads * * *
peak Loads - * - - * *
peak Loads * * * * *

3. MULTI-STRATEGY OPTIMIZATION DESIGN

With the aim of achieve the practical optimal
solutions, it is necessary to consider the real system
conditions in the optimization process. develop the
optimization process and to achieve optimal solutions in
accordance with the needs of the real power system in all
operating conditions, the multi-strategy optimization
process is developed. This process provides the
possibility of examination and evaluation of the influence
of load uncertainty on electric power system effectiveness
in various operating scenarios.
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Figure 1 shows the block diagram of multi-strategy
optimization process. To compare the effect of
uncertainty loads on optimal answers; initially the
possibility of choosing one of two fixed or uncertain
modes for loads is considered. Here the scenario method
is used to enter uncertainty conditions in the process.

g
I Fix Loads " Load Uncertainty I

l Determain Operational Condition I
I Power system requirement I

Select Suitable Multi-Objective function

n

4

N O EE R Em o B O EE O EE E ay,

e . *

. Multi - Strategy \
' I Technical JLEconomic-Technical I |
| U .
. l Compensator Selection I I
I : .
I FACTS | | FACTS || | Response .
. |
| Evolutionary Algorithm |
| Pareto Front Evaluation & Selection :
. Method I

\ . y,

L R B B R g

l Optimal Solutions |
Optimal Location
Optimal Capacity
Optimal A
Optimal PL
Economical Cost

Economical Price of DR

N\

Comparative analysis of data

I Main Considerations I

System Available Customer
Information Sources Interests

-

Make The Best Decision

Figure 1. Multi-strategy optimization process flowchart
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The mathematical model of the scenario method is
performed as Equations (1) and (2).

n
> PLopr (Loads x KS;)
_ =1
=

PL

)

n

Zn: Jopt (Loads x KS;)

_ i=1

o - @

In the second step for normal or fault operating
conditions of system are determined. The choice of fault
conditions changes in the network topology. By
determining the initial conditions in the third stage; the
essential needs of the power system can be defined. In the
next step the multi-objective functions are determined
based on the operator's interests and power system
priorities. Using the multi-objective function ensures the
simultaneous improvement of several power system
parameters. Also, by defining the objective function and
requirements of the power system, the design of the
multi-strategy optimization process is initiated. The
application of this process outlines various paths to
achieve the desired outcome. This provides the possibility
of having the most appropriate optimal answers in
accordance with the needs of the system. The next stages
are based on the initial analysis and the problem-solving
approach can be selected between the technical approach
and the technical-economic approach.

In the technical optimization approach, regardless of
the compensation costs, achieving the maximum
improvement of the objectives set by the system operator
is desired. As shown in Equation (3), the multi-objective
function ensures the simultaneous improvement of
important power system parameters.

F(4,PL) = (Anew —40)max & (PL)min ®)

In technical-economic optimization, the required
improvement of the system index is determined by the
operator based on the needs of the network. In this case,
reaching the specified set point with the minimum
compensatory capacity is carried out. The general form of

the multi-objective economic-technical function is
represented using Equations (4) and (5).

F(PL! CCompensator) = (|PLNEW - I:)I-Set |)min & (4)
& (CCompensator )min

F(/l, CCompensator) = (MNEW - ﬂSet |)min & (5)

& (CCOmpensator )min

The multi-strategy optimization process allows the
desired results to be achieved utilizing different shunt and
series FACTS devices, and demand management
program, individually or any desired combination of
them. Following stage’s locations allow the installation of
compensating equipment or demand response program. In
addition, the range of capacity change for each the
mentioned options are determined. The general figure for
determining the range of location changes and the
capacity of series compensating devices is shown in
Equations (6) and (7), respectively.
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The multi-strategy optimization process allows the
desired results to be achieved utilizing different shunt and
series FACTS devices, and demand management
program, individually or any desired combination of
them. Following stage’s locations allow the installation of
compensating equipment or demand response program. In
addition, the range of capacity change for each the
mentioned options are determined. The general figure for
determining the range of location changes and the
capacity of series compensating devices is shown in
Equations (6) and (7), respectively.

Lseries :{LS |1< Ls <Lpa + Ls e{UPL}} (6)
_KS X XLine < XSeries K2 x >(Line (7)
where, Lggies 1S collection of candidate locations for
installation of series compensating devices, Lg is line

number of installation place of series compensating
devices, Lgmax iS the largest line number in the network,

Xseries IS range of reactance changes of series
compensating devices, X, IS reactance of the desired
transmission line, K; is fixed coefficient to determine the

maximum series compensator reactance in inductance
mode, K, is constant coefficient to determine the

maximum series compensator reactance in capacitive
mode and UPL is a set of lines in which it is not possible
to install series compensating devices

Equations (8) and (9) show the general shape of the

<

range of location and capacity of the parallel
compensating devices, respectively.

Braratel :{BP |1<Bp <Bpax + Bp é{UPB}} 8
_QmiFr)1U < QP SQma’:(u (9)

where, Bparaner 1S @ set of candidate buses for the
installation of parallel compensating devices, Bp is bus
number for installation of parallel compensating devices

Bax IS the largest bus number in the network, Qp is

range of changes in the capacity of parallel compensating
devices, Q.,;, is maximum parallel compensator capacity
in induction mode, Q. IS maximum parallel

compensator capacity in capacitive mode and UPB is a
set of buses in which it is not possible to install parallel
compensating devices.

The general figure for determining the range of
capacity and location changes of the demand
management program is shown in Equations (10) and
(11), respectively.

BDemand Response :{BDR |l§ BDR < Bmax

Bor €{PQ} , Bpg ¢ {UPDR}}
0< Spr <KgxSgys
where, B

(10)

(11)

Demand Response 15 @ S€t Of candidate buses for

implementation of Demand Response program, Bpg is

bus number for implementation of Demand Response
program, B, is the largest bus number in the network,

Spr is range of changes in the capacity of Demand
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Response program, Sgys IS apparent power of the
desired bus, K; is constant coefficient to determine the

maximum capacity of the demand response program and
UPDR is a set of buses in which it is not possible to
implement a demand response program

In the next step a genetic evolutionary algorithm is
used to achieve optimal answers in an acceptable time.
The loop of multi-objective function optimization the
process at each iteration requiring evaluation and
arranging multifaceted answers. This is achieved by
implementation of the Pareto front assessment and
selecting method. Utilizing this method; the output of the
multi-strategy optimization process, instead of an optimal
solution, a set of optimal solutions are obtained in the
form of the Pareto front. Finally, on the basis of the
outcomes of comparative analysis, the operator of system
makes the best decision taking into account the needs of
the power system and predetermined goals.

4. DATA ANALYZING AND MAKE
SUGGESTIONS

This paper, provides a robust optimization process for
solving electric power system problems in a broad range
of loads conditions and system operation. Approaches
appropriate to current needs are also identified. In this
part, by comparative analysis resulting from optimal
solutions for different strategies of improved control of
compensators is shown. The following are examples of
the calculated results obtained. are presented. Table 2
shows the comparative analysis of the optimal solutions
obtained from the technical optimization approach.
Simultaneous adaptation of series and parallel FACTS
devices along with the demand response program in
normal and fault conditions as well as for constant loads
and uncertainty loads conditions for eight various
approaches are part of the strategy.

As can be seen in Table 2, considering the load
uncertainty conditions in all defined methods reveals the
range of potentials of the system and causes more power
loss reduction and improvement of system loadability and
static voltage stability. Also, with adoption of the strategy
of simultaneous implementation of three equipment, it is
concluded the reduction of losses up to PL = 0.0315 and
the increase of system load capacity up to 4 = 6.1389. A
comparative analysis of the loss reduction index for the
simultaneous installation strategy of series and parallel
FACTS devices along with load response program for the
four most widely used approaches is shown in Figure 2.
The blue dashed circle shows the system losses before
compensation. As shown in the diagrams, in all adopted
approaches, the multi-strategy optimization process
ensures reduction of the loss index. The curves also show
that the solutions resulting from the optimization of the
multi-objective function in the form of Pareto front
impose more power losses on the system at peak load
conditions while focusing on increasing system
loadability. The large range of changes in the loss
reduction index proves the applicability of the presented
multi-strategy optimization process.
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Table 2. Sample strategy of simultaneous implementation of shunt and
series FACTS devices along with demand management program

. | Approaches in accordance with different operating conditions of the
3 system

g

z| @ T ~ ~ o g ~ <

SlE|s|e |3 |&|s |53

Gl z |z |z |2 | |d|w|w

1 ]10.0958 | 0.1007 | 3.3941 | 4.1355 | 0.0434 | 0.0419 | 3.0233 | 3.7529
2 | 0.202 |0.4371|4.0816 | 5.57 |0.0434 |0.0349 | 3.0279 | 3.6441
3 [0.0411 | 0.2855 | 2.9152 | 5.0777 | 0.2915 | 0.0452 | 3.9177 | 3.8441
4 |0.4649 | 0.4296 | 4.7638 | 5.5511 | 0.2365 | 0.0422 | 3.8368 | 3.7835
5 10.0754 | 0.099 |3.2454|4.1296 | 0.292 |0.0487 | 3.9968 | 3.854
6 |0.0791 | 0.3727 | 3.3069 | 5.3708 | 0.4326 | 0.0741 | 4.3456 | 4.1439
7 | 0.045 | 0.2769 | 3.0891 | 5.0475 | 0.4375 | 0.0516 | 4.3537 | 3.936
8 10.0802 | 0.0769 | 3.378 | 4.036 |0.2241 |0.3875 | 3.7352 | 5.4523
9 10.2867 | 0.1563 | 4.2868 | 4.4011 | 0.0961 | 0.3844 | 3.4066 | 5.4206
10 [ 0.1227 | 0.3224 | 3.4979 | 5.1965 | 0.1534 | 0.3829 | 3.6611 | 5.4196
11| 0.051 |0.0315 | 3.2309 | 3.5847 | 0.4326 | 0.051 |4.3494 | 3.9048
12 - 0.219 - 4.8604 | 0.167 |0.2893 | 3.6842 | 5.3738
13 - 0.1935 - 4.7744 | 0.3374 | 0.3876 | 4.2638 | 5.4736
14 - 0.0315 - 3.5835|0.3325 [ 0.2817 | 4.1123 | 5.3267
15 - 0.1372 - 4.3374 | 0.2541 | 0.0525 | 3.9072 | 3.991
16 - 0.107 - 4.2621(0.1074 | 0.1744 |1 3.4781 | 4.94
17 - 0.1058 - 4.2563 | 0.2256 | 0.0326 | 3.8008 | 3.6285
18 - 0.1108 - 4.287 |0.4397 | 0.0497 | 4.631 | 3.9024
19 - - - - 0.2931 | 0.3877 | 4.0213 | 5.4744
20 - - - - - 0.2335 - 5.0259
21 - - - - - 0.5616 - 6.1389
22 - - - - - 0.1443 - 4.6347
23 - - - - - 0.128 - 4.5565
24 - - - - - 0.1034 - 4.4089
25 - - - - - 0.2738 - 5.2228
26 - - - - - 0.0435 - 3.8286
27 - - - - - 0.0574 - 4.1087
28 - - - - - 0.0574 - 4.028
29 - - - - - 0.3868 - 5.4398
30 - - - - - 0.4443 - 5.6155
31 - - - - - 0.1297 - 4.5697
32 - - - - - 0.5103 - 5.8092
33 - - - - - 0.0737 - 4.1417
34 - - - - - 0.13 - 4.5827
35 - - - - - 0.4408 - 5.6002
36 - - - - - 0.1518 - 4.6772
37 - - - - - 0.3847 - 5.4225
38 - - - - - 0.1639 - 4.7402
39 - - - - - 0.2372 - 5.035
40 - - - - - 0.0349 - 3.74
41 - - - - - 0.0743 - 4.2351
42 - - - - - 0.2723 - 5.1937

The comparative analysis of the optimal solutions for
the four main approaches of the power system to improve
the loadability index and increase the voltage static
stability is shown in Figure 3. Blue dashed circle displays
the system loadability index before compensation. As can
be seen in the diagram, the multi-strategy optimization
process for all approaches strongly increases the
loadability index, even during significantly reduction in
loss index. Optimal responses in accordance with the
change in increasing the system loadability at sharp
points of the curves in all approaches are introduced as
the best option to prevent global blackouts. Table 3
compares the results obtained for different strategies for
the purpose of optimize the multi-purpose function in
widely used approaches.

Table 3 shows the optimal capacity and location for
the installation of each device and the relevant cost. In
this table, the goals of 4 = 2.6 and PL = 0.0450 are
designated by the operator of system in accordance with
the needs of the electric power system. As can be seen in
Table 3, a specific strategy is not always the best strategy
for all approaches. In this way, due to the large difference
in costs, the advantage of using the proposed multi-
strategy process is confirmed. Another advantage of
using the multi-strategy optimization process is
determining the optimal location and capacity of the
demand response program and its price based on the
strategy with lowest obtained cost.

Power Loss

—Approach 1 (N- Fix-PL)
—Approach 2(N-Un-PL)
——Approach 3 (E - Fix-PL)
——Approach 4 (E-Un -PL)
= Before Compensation - PL

Figure 2. Comparison of loss reduction index in different approaches

20

21 . 23
—Approach S(N - Fix - %)
—Approach 6 (N-Un -})
——Approach 7 (E - Fix - 2)
——Approach 8 (E - UN-3)

= =Before Compensation - j

Figure 3. Comparison of system loadability index in different
approaches
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Table 3. Sample outputs of multi-strategy optimization process

Strategy 1 | Strategy 2 | Strategy 3
Strategy Series Parallel | Demand
FACTS FACTS Response
o | > [ > | >
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5. CONCLUSIONS

Different approaches to increase the productivity of
power systems were developed and presented based on
different operating conditions and a broad range of load
changes, utilizing different problem-solving technics in
the form of a multi-strategy optimization process. In the
technical optimization approach for peak load conditions;
the use of the ultimate capacity of current systems
regardless of the installation capacity of compensating
devices and related costs, the concurrent improvement of
the major indicators of the electric power system
including loadability enhancement, improvement of
voltage static stability and loss reduction was achieved.
Also, the results obtained from the technical optimization
approach in low load conditions ensured maximum loss
reduction while maintaining the system loadability index.
The outcomes, denote the advantages of the proposed
different strategies in optimization of multi-objective
function. In the economic-technical optimization
approach, achieving the pre-determined set point by the
operator with the least installation capacity of
compensating devices and minimum costs are presented
by implementing different strategies.
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The sharp differences in costs incurred for the
different adopted strategies proved the importance of the
proposed multi-strategy optimization process. Finally, in
this paper, the development of the optimization process
and the classification of approaches and strategies
provides a model for rising the power system efficiency
by considering a broad range of real operational
conditions and using other modern compensators.
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Abstract- A calculation method has been developed and
the choice of the stator winding of a two-speed
asynchronous generator of a wind electric installation has
been carried out. The connection diagrams of the stator
winding are considered when switching the number of
poles in a ratio of 2:1. A thyristor system for switching
the stator winding of a two-speed asynchronous generator
of a wind turbine has been developed. The use of a three-
phase thyristor commutator for switching the stator
winding of a two-speed asynchronous generator for
starting a wind generator in a motor mode, which
becomes necessary at low wind speeds (2.5-3.5 m/s), is
proposed. The mechanical characteristics of a two-speed
machine with a 2:1 switching of the number of poles at a
constant torque and at a constant power are obtained.

Keywords: WEI, TSAG, Thyristor, Switching,
Commutation, Starting moment, Modeling, PPCS.

1. INTRODUCTION

The use of wind energy in recent years is the most
widespread. Local placement of wind turbines, ease of
installation of the mechanism and application are clear
advantages over conventional energy sources. A wind
electric installation (WEI) or a wind generator is
installation that converts the kinetic energy of the wind
flow into the mechanical energy of the rotor rotation with
further conversion into electrical energy. Wind turbines
(or wind power plants - wind turbines) are classified as
renewable energy sources. They are distinguished from
traditional sources that generate electrical energy by the
absence of raw materials and waste, they can operate in a
wide range of environmental conditions: 100% humidity
and temperatures from -40 to +85 °C. The only
requirement is a high level of wind.

Wind electric installation have number of advantages,
which leads to their widespread use. These advantages
are:

1. Full renewable energy is used. When the sun
influences, there is a constant movement of air flow in the
atmosphere, the creation of which does not require
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extraction, transportation, or combustion of fuel. The
source is fundamentally inexhaustible.

2. Under the action of wind turbines, harmful emissions
are completely absent. Therefore, this installation is
considered environmentally friendly.

3. The use of wind turbines is mainly justified for isolated
places.

4. When a WPP is put into operation, the price of a
kilowatt-hour of generated electrical energy is
significantly reduced.

5. Variable speed wind turbines able to tune into the
wind. At the same time, the regulation of the rotation
frequency relative to the wind speed is carried out in such
a way as to achieve maximum power generation, etc.

To increase the efficiency of wind application,
stepwise speed control began to be used. To do this, two
windings with a different number of pole pairs are placed
in the generator stator. At the lowest wind speed, in order
maintain optimal speed, a low speed of rotation of the
wind wheel is used and the winding with the largest
number of pole pairs is included in the generator. When
the wind speed rises above a certain limit, it switches to
the smallest value of the number of pole pairs and an
increase in rotation speed is allowed.

Two-speed wind electric installations are widely used,
so their circuit is quite simpler than circuits with
converters [1]. The use of DAG makes it possible to
increase the generation of electrical energy at low wind
speeds from 3.5 to 5 m/s. Consider the advantages of a
two-speed generator used for wind turbines
Advantages:

1) Low noise level

2) Minimal vibration

3) High performance

4) High starting torque

5) Simplicity and reliability of design
6) Ability to work at two speeds

Since the rotation speed depends on the wind, it must
be regulated. Step speed control is important for wind
turbines. Therefore, at present, two-speed asynchronous
generators are widely used in wind electric installations

[2].
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2. SELECTION OF THE STATOR WINDING OF A

TWO-SPEED ASYNCHRONOUS GENERATOR

The case is considered when the number of poles of
the stator winding changes in the ratio 2p:/2p,=8/4=2:1.
In this case, each phase of the stator winding consists of
two parts, each of which has an equal number of coil
groups. When both parts are flowed around by currents in
the same direction, a magnetic field arises with large
number of poles; when changing the direction of the
current in one of the parts, the number of poles is reduced
by half.

Such switching of the current direction should be
carried out in all phases at the same time, and the
switched parts of the winding can be connected in series
or in parallel. The winding pitch in the tooth division for
both numbers of poles, and the width of the phase zone,
which occupies the sides of each coil group, are the same.
But since the pole division t changes twice when the
number of poles is switched, the phase zone in electric
degrees and the relative pitch of the winding also change.
With a small number of poles, the phase zone is a=60°,
and with a double number a=120° [3].

The most widely used 2:1 connection scheme
(Dahlander's scheme) are shown in Figure 1. Star -
double star circuits (Figure 1a, 1b) provide switching at a
constant torque, and triangle - double star circuits, which
are shown in Figure 1c, 1d at approximately constant
power. As can be seen from the diagrams that are shown
in Figure 1, when moving from a low speed to a high
speed, the direction of the current changes in half of the
half-windings of the stator phases. In order for the
direction of the field growth to remain unchanged in this
case, it is also important to switch the ends of the 2
phases of the winding [4].
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Figure 1. Fundamental schemes of the connection of the stator winding
when switching the number of poles in a ratio of 2:1

For these circuits, we can consider the ratios of
powers P, and moments M in a simplified form (1, 2).
Linear voltage Uy, current I, in each half-winding of the
stator phase, efficiency # and cosg remain constant (3, 4).
In this case, for the circuits shown in Figure 1a, 1b, we
have:
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For the schemes shown in Figure 1c, 1d, we have:
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In these equations index 1 means lower frequency
rotation and index 2 higher frequency rotation. When
applying the schemes that are shown in Figure 1c, 1d, as
a rule, the same power is indicated for both speeds, i.e.,
accepted that P, =P, and M, =0.5M, . A variant of a

two-speed asynchronous generator is calculated, in which
the power ratio is 13/18 kW, as you can see,

P - L

—12 _1.385>1, therefore, the stator winding circuit is
11

chosen according to Figure 1a, 1b. Rated linear voltage
U,=380V.

3. CONTACTOR SYSTEM OF SWITCHING IN
STATOR WINDING OF A TWO-SPEED
ASYNCHRONOUS GENERATOR OF A WIND
ELECTRIC INSTALLATION

A contactor is an indispensable device in situations
where it is necessary to frequently switch electric current.
It allows you to close and open the circuit up to several
thousand times per hour. At the same time, the contactor
has both electrical and mechanical wear resistance. To
perform its function, the contactor must have a simple
and reliable design. Of course, some items may differ
from model to model. This mainly concerns the number
and appearance of contacts and coils. But in general, the
internal structure of the contactor has a standard design.
So, the main elements of the contactor include:

1) Electromagnetic system;

2) Main contact system;

3) Auxiliary contact system (block contacts);
4) Extinguishing system.

The first circuit is implemented on contactors and is
shown in Figure 2. It works in the following way. At the
first stage (at wind speeds 5.0 < v < 5.5 m/s), contactors
K2 and K3 are off, and contactor K1 is on.

In this case, as can be seen from the figure, two equal
parts of the stator winding are connected in series, and
terminals A, B, C are connected to the electrical network
through the closed contacts of contactor K1. Thus, the
asynchronous generator of a wind electric installation
generates electrical energy and delivers it to the electrical
network to consumers [5].

At the second stage (at wind speeds v > 5.5 m/s), the
contactor K1 is turned off, its contacts open and the stator
winding is disconnected from the electrical network.
Following this, commands are given, which are generated
by the microprocessor control system of the wind turbine,
to turn on the contactor K2, and then the contactor K3. In
this case, the conclusions A, B, C are closed to each
other. The stator winding circuit of an asynchronous
generator takes the form shown in Figure 1b.
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Figure 2. Contactor scheme of switching the stator winding of a two-
speed asynchronous generator of a wind electric installation

As a result, the number of stator winding poles is
halved. In this case, the rotational speed of the shaft of
the asynchronous generator was increased by the wind
turbine to the appropriate value, that is, more than 1500
rpm by the amount of slip. It should be noted here that
the commands for switching the stator winding of the
asynchronous generator and its connection to the
electrical network are issued after the generator shaft
speed is brought by the wind turbine to the appropriate
value (in the first stage, more than 750 rpm, and in the
second stage, more than 1500 rpm). Once again, we note
that the control commands for switching the stator
winding of an asynchronous generator are generated by
the wind turbine control system.

4, THYRISTOR SYSTEM OF SWITCHING THE
STATOR WINDING OF A TWO-SPEED
ASYNCHRONOUS GENERATOR OF A WIND
ELECTRIC INSTALLATION

The above contactor scheme for switching the stator
winding of an asynchronous generator has a number of
disadvantages:

- high cost;

- large dimensions and weight;

- high power of control signals;

- poor compatibility with the microprocessor control
system.

The thyristor circuit for switching the stator winding,
shown in Figure 3, does not have these disadvantages.

In addition to the functions of switching the stator
winding, it can perform a number of new functions. The
most important of them is the ability to regulate the
voltage in the electrical network. This function can be
very useful when the wind turbine is running in motor
mode, more specifically when starting the input of the
wind turbine. This will be discussed in the following.

Network
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Figure 3. Thyristor scheme of switching the stator winding of a two-
speed asynchronous generator of a wind electric installation

The principle of operation of a thyristor pair in phase
is known. Each thyristor passes the corresponding half-
wave of the AC voltage when the following conditions
are met:

- the presence of a positive potential at the anode;
- supply of a pulse with the appropriate parameters to the
control electrode.

By placing two back-to-back thyristors in each phase,
we will switch a three-phase AC circuit. In addition to
switching the stator winding to change the number of
poles, the thyristor system according to Figure 3 (we are
talking about blocks T1 and T3) can also perform much
more effective protection of the stator winding in the
event of a short circuit or other damage than the contactor
scheme.

5. APPLICATION OF A THYRISTOR SYSTEM FOR
SWITCHING THE STATOR WINDING FOR START-
UP OF A WIND ELECTRIC INSTALLATION

In practice, at wind speeds of 2.5-3.5 m/s, the wind
turbine does not come into rotation. The reason for this is
that the torque generated by the wind turbine is not
sufficient to overcome the so-called starting torque of the
wind turbine. The wind speed range of 2.5-3.5 m/s is
observed very often (according to some sources,
approximately 30-35% of the annual duration). The
generation of electrical energy at these speeds would be
very important.

This paper proposes to overcome this shortcoming. It
is a so-called motor start-up of a wind turbine. We are
talking about the fact that the wind generator is
transferred to the motor mode of operation for a very
short period of time. When starting off after a certain
number of revolutions, the moment of resistance of the
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wind turbine abruptly decreases. Thus, as soon as the
wind turbine shaft starts to move, the wind turbine picks
up the rotation and then starts to work independently in
the normal mode.

It is recommended to use the motor mode of operation
of the wind generator at a low synchronous frequency of
rotation of the generator (in our case, 750 rpm, 2p = 8).
To do this, in the developed system for switching the
number of poles of the stator winding according to Figure
3 thyristor switches T2 and T3 are opened, and T1 is
closed. In this case, the mains voltage is applied to the
stator winding of the asynchronous generator and the
machine starts to rotate [6].

As you know, the initial starting current of an
asynchronous motor reaches a value of 5 - 7 rated current.
To eliminate the negative value of such a large current
surge, it is proposed to reduce the voltage supplied to the
stator winding using the T1 thyristor unit, switching it to
the voltage regulator mode. To do this, the thyristor unit
is equipped with a pulse-phase control system (PPCS).

With the help of PPCS, the thyristor control angle is
changed, by selecting the value of which it is possible to
limit the starting current to an acceptable value. At the
same time, in blocks T2 and T3, the use of such a system
is not required [7].

6. SIMULATION RESULTS
Using the program and according to the calculation,
Figure 4 shows the mechanical characteristics were.

b)
M

a)
A
M

M=const A P,=const

n2

>

\ &

Figure 4. Mechanical characteristics of a two-speed machine with a
ratio of 2:1 switching of the number of poles (a) at a constant torque,
and (b) at a constant power

7. CONCLUSIONS

The use of a two-speed asynchronous generator in a
wind electric installation can significantly increase the
wind utilization factor (ultimately, the plant efficiency),
which is especially important at low wind speeds. This
allows you to significantly increase the annual production
of electrical energy. Thanks to the thyristor switching
circuit of the stator winding, more effective protection of
the stator winding from short circuit is provided. The
development of a thyristor system for switching the stator
winding of a two-speed asynchronous generator for
starting a wind generator in a motor mode improves the
operation of a wind turbine at low wind speeds (2.5-3.5
m/s).
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APPENDIX

The dependences of current, efficiency and slip on P,
are called operating characteristics. These quantities can
be calculated analytically or found from a pie chart. For
analytical calculation, we will use the formulas that are
used in determining the nominal values of r,1;,S,cosg
using these formulas, we calculate the values for
0.25P,; 0.5R,; 0.75P,; 1.25P,, which we are interested
in. It is necessary to take into account the fact that when
calculating additional losses, efficiency values are
conditionally taken. The result of the calculation is
entered in Tables 1 and 2.

Table 1. Calculation result for 2p=8 characteristics

Output power in fractions of the nominal

Conventions

025P, | 05P, | 075P, | 1.0P, | 1.25P,

P, kKW 3.25 6.5 9.75 13 16.25
I, A 7.9 10 12.9 16.1 205
cos 0.44 0.65 0.75 0.82 0.81
7, p.U. 0809 | 0.864 | 0.870 | 0.862 | 0.840

Table 2. Calculation result for 2p=4 characteristics

) Output power in fractions of the nominal
Conventions| 55 | 05p, | 075P, | 1.0, | 1.25P
P,, kW 45 9 135 18 225
I, A 9.7 16.6 24.4 33.2 43.4
Cos ¢ 0.81 0.90 0.93 0.94 0.92
1, p.U. 0.858 0.894 | 0.893 | 0.879 0.855
NOMENCLATURES
1. Acronyms
WEI Wind Electric Installation

TSAG
PPCS

Two-Speed Asynchronous Generator
Pulse-Phase Control System

2. Symbols / Parameters
I, : The line current value

I, : The phase current value

M : The moment

P, : The value of the power supplied to the machine

P, : The value of useful power

S : The full power

n, : The rotation frequency

cos ¢ : The power coefficient

n : The efficiency

I, : The stator current

U, : The line voltage

;1 The line current value of lower rotation frequency
1|, : The line current value of higher rotation frequency
U, : The nominal voltage

Q : The reactive power
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Abstract- The traditional energy infrastructure has been
gradually transformed into a modernized framework with
a more widespread generation, thanks to the ongoing
advancements in renewable energy and microgrid
technologies. Since huge amounts of inertia cannot be
physically produced by renewable energy source-based
systems, these systems require more sophisticated stability
considerations. Appropriate explanatory approaches are
consequently required for the voltage stability study of
renewable-dominated power networks, which contain
numerous wind turbines, PV panels, and distributed energy
sources. The approach for probabilistically determining
the voltage stability limit in a power system that
incorporates  distributed generation systems with
renewable sources and variable generation is suggested in
the article. The method is based on repeated solutions of
the equations of the constant regimes of the system for a
number of random choices of wind power capacities
determined as a set of values of its fluctuations
corresponding to the average value of wind speed. The
process itself of determining the limit of the initial data of
the power generation is implemented in the form of a
method of sequential loading of the regime according to
the P-V function where voltage limit corresponding to the
maximum power transfer through the controlled part of the
power system network. Modelling on IEEE test diagrams
and diagrams of a real power system appeared that the
suggested strategy can be utilized to unravel the issues of
operational control of the system mode during the
characteristic hours of power generation. The obtained
estimates of stress limit values for wind speed fluctuations
relative to each average wind speed value (determined
based on a large number of observations over a long
period) make it possible to assess the risks of violation of
voltage stability in the system depending on its state
(normal circuit, shutdown of its main elements -
generators, lines) and the speed of the wind.

Keywords: Wind Power, Variable Generation, Voltage
Stability.
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1. INTRODUCTION

The development of renewable sources with variable
generation, such as wind and solar power plants, creates
problems in the central energy system due to the stochastic
power generation. These changes in the system require the
use of new approaches in managing the power system
mode, assessing its normal and critical states. Right now,
different approaches are being utilized for the stability
analysis of the electric power system, which are widely
used in power systems with traditional sources. In studies
to determine the limiting regimes, equations are proposed
to estimate these regimes by classical methods for
identification of the limits of static stability. A large
number of works are devoted, including [1], [2] the authors
consider the issues of forecasting the stability of a system
with a huge share of integrated wind generation. In
association with the transformation of the electric power
industry, which involves the integration into the power
system of a significant proportion of wind and solar PV
stations implemented both through distribution PV
microsystems and individual PV microsystems, the
problem of estimating the stability limit of the system
becomes the most relevant. In this regard, the challenge of
creating digital models for quick margin determination of
static stability of an electric power system with distributed
generation networks designed for the dominant use of
renewable sources is of great importance. This paper
presents one of the possible approaches for stochastic
estimation of the limits of voltage stability in a system with
developed power generation from wind farms.

This paper's goal is to carry out a voltage stability
analysis using an iterative control framework package, to
assess the effect of deliberately set wind generators on
dispersion frameworks with regard to the basic voltage
varieties and collapse edges. This paper concludes with the
discussion about criticality points change based on
different wind speed and wind power generation.
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2. METHODOLOGY

The power flow, voltage profile, and control quality for
consumers and power suppliers can all be significantly
impacted by wind generators. Recently, there has been a
rapid global advancement in the production of wind
energy. A significant amount of wind power is entering the
power system as wind farms and turbine estimates are
growing quickly. The impact of wind turbines on the
control quality and voltage stability is becoming more and
more important as wind power penetration into the
network increases quickly. Because of the erratic nature of
the wind and the characteristics of wind turbines, it is
widely recognized that a significant increase in the amount
of wind power entering a power system may result in
serious problems [3].

Power quality problems can become a major concern
in smaller facilities connected to flimsy electric grids like
medium voltage distribution networks because of the
proximity of the generators to the loads. One of the most
important power quality issues in distribution networks is
the existence of voltage dips. According to estimates,
between 75 and 95 percent of industrial sector claims to
electric distribution firms in developed nations are
connected to issues brought on by this kind of disturbance.
Many electrical loads are not built to continue functioning
normally after a voltage drop, which causes several
problems [3].

Method of Continuation Load Flow study was carried
out using the P-V and V-Q Curves. By continuously
updating the load flow equation and computing the load
flow equation, the convergence issue close to the stable
operation limit point can be resolved, and the voltage
stability limit may be attained. Additionally, the estimated
voltage breakdown point is rounded by the continual
prediction and correction procedure. A series of load flow
results can be obtained by running the microgrids while
altering the load value P or Q of the chosen bus while
maintaining the other parameter values. The voltage
collapse point, or the boundary between stable and
unstable conditions, is the point at which the load flow
algorithm fails to converge. In order to conduct the
simulation ETAP Software version 19.5.0 has been used.

2.1. Study Area

As a reasonably windy and sunny country with
abundant hydro, biomass, and geothermal resources,
Azerbaijan offers a considerable untapped potential for
renewable energy. The Khizi district in Azerbaijan is
chosen in order to use the collected data that are relevant
to that location in the proposed method. It is in the
country's east and is a part of the Absheron-Khizi
Economic Region. Khizi were selected due to the wind
potential at these areas and possible construction and
operations synergies. According to the information
collected from GWA platform, the average annual wind
speed in the area reaches 6 m/s.

2.2. Test Scheme
For this study IEEE-30 bus test scheme has been used.
The scheme has been selected based on its structural
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similarities with the selected area electric power system
network. The IEEE 30-bus test system has 30 buses, 6
generators, and 6 transformers and 300 MW total demand.
The 30-bus test scenario does not have line restrictions,
which is important to note. The model places these buses
at either 132 or 33 kV. To conduct the study the microgrid
with 4 number of wind turbines has been integrated to the
scheme.

2.3. Wind Turbine Parameters

The characteristics of the wind turbines selected for
installation in the scheme are shown in Table 1. The link
between wind speed and the electrical output generated by
the selected wind turbine is also shown in Figure 1. There
are three stages that need to be discussed, it is obvious.
When the wind speed is between 4 and 13.5 m/s, stage 1
begins. When the wind speed fluctuates between the rated
(13.5 m/s) and the cutoff speed (25 m/s), stage 2 is reached.
When the wind speed reaches the (25 m/s) cut off speed or
higher, stage 3 is finally reached.

Table 1. Wind Turbine general specifications

Category Specification
Rated Power 2 MW
Number of Blades 3
Rotor Diameter 544 m
Cut-in Wind Speed 4 m/s
Rated Wind Speed 13.5m/s
Hub Height 70 m
Cut-out Wind Speed 25 m/s
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Figure 1. Wind turbine power curve

3. WIND SPEED DATA

The collection and visualization of important wind data
was completed after the scheme was structured. For each
time step of the year, a one-year time series of average
wind speed in meters per second serves as the baseline
data. The monthly averages, hourly data, and real data per
100 minutes are displayed in Figures 2, 3, and 4. For more
precise wind generation modeling, high resolution (200
meter) data inputs can be found in the Typical Year Virtual
Met Mast (TY-VMM) data set.

During the study it has been also investigated the
method of generating data for the modeling when the real
data is not available. It has been identified that the best
method to do this is to use Monte-Carlo modeling to
generate the numbers close to the possible wind speed data
[4]. Monte Carlo simulation is a powerful statistical
analysis tool that is widely used in engineering fields to
assess the likelihood of energy system failure.
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Figure 2. Hourly wind data per month (April)
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Figure 4. Real data for 100 minutes for a curtain period
This simulation uses random sampling and a large

number of computer experiments to display the statistical
characteristics of the model outputs to their distributions

[5]:
BV
xizFxl(ui)avz (1)
Inx=2,+¢.¢" (u;) )
In (X; —ZX)J

=g —— "X/ 3
Y; ¢( 2 3)
X, = exp(/lX+§X¢’](u,~)) 4

where, u; is random number (0 and 1), and where A, and
¢, are the two parameters of the lognormal distribution.

Any random number distribution can be produced by a
computer program. In fact, there are numerous computer
programs that can produce random numbers for frequently
used distributions. The equations given from (1) to (4) can
be used to produce a specific distribution if the computer
is unable to do so [5].
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Figure 5. Lognormal variables for Monte-Carlo simulation

4. ALGORITHM OF CALCULATION
Below is the calculation algorithm of the study:
- For real minute measurements of wind speed in a certain
period, build the probability distribution. Figure 6 shows
the probability density functions for the sample variable
from 1 to 25. The function applied to the 100 minutes real
data measurements.
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Figure 6. Probability density function (shape factor £=2)
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Figure 7. Probability density function for real data

By applying Weibull formula on the data, the most
probable wind speed data has been identified. Figure 7,
shows that the 5.5 m/s and 6 m/s is the mostly repeated
wind speed of the area. The 8-10 m/s is also characteristic
to the area, more than 12 m/s is less probable between these
100 minutes of data.

The quantity known as the Weibull k value, also known
as the Weibull form factor, represents the width of a
distribution of wind speeds. Lower & values are associated
with wider distributions of wind speed, demonstrating that
winds typically vary over a large speed range. The &
number refers to the shape of that distribution. As, & values
rise, wind speeds tend to remain within a small range. As
a result, a region with strong winds may have a Weibull k
value as low as 1.5, whereas a site with strong winds that
are relatively constant (such tropical trade wind
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conditions) may have a k value as high as 3 or 4. We utilize
a default Weibull £ value of 2, which is typical for many
In the absence of sufficient data on wind speed
measurements, they can be simulated using the Monte
Carlo method.

- For the most probable interval of repetition of wind
speeds, construct the distribution of power generation of
wind farms. Figure 8 corresponds to the Figure 6, whereas
Figure 8 corresponds to Figure 7 probability function.
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- For the values of wind speed on 5, ,10, 14 m/s and
corresponding power generation, we carry out calculations
of the limit of static voltage stability. Several number of
wind speed values are considered around the shown
numbers. This is due to intermittent and fluctuating
character of the wind speed.

- We use the method of maximum network load limit
according to the Continuation load flow

- The power of the wind farm is set by the value of the
highest output

- A series of calculations of the power load flow is carried
out for the load values in the system from the one specified
from the daily schedule to those values at which P in one
of the transmission lines does not reach the maximum.

- Generate curves P-V and Q-V curves.

5. RESULTS AND DISCUSSIONS
Several load flow analyses were performed beginning
with the operational point to obtain the P-V curve and
O-V curves for wind speeds of 5, 10, and 14 m/s at the
power distribution system's common bus.
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We obtained a steady-state stability analysis of the
system using these simulations. To show each plot, the
results were summarized in Figure 10.

It is important to note that as the wind speed and active
power of the load increase, so does the current, resulting in
higher voltage drops at the cables and an increase in the
critical point of the curves (where the system becomes
unstable). It can be seen that when the load demand
increases, the voltage drops rapidly at the “knee” of the PV
curve. Beyond this point, load flow solutions do not
converge, indicating that the system has become unstable
[6]. When the wind speed reaches 5 m/s, the system
reaches a tipping point, with an additional 178 MW load
demand and a 26% voltage drop. When the wind speed
reaches 10 m/s, the system reaches a critical point, with an
additional 175 MW load demand and a 30% voltage drop.
When the wind speed reaches 14 m/s, the system reaches
a critical point, with an additional 106 MW load demand
and a 52% voltage drop. The critical point varies within
the area shown in elliptic form. If we combine the critical
points with one line we can get the trend of critical points.
To show its difference for each wind speed and wind
power generation accordingly.

When the wind speed is 14 m/s, the system is less stable
in terms of reactive power variation Figure 11 this wind
speed is less likely in the study area. Wind speeds of 5-10
m/s, on the other hand, are very typical for the area.
Voltage stability is determined by how changes in Q and P
affect the voltages at the load buses. The influence of a
device's reactive power characteristics is more obvious in
a OV connection. It illustrates how bus voltages are
sensitive to reactive power injections or absorptions and
how they might vary. In typical operation, a rise in O leads
to a rise in voltage. Therefore, if the operating point is on
the right side of the curve, the system is said to be stable.
On the other hand, the functioning points on the left of the
graph are thought to be unstable [4, 5].

6. CONCLUSION

The paper presented a method for determining the
maximum permissible load in a distribution power
system's common bus is presented. The presence of wind
power is taken into account in order to assess the impact of
this generation on voltage operation and voltage stability
limits. For each wind speed and power generation, the
voltage stability limit region and a sub-region in which the
voltages at the bus are within acceptable ranges are
defined. In actual use, the PQ curves can be used to
identify a system bus's ability to handle an increase in load
demand. Of course, the safe voltage limitations must be
established in order to satisfy the new demand.

The study concept or design, data collection, analysis,
or interpretation for the article, critical revision of the
article for significant intellectual content, and approval of
the final version for publication have all been significantly
influenced by the authors. The authors also contribute in
the idea and design of the analysis, data gathering and
visualization, resource inquiry, and data curation and then
performed the simulation, produced insightful research
reports, and contributed to the intellectual and visual
aspects of the work.
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Abstract- Application of renewable energy sources for
electric power generation have seen an upward trend in
recent year; solar, wind and hydro based power plants lead
the pack of renewable energy sources. This has led to
renewed research interest and utilization of microgrids. In
general, microgrids provides more advantages when
compared to microgrids (centralized electric grid), some of
these merits are enhanced efficiency, suitable for
renewable energy sources which are clean energy, low
cost, improves economic growth, provides electric power
for hard-to-reach areas, eliminates or reduces transmission
losses. Economically it’s efficient to cite power generating
units close to the consumer. As microgrids continue to
evolve, its smooth control has also become a concern. The
focus of this paper is to review control techniques for
microgrids i.e., dc microgrid, ac microgrid and hybrid
microgrids. This review will expose the advantages,
disadvantages and implementation challenges of existing
control techniques. Selection of appropriate control
technique can best be done by comparative analysis
focusing on system response to faults, smooth integration
of various distributed generation, communication between
components, system protection, and whether smart grid or
not.

Keywords: Renewable Energy, Control Techniques, DC
Microgrid, AC Microgrid, Hybrid Microgrid, Distributed
Generation.

1. INTRODUCTION

The demand for energy in the past few years has
increased drastically, this can be attributed to population
explosion, digitization and industrialization of most
economies and improved living standards. Consequently,
most conventional power systems are bedeviled with these
drawbacks; increased and stretched generation periods,
overage systems and less efficient systems and huge
transmission losses. Also, majority of these power systems
rely on fossil fuels for power generation [1]. Currently,
most electric power systems are composed of complex
structures such as generating stations, transmission lines
and distribution systems. This increases the cost of power
system installation and electric power generation, reduce
efficiency and also pollutes the environments because of
the use of fossil fuels. To address the above problems
associated with complex electric power systems, smaller
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power systems popularly known as distributed generation
systems (DGs) have been developed. Distributed
generation systems (DGs) are commonly associated with
microgrids and renewable energy sources (RES). Grid
integration of RES such as PV, wind, hydro etc. together
with DGs happen at the distribution level [2].

Although the penetration of DGs in power systems is
not on the high side especially in Africa and other third
world countries, they will soon phase out complex electric
power system because of the numerus benefits they present
[3]. Distributed generation system utilizes RES such as PV
system, micro turbines, wind generators and mini hydro
stations to produce electric power. Power electric
converters are required to appropriately condition the
generated power for onward transfer to microgrids or
national grids. Therefore, power electronic converters are
critical devices required for efficient implementation of
microgrids [4-5]. Per the type of voltage or power
conditioning required, power electronic converters are
categorized into four groups; rectifiers (ac-dc
conditioning), inverters (dc-ac conditioning) choppers (dc-
dc conditioning) and cycloconverters (ac-ac conditioning).

2019 Change 2019 to 2030

15000 2000

Mtoe
Mtoe

12000

9000
-2000
6000

-4.000

3000 [

-6000
STEPS

Renewables

DRS SDS NZE2050

mCoal mOil Gas Nuclear M Traditional use of biomass

Figure 1. Energy demand and projections from 2019 to 2030 [6]

A microgrid is a small electric power system usually
composed a few hundreds of kilometers of transmission
lines, generation units, storage systems, control units and
loads. Microgrids enable decentralization of power
systems, they can be coupled or decoupled from power
grids with ease. They therefore boast of the following
merits; better power quality, minimized power losses,
better system reliability, application of RES and less
system cost.
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Microgrids can either be a completely dc microgrid, ac
microgrid or a hybrid (ac-dc) microgrid. Hybrid microgrid
has the advantages of both dc and ac microgrids. Hybrid
microgrid is propitious power systems of the future.

RES have become important commodity in the
generation of electric power and will soon phase out fossil
fuel-based system for electric power generation. Most
European countries have set 2030 as the deadline to ban
sale of vehicles with combustion engines. Various reports
from reputable bodies such as international energy agency
(IEA) have shown upward trajectory in the magnitudes of
electric power generated from RES. Figure 1 shows a
graph of energy (fuel sources) demands for the 2019 and
projections from 2019 to 2030. From the graph, it’s evident
that fossil fuels were the major sources of fuel for the year
2019 to 2022, however, by the end of the year 2030,
renewable energy sources will overtake fossil fuel sources
as the main source of fuel for electric power generation [6].

The basic topology of the hybrid microgrid is shown in
Figure 2, the main components are power electronic
converter, dc grid and ac grid. The energy source of a dc
microgrid is distributed generations such as PV and wind
installations, fuel cells, battery ESS etc. Mostly, the source
of generation is DGs. The benefits of microgrids over
conventional grids are enormous thus being able to replace
it completely at the distribution level [7]. Convectional
microgrid response to load disturbances is poor; this
pushes the rate of load slew to be restricted to sustain grid
stability. On the other hand, microgrids are able to reduce
load disturbances, increase power stability and quality by
the use of power electronic circuits [8-9]. Due to the
importance of microgrids, several researches have been
carried out around the world to help solve problems of
power quality, stability and efficiency; projects such as
CERTS in the USA, the microgrid project in Senegal,
Kythnos microgrid in Greece and several other projects in
Japan [10].

Investments into DGs construction tend to be higher
when compared to conventional power system due the
economy-of-scale  of the conventional systems.
Nonetheless, DGs utility prices tend to be less expensive
when compared national grid power prices. Developed
countries have instituted hourly prices for electricity;
during low price hour, energy can be purchased and stored
in batteries and used when prices are high [11].

Hybrid microgrid can be operated in two modes; grid-
tied or island modes. A transient transition period occurs
during the change in operation mode from either grid-tied
to island mode or from island mode to grid-tied. During
this transition period, voltage deviations and unbalanced
current harmonics are of critical concern to power quality
issues. Also, absolute synchronization of phase and
voltage between grid-tied and island mode is necessary
when switching from island mode to grid-tied [12].

Comprehensive literature research into control
methods of dc, ac or hybrid microgrid has revealed a wide
variety of control techniques. Pl regulators were used by
[13] to control microgrids; also [14] used a process known
as Optimization-based fuzzy controller incorporated with
battery and fly wheel.
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Battery technologies control i.e.,, charging and
discharge, storage etc. is proposed by [15-16] and the
control of islanded power system using frequency
regulation by [27]. Procedures and guidelines are given by
[18-19] for optimal battery sizing and efficient battery
usage to avoid power fluctuations. [20] Talks about the
financial burden of using batteries as storage units. The
above control techniques (but not limited to them) can be
applied to dc, ac or hybrid microgrid. Our research focus
is on hybrid microgrid control. Voltage and frequency
(V&F) are the two most easily controlled parameters in a
microgrid. Thus, a number of V&F control techniques
have been developed. These techniques can be applied in
the hybrid microgrid subsystem. In the hybrid microgrid
structure, the dc and ac grids are connected by a system of
inverters called ILC (interlinking converters). The control
strategies for ILC can be based on different methodologies
such as communication, droop-based control mechanism
[21].

2. STRUCTURE OF MICROGRID

Figure 2 shows a typical structure of a microgrid with
power electronic converters. The microgrid is made up of
three sources of distributed generations (DG1, DG2 and
DG3). The main grid and microgrid are tied together via
the PCC (point of common coupling). The static transfer
switch (STC), functions as a switch which is able to couple
and decouple the microgrid from the main grid usually
within half cycle period. An injection transformer is used
to stabilize the microgrid power sourced from the main
grid or utility. Each DG has ESS and an inverter which
inverts dc voltage to ac voltage. To enhance and improve
the efficiency of the system, combined heat and power
(CHP) unit is also in-cooperated into the supply. The
operation of the microgrid can be done in two modes; grid-
tied mode or self-sustaining mode which is commonly
called islanding mode.

In the grid-tied mode, the utility or main grid provides
part of the power together with the DGs. Power is taken
from the utility when ESS is completely depleted of energy
and during unfavorable weather conditions making RES to
under function. CHP plant such as micro-turbine provides
power and heat to a close-by load.

On the self-sustaining mode, all power is produced by
the DGs and CHP. Due power demand and quality issues,
careful calculations are done before installing DGs such
that they are able produce the required power at peak loads.
When demand exceeds supply, non-critical loads are
decoupled or standby gents are powered. Issues of phase
angle of voltages and frequencies have to be critical looked
at be synchronizing the microgrid and main grid [9].

2.1. Hybrid AC/DC Microgrid Operation

Globally, there’s an upsurge in the utilization of
renewable energy source and as such distributed
generation systems are also gradually becoming the
preferred choice. The increase in use of RES and DGs
requires innovative ways of control and management; this
will make power production, transmission and distribution
in microgrids efficient.
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Distributed generation is done on small scale, close to
the consumer and to provide the electric power
requirements of the consumer. The common components
of DGs are photovoltaic power plants, wind farms, energy
storage systems, fuel cells and mini-hydro dams. These
DG sources when put together constitute a microgrid.
Application of RES has tremendous benefits to
environment; carbon emissions are reduced thereby
minimizing the rate of depletion of the ozone layer.
Combining DGs and RES in power generation/microgrid
introduces issues of power quality [22]. Figure 3 and
Figure 4 shows two structures of hybrid microgrid. Figure
4 shows a hybrid microgrid with power being produced
from RES and DGs and also tying the microgrid to utility
or main grid, this is beneficial for both the microgrid and
utility since power can be transmitted from both ways. In
this disposition, the MHP energy and photovoltaic
generated power are used efficiently. Thus, the utility
becomes backup power as in the case of UPS. In cases
where the microgrid cannot provide enough energy to meet
the demands of the load, extra power is taken from the grid
and when the DGs of the microgrid produces more power
than the load needs, the utility absorbs the excess [23]

The hydro and photovoltaic systems are connected to a
general direct current bus; this is will reduce the cost of the
system, makes it more efficient and thus eliminating
complex system structures.

The hybrid microgrid functions as the main power
system and the utility acts as a generator to provide power
in situations of power shortage in the hybrid system. There
are several factors which can account for power deficit in
the hybrid microgrid; introduction of new loads, weather
conditions in the case of renewable energy sources, system
faults etc. in the case of PV system, though power
production will be high in summer, system
failures/breakdowns will also occur due to high
temperatures which is a drawback for semiconductor
materials [24].

Micro Hydro Load

PV

Utility Grid

D

Figure 4. Hybrid microgrid
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3. HYBRID MICROGRID OPERATIONS

3.1. Grid-Tied Mode

In the grid-tied mode, the converter should be able to
easily switch from ac to dc (rectification) and from dc to
ac (inversion), this process also helps in providing or
controlling the reactive power. The dc — dc converter
maintains the maximum power of the grid. Excess power
produced in the microgrid is fed into the main grid. Also
with good ESS, excess power can be stored; this
methodology is an added cost and not really required since
the grid functions as generating set and a storage unit
concurrently. Energy storage system will be more useful
in islanded mode; ESS will balance the power and provide
a stable voltage (voltage stability) [22]. A small ESS will
be more useful in the dc sub-grid of the hybrid system to
support dc loads and also reduce losses produced by
switching.
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3.2. Island Mode

In the island or self-sustaining mode, the hybrid
microgrid is not tied to main grid or utility. ESS thus
becomes an indispensable part of the system by providing
voltage stability and maintaining balanced power in the
grid. Depending on the load requirements, Buck-boost
converter is used to vary the dc voltage; increase or reduce
the supply to loads. High quality and stable ac voltage is
provided by controlling the main converter with high
quality filters [23].

The nature of hybrid microgrids is a complex one; it
involves dc power systems and also ac power systems. The
control of dc microgrid is relatively easy when compared
to ac microgrids. In dc microgrids, there is no need to
provide power control because there is no sudden change
in power, phase control is not needed because
synchronization does not occur in dc power sources, and
frequency control is also not an issue. There are fewer
power losses in dc microgrids since only one stage
conversion is done; thereby increasing the efficiency of the
system. All the above advantages are feasible with RES
produced dc power making it relatively easy to tie to dc
microgrids [6] [25]. Most control methodologies
developed are as a result of the use of ac or hybrid
microgrids. The next stage of our research is to review the
various control strategies employed in dc, ac or hybrid
microgrids. The controls of microgrids are done either at
the HV or LV levels, at a switchyard or substation.

4. FREQUENCY AND VOLTAGE DROOP METHOD
A very common method known as ‘plug and play’ is

used to control each DG independently; in this method, the

terminal voltage of each DG is controlled by using droop

control method including the combination of techniques of

i. Real power vs. frequency (P-w) and

ii. Reactive power vs. voltage (Q-E)

In this method, the reactive and real power flow in a
phase connecting nodes (two) isolated by line impedance.
Figure 5 shows the droop control method of real power
sharing of microgrids. The two voltage values are denoted
E; and E; and the phase angle of E; and E; is represented
by 0. The line resistance R is ignored for pure inductive
line impedance. The line impedance Z, real power P and
reactive power Q are computed by Equation (1) to
Equation (3) [4].

Z =R+ jX W
E -

P x7 L R(E-Ercos0)+ Eysind] @
E .

Q=_R2 +1X2[_RE25m5+X(El_E2 0055)] 3)

4.1. Reactive Power Control Algorithm with Improved
Accuracy

The reactive power control algorithm with improved
accuracy was introduced to solve the problem associated
with reactive power control method. The reactive power
control mythology is not precise because of the voltage
drop which occurs on line impedances. To solve this
problem, we ignore voltage drop across the line and
understate the effect of the Q-E droop method [26].
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Figure 5. Droop control method of real power sharing

4.2. MG Islanded Control Operation

There are two main scenarios which cause islanded
operation of MG; where there’s fault in the microgrid and
planned maintenance of MG or utility. In this, DG power
production and load consumption are made parallel to
solve load imbalances in the system. Decoupling MG from
utility is done fast to protect loads and this cause microgrid
dynamics. In the absence of synchronous machines to
stabilize supply and demand via frequency control
techniques, switching using inverters are used to control
the frequency. The preferred inverter topology is the VSI;
voltage source inverter. But this technique only works at
the terminals; two other methods which are quick to react
to system disturbances are preferred;
a) Single Master Operation: In this method, the voltage
source inverter functions as a master and a source to the
power supply.
b) Multi-Master Operation: The number voltage source
inverters are many and they have an already assigned
active power/frequency and reactive power/voltage
characteristics.
4.3. Hierarchical Control
Microgrids

Hierarchical control of droop-controlled hybrid ac-dc
microgrid develop a step-by-step control strategy. It
applies the top to bottom control method. This idea was
borne from ANSI/ISA-95 which is also known as ISA-95;
this is a certified international standard control between
enterprise and control systems. ISA-95 has six steps
multilevel control. The same idea has been established to
control MGs. Here, four levels of control strategy have
been designed starting from zero;
e Tertiary control (level 3): this is the power/energy
production level, and control of energy flow via MG to
consumer is done at this level.
e Secondary control (level 2): power quality issues are
controlled at this stage. VVoltage sag and swell as well other
power related problems are controlled or solved.
e Primary control (level 1): this where the actually droop
control method is applied. Stability over damped system
control is done here.
e Inner control loop (level 0): individual module regulation
issues are meshed together at this level. Voltage and
current, feed forward and feedback as well as nonlinear

of Droop Controlled
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and linear control is done to adjust voltage output value
and tune current values although maintaining a stable
system. This control strategy can be done in solely ac
microgrids, dc microgrids or a hybrid system [3].

4.4. Conventional and Fuzzy-Pi Based Frequency
Control

Conventional power system control secondary
frequency by the use of proportional integral controllers
(PI). The PI operates in a region which is already
determined; once the boundary of operation is overcome,
the PI becomes obsolete unless it’s reprogrammed. [14]
uses a popular PI tuning technique called Ziegler-Nichol.
Detailed research on Pl or PID tuning technique such as
Ziegler-Nicholas is presented in [27]. An experimental
result is shown by [14] in Table 1 using Ziegler-Nicholas
PI tuning technique.

Table 1. Ziegler-Nichols based PI control Magnitude [27]

Controller Parameter | Magnitude
Ko 4,095
Ki 21.84

4.5. Hybrid Mg Control Under Islanding Mode

A new method of controlling hybrid microgrid is
proposed by [28], first they control ac grid part separately,
and then perform same function for the dc grid after which
the hybrid control is done. For the dc control method, two
schemes of operation are looked at; central and distributed
schemes. In the central control technique, central point of
control monitors the whole system and issues commands
when necessary, monitoring of various generation sources
and distribution system is done via communication
devices; this adds extra cost and reduces performance.
These disadvantages make the distributed scheme the
preferred choice. DC bus signaling (DBS) is the preferred
choice of distributed techniques in this paper. In DBS
scheme, the bus voltage is considered as the universal
index for converter operating levels determination

4.6. Microgrid Control without ESS

The control strategy proposed by [29] is a combination
of two factors; power generation control and load control
for frequency tuning. The rate of frequency deviation is
compared to generation and load frequency variation and
the necessary control technique is applied. Artificial neural
network (ANN) is applied; the ANN is trained with two
target values (voltage); one for maximum power point
tracking and the other for 90% power output. With the
application of neural network, the system is able predict,
detect and offer solutions to help control the frequency of
the system.

5. CONCLUSION
Control techniques of microgrids have been reviewed
in this paper. Though the principal focus was on control of
hybrid microgrid; both dc and ac microgrid control
techniques have been investigated. From the conventional
droop control method to hierarchical control technique
where control is done from the top to bottom approach.
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Frequency control was also reviewed and it was
established that the use of converters or an inverter enables
the application of switching techniques to control the
frequency and subsequently provide grid power control.
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Abstract- High switching loss is one of the most This noise disrupts the signals of all electronic
fundamental problems in converters. The occurrence of  devices operating simultaneously. Soft switching
high switching losses reduces the efficiency of the  techniques should be used to eliminate all these problems
converters and causes the operating frequency to be low.  encountered in hard switching [6-8].

Zero current switching (ZCS) and/or zero voltage In section 2, L type half wave mode ZVS quasi
switching (ZVS), which are soft switching techniques, are  resonant boost converter is analyzed. In section 3,
used to overcome these problems. In this study, a thinned-out controlled MPPT, which is a novel method, is
simulation study was carried out in the PSIM program by  presented. In section 4, simulation results are given and in
analyzing L type half wave mode ZVS quasi resonant  the last section conclusions obtained in the study are
boost converter with 360 W photovoltaic (PV) panel  mentioned.

input power. In the study, maximum power was

transferred from the PV panels to the load by using the 2. ANALYSIS OF L TYPE HALF WAVE MODE

thinned-out control method. ZVS QUASI RESONANT BOOST CONVERTER
Keywords: ZVS, Quasi Resonant Boost Converter, 2.1. Resonant Switches
MPPT, Thinned-Out Control, PV Systems. Soft switching techniques are generally grouped
under two categories as ZCS and ZVS. ZCS is defined as
1. INTRODUCTION the limitation of the current when the switch is turn-on

The direct conversion of sunlight into electrical ~ with the inductor connected in series with the power
energy is provided by PV panels. Depending on the  switch whereas ZVS is a soft switching technique that is
change in solar radiation intensity during the day, the  achieved by limiting the voltage occurring at the switch
energy obtained from PV panels also changes. In orderto  ends when the switch is turn-off with a capacitor
extract maximum power from the PV panels, dc-dc  connected in parallel to the power switch. Figure 1 shows
converters are widely used as an interface between the  current mode resonant switches, and Figure 2 shows
PV panel and the load in the system. In order for the dc-  voltage mode resonant switches [9, 10].
dc converter to adapt to changes in the PV panel output
power, an appropriate converter topology must be S Lr S Lr
determined. The structure of the converter to be used in -
the system is determined by the difference between the oo l _WVT
input voltage obtained from the PV panels and the output | |

. 1 Cr
voltage of the converter. Conventional dc-dc converters Cr
are basically divided into three as boost, buck and buck- -l_
boost type [1-5]. _ )

The most basic problem encountered in conventional Figure 1. Current mode resonant switches [10]
power converters is high switching losses. High
switching losses limit the operating frequency of power

S Lr S Lr
converters as well as causing low efficiency. In addition, o—10" o
this situation causes the passive circuit elements and the |
size of the heat sinks to increase; that is, it causes the size Cr
o 1

of the circuit to increase. All these factors increase the
cost of the circuit. Moreover, high values of inrush
current and inrush voltage that occur during the switching
process cause high-value electromagnetic interference
(EMI) noise.

Figure 2. Voltage mode resonant switches [10]
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Soft switching conditions are realized with resonant
and quasi resonant converter topologies. Quasi resonant
converters are obtained when the switch is replaced in
conventional converters with one of the resonant switches
in Figures 1 and 2. These converters are between
conventional converters and resonant converters. A
resonant switch consists of a power switch and an
inductor and a capacitor, which are resonant elements.
Due to the resonant elements, the current or voltage
passing through the switch oscillates in the form of a
sinusoidal curve, and zero voltage or zero current
switching is realized. In general, one of the most
important advantages of quasi resonant converters is that
high efficiency is provided by the switching element by
reducing the conduction loss. In Figure 3, half wave
voltage mode resonant switches are presented [11-13].

SJ Lr SJ Lr
D D —[ G
Cr

Figure 3. Half wave voltage mode resonant switches [11]

2.2. Modeling of L Type Half Wave Mode ZVS Quasi
Resonant Boost Converter

Figure 4 shows the L type half wave mode ZVS quasi
resonant boost converter.

L type half wave voltage
mode resonant switch

Li : Lr | Do
—> LYY\ Y Y'Y : N
li | i
I | :
' |
' |
: is icr | .
I
+ | |
Vi __ ! 4| 'J_‘ D —cr ! Co L=~ RL§ Vo
o1 :
|
I

L

Figure 4. L type half wave mode ZVS quasi resonant boost converter [15]

In order to perform a simple equivalent analysis of the
L-type half-wave mode ZVS quasi resonant boost type
converter circuit, the L; inductor value must be much
higher than the L, value of the resonant inductor (Li>>L,).
Likewise, the C, output capacitor value should be much
higher than the C, value, which is the resonant capacitor
value (Co>>C;). In this case, input voltage (Vi) and filter
inductor (L;j) can be modeled as constant current source
(1), and output capacitor (C,) and load resistor (R.) can
be modeled as constant voltage source (Vo). Under these
assumptions, the simple equivalent circuit of the half-
wave mode ZVS quasi resonant converter circuit is given
in Figure 5 [14, 15].

Lr Do
S —_— Cr

Vo

"D C

Figure 5. Simple equivalent circuit of half-wave mode ZVS quasi
resonant converter circuit [15]
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The resonant parameters L, and C; values determine
the operation and characteristics of the converter. The
equations to be used in the analysis of the converter are as
follows: voltage conversion ratio (M), characteristic
impedance (Z,), and resonant frequency (fr) [14].

VO
v= 1)
Lr
2= e @
f=_ L )

" o2nL.C,

2.3. Operating States

L type half wave mode ZVS quasi resonant boost
converter has four operating ranges depending on the
state of the power switch and D, diode. The waveforms
of the gate-source voltage of the switch (Vgs), the voltage
of the resonant capacitor (V¢), the current passing
through the resonant inductor (i), the current passing
through the switch (Imos) and the current passing through
the resonant capacitor (lcr) related to these time intervals
are given in Figure 6 [10].
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Figure 6. Wave forms of L type half wave mode ZVS quasi resonant boost converter [10]

2.3.1. State 1 2.3.3. State 3

This operating state starts when the power switch and This operating state starts when the capacitor voltage
diode Do are off. The equivalent circuit for State 1 is  drops to zero. In Figure 9, the equivalent circuit for State
given in Figure 7. As the resonant capacitor, whose initial 3 is presented. In this operating state, at the end of the
value is zero, is charged in this operating range, and the  period, the inductor current decreases and drops to zero.

voltage at its terminals increases.

Lr Do
Lr Y'Y

Do i
(YYY 5

Vo

R TS @t T Ow

. . _— Figure 9. Equivalent circuit of State 3 [10]
Figure 7. Equivalent circuit of State 1 [10]

2.3.4. State 4

The circuit diagram of State 4 is shown in Figure 10.
In this operating state, the Do diode is off while the power
switch is on. This operating state continues until the
switch turns off [10, 15].

2.3.2. State 2

In this operating state, Diode Dy is on. The inductor
and the capacitor work together. In Figure 8, the
equivalent circuit for State 2 is presented.

i CD S —cr C_r Vo i CD s % —cr (t Vo

Figure 8. Equivalent circuit of State 2 [10] Figure 10. Equivalent circuit of State 4 [10]
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3. THINNED-OUT CONTROLLED MPPT

The main drawbacks of PV energy systems are that
the efficiency of PV panels is low, atmospheric
conditions change during the day and accordingly the
power values obtained from PV panels constantly change.
Therefore, it is desired that the output power obtained
from the PV panels is constantly at the maximum level.
In such systems, maximum power point tracker (MPPT)
algorithms are used, which continuously tracks the PV
panel power and obtains maximum power [16-18].

6/8
5/8

4/8
3/8

aB [ L L L Lol

rea rea rea rea rea rea rea
1/8 | A A A I A A A B
e e e e e e [ =

Figure 11. The proposed thinned-out control structure [16]

Solar_Radiation Pref
) 2m t
s + - LIFaTavarel i n

In this study, power control was provided by thinned-
out pulses depending on the change of solar radiation.
The proposed thinned-out control structure is shown in
Figure 11.

The block diagram of the thinned-out controlled
MPPT system is given in Figure 12.

Lr Do
Cr ——Co §RL

PV Panel » .
v Signal Generation
Signal MOSFET R
Scaling Driver Hogic Circu PWM
K A A
i A|B| C
»  IC MPPT and Thinned-out
> ADC g Control Algorithms
Ipv
Microcontroller

Figure 12. Thinned-out controlled MPPT system

4. SIMULATION RESULTS
The simulation of the L type half wave mode ZVS
quasi resonant boost converter was carried out in the
PSIM program and is shown in Figure 13.

i 180u lo

2

@VCr J

L Co ‘Rload ' Vo
100u ;go

IC MPPT and THINNED-OUT
CONTROL ALGORITHMS

o B

PYVI_]1

DoUT

D1 D1

Dz Da
Ds D

A A

DE D&
D7 D7

F28335

THINNED-OUT CONTROL

LOGIC CIRCUIT for

Figure 13. Simulation of L type half wave mode ZVS quasi resonant boost converter

In the study, the power of one PV panel is 60 W, and
six panels are connected in series. The maximum input
voltage is 102 V. The MPPT efficiency was investigated
by changing the solar radiation level of the PV panels to
500-750 and 1000 W/m?. The switching frequency of the
circuit is 45 kHz.

Other parameters of the circuit were determined by
calculating as C,=1000 pF, Li=2 mH, L=180 pH, C,=20
nF, C,=100 pF and Ri=90 Q [19]. The MPPT efficiency
of the system is shown in Figure 14. ZVS conditions at
values of 500 and 1000 W/m? solar radiation are given in
Figure 15.
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Figure 17. Variation of output voltage

The current passing through the power switch at 500
and 1000 W/m? radiation, the voltage at its ends and the
switching losses are shown in Figure 16. The variation of
the output voltage is given in Figure 17.

5. CONCLUSIONS

In this study, the analysis of the L type half wave
mode ZVS quasi resonant boost converter circuit to be
used in PV systems was carried out. Maximum power
was obtained from the PV panels and transferred to the
load by thinned-out of the pulses depending on the
change of solar radiation. According to the results
obtained, it was seen that while high MPPT efficiency
was achieved, switching losses were reduced as a result
of ZVS conditions. Reducing the switching losses
increases the efficiency of the converter, while at the
same time reducing the volume of passive components by
providing high frequency operation.
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Abstract- A theory is constructed in two-valley
semiconductors of the GaAs type for internal and external
instabilities. An analytical expression is found for the
frequency and for the electric field in the case of internal
and external instability. When calculating the impedance,
ohmic boundary conditions for an alternating electric
field were used. In the theoretical calculation, it was
taken into account that the transition time from valley a to
valley b is much less than the transition time from b to a,

i.e., T << Tp, . The sample under study is homogeneous
and of the electronic type of charge carriers. Therefore,
the electron concentration n=n, +n, =const. It is taken
into account that the current density along the coordinate
axes has the form: j, =0, j,=0, j;=0. When

internal instability appears, analytical expressions are
obtained for the oscillation frequency of charge

4E,ck . .
wy =— o , carriers and the growth increment
0
3B % with  external instability, the
2 H, kD,

oscillation frequency is a matter variable, and the wave
vector is a complex quantity. With the appearance of
external instability, analytical expressions for the electric
field (33) and the frequency of current oscillations are
obtained.

Keywords: Current Oscillations, Growth Rate,
Oscillation Frequencies, Sample Impedance, Boundary
Conditions, Radiation.

1. INTRODUCTION

The development of semiconductor electronics has
created completely new methods for modern technology.
First, the low-frequency region was developed. Already
in the 50s of the last centuries, new methods were rapidly
developing in the field of microwave current oscillations
based on semiconductors in multi-valley energy levels.
The use of semiconductor devices in microwave
technology has led to a significant increase in reliability
and a very noticeable reduction in the dimensions of the
devices used.
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Currently, there are several types of semiconductor
microwave devices, tunnel diodes, microwave transistors,
avalanche diodes, Gunn diodes. Gunn diodes can operate
at frequencies of several tens of gigahertz. Gunn diodes
use phenomena in the volume of a homogeneous
semiconductor, and this is the advantage of Gunn diodes.
In the operation of Gunn diodes, mainly with an increase
in the electric field strength, a decrease in the
conductivity of the semiconductor occurs, i.e., the
current-voltage characteristic has a section of negative
differential conductivity and the state of the
semiconductor is unstable.

In Gunn diodes, the current-voltage characteristic is
N-shaped, i.e., one current value corresponds to several
voltage values. In this case, domains appear inside the
sample. In Gunn's experiment, the GaAs semiconductor
was included ohmic in the circuit. In theoretical works, it
was proved that current oscillations in GaAs occur due to
the transition of charge carriers under the action of an
external electric field from a valley with a lower energy
value to a valley with a higher energy value. In this case,
the mobility of the current carriers sharply decreases and,
in this case, the current decreases. The domains propagate
at a speed of 107 cm/sec, and the domain transit time is
t~10"1° sec and generated frequency is w~10°Hz [1, 2].

Theoretical studies of the Gunn effect without the
influence of an external magnetic field H were performed
in several works. The influence of an external magnetic
field on the Gunn effect was first performed by us. In this
theoretical work, we will theoretically investigate the
influence of an external magnetic field ( #H >>c) on the

Gunn effect. When an oscillation occurs inside the
sample (but without oscillation in the circuit), the excited
waves can grow (instability) or decay. When growing
waves appear inside the sample, the oscillation frequency
is a complex quantity, the wave vector is a real quantity.
When a current oscillation appears in the circuit, the
oscillation frequency is a real value, and the wave vector
is a complex value [2-7].

In this theoretical work, we will investigate the
internal and external instability in two-valley
semiconductors of the GaAs type. Let us calculate the
real and imaginary parts of the frequency inside the
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sample and the critical electric field when oscillations
appear inside the sample and when the current oscillates
in the external circuit. Let us show that the direction of
the external magnetic role plays a significant role for the
appearance of oscillations inside the sample and for the
appearance of current oscillations in the circuit.

2. BASIC EQUATIONS OF THE PROBLEM

The energy spectrum of charge carriers in GaAs has
two minima along the crystal axes [100]. The energy gap
between the minima is significant A¢=0.36 V. If we
designate these valleys as a and b, then the time of
transition is 7., from valley a to valley b and the time of
transition is 7, from valley b to valley a differ, i.e.
Tap << Tha 1)

The total concentration n in both valleys is constant
due to ohmic contact and due to the absence of
recombination and generation processes
n=n, +n, =const, n; =-ny (2)

The continuity equations in the valleys have the form:

’ ’

on, .. n
—2 +divj, =2
ot Ja

Tab

3

ong .. N ®)
— +divj, =—
t Tba

The j, and j, are current flux density in valleys a and b.
Ta = na/uaﬁ +Nathq [EH:I"' na/uZaFi (Eﬁ)_

Lo e o (4)
D,V ~ Dy, [V, H |~ Dy H [ Vi, H |
I = nb#bEanbﬂib[Eﬁ}fnbﬂ%ﬁ(ﬁﬁ) )
DV, — Dy [ Vi H |~ Dy H | Vi H |
al = —crotE (6)

ot

Choosing the next coordinate system
Ho = iH,, E, = iE, @)

3. THEORY

3.1. Internal Instability
Representing all variable physical quantities in the
form of monochromatic waves, i.e.

E= E0+E' n, =N,y +n,, H = HO+H'
E<<E0,na<<n I—ql<<H0

From (4), (5), (6)
Jax = (920 + %)

0 '
+(na0,ua07a + naoﬂao + nanuZa?/Za) Ex +

E, ck
0 -0
+3Ny0oa —— H

a0

N, —ik (D, + Dy, )N +

(e

Ck ’ ! H ’
Jay - naoﬂaOE + nao:uga HO (E Ez )_ Dalkna

0

—ik (D, - Dy,)

N = ((jjll:—?: Voa =2 (jjll 22 are obtained.
Considering that Dy, >> D,, u,, >> 1, from

jz;y = jf;z =0 (8)
is obtained

E} = AE}, E; = BE} 9

Substituting (9) to  ji
equations are obtained
(8, kD, ) + U (ikGy7 + KDyt ) +

2 2
Qf uH Q H)Y Q
+3/“Echar_(lu j (1__j¢1_3[lu j — t1aEchard
w C w w

c

[qﬁl(ikgzz-+ kZDzr)—S%(%T (1_%j]+

2
32k, (1—9j(ﬂ) ¢ =0
[0 C

w
where,

2 3
-2(5) 12 a-ni (4 (2] ()2
c ® c ) w
Q=ck Eo , Where, k is wave vector.
0

the following dispersion

i 1
Echar = ’ 3 (10)
Ki? 3%129(#"') 94
u ol c )@

2
At g=a2HH g here a=3(ﬂj. From (10)
@ C C

relatively o the dispersion Equation (11) is obtained.
o +Q(-1+¢)o+2¢0% =0 (11)
From solution (11)

:Eo_ck(_4_iij+§iﬁcki @)

H, kD, ) 2 H, kD,

o EK( 4 %) 5By & )
H, kD, ) 2 H, kD,

are obtained.

It can be seen from (12) and (13) that a wave with a
frequency is incremental.
w:_4Eock+§|E0cki (14)
3 Egck 92

and increment is @, =
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Thus, for internal instability (i.e., @ =a, +i@, ), the

AEBqck is the rise

value of the radiation frequency w, =—
0

impedance @, . These values (@, and @, ) are obtained if

the external electric field
EO >> lﬂ
5 eL
where, L is the size of the sample, e is the elementary
charge, T is the temperature in ergs.
Estimation (15) shows that under experimental

conditions E, >>100 V/cm this value corresponds to the
experiment in GaAs where it was obtained for
E, ~ 2x10° V/icm

(15)

(16)

3.2. External Instability (Impedance Instability)

When the current density j;, appears in the external
circuit (i.e., current fluctuations) the impedance of the
sample (GaAs) becomes a complex quantity. This occurs
at the complex value of the wave vector (k) and at the real
value of the current oscillation frequency (e@,). For
sample impedance calculation, the boundaries (i.e., 1 =0
and | =1, ) are the main factor, i.e., boundaries can be
ohmic and injecting. In the Gunn experiment, the GaAs
boundaries were ohmic;

E,(0)=0 at 1=0
E,()=0 at x=I

An alternating electric field will be sought in the

following form;

17

!
ox, e
(o2

E;(x) = ce™ +c,e (18)
where, oc=enyu.

The complex wave vectors k; and k, are calculated
from the dispersion equation respect to k from (11), i.e.
o Ho@ % s Ho o8, o

E, 2¢c D, E, cD,

Hy o 2

2
H
- + za) —2| =0

8

1 1

Tab  Tha

+i

(19)

K o’
2¢%D,1;

char

k

char

We introduce

m =y from (19) at y=y,+iy,

Yy, <<Y,, for determining y, and y,; the Equations (20)
and (21);

Yo + Yo —304Y5 Y1 —28YoY1 — 7 Yo +1=0
4YSY1+30‘oygy1+alyg +ﬂy§ -y7%1=0

are obtained.
Analysis of (20), (21) shows that;

(20)
(21)
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a,u 2
0= ‘Ti[l——fJ
4 Hyo 9
B=—-aa, ap= ° 0 = 2 (22)
5 2CEOkchar Dzkchar
v = Yo +aoYo —7
YT 3y 428
From Equations (20)-(21)
Yél) =-Q
3 (23)
@__3,
Yo 5 %0
are found.
Substituting (23) to (22)
2B . 4agp? .,
Y1 :——ﬂ‘H Of =Yt
0{1U al

B 1,3 .
y2_—a1u—§a1u ==Yt

2
_ l92 (kaar EOC] _ (ET
I(xar D2 HOC’) El
H E
0(0 = —Oa) = _2
kxar EO 2c E0
4 E
0(1 = —2 = _O
I(xar D2 E3
are found.

Substituting the boundary conditions for the electric
field (17) into (18), the constants ¢; and ¢,

Y e
Cl B _g . eiyz — eiY1
Y e
Cl B _g . eiyz — eiY1
are found.
Pattern’s impedance
I
Z= i j E'(x)dx
old'y (24)
J'= j;xs

Substituting E'(x) constants ¢; and c, to (24) after
integrated:

L _(ei)ﬁ _1)<ei)’2 _1) . |(y2 _ yl)
oS 1Yo

7 - (25)

ei)’Z _eiy1
are obtained.
Substituting y; and vy,, to (25) for the impedance the
following complex values.
' } (26)

Z=—
oS

a+ib

{1—[1+ A-(cosgy +ising; ) |x ™
1
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2CEO I(char
Hyo

.

A ’
Eg/z (DZ char] [
E, j"

o) () o

Ef
8
=32

are obtained.
Separating the imaginary and real parts of the
impedance from (26) we obtain;

ReZ =2, A2 0 og v 7 ARGy a7
a; +b/ a
Imz =2, Abal bl cosyy —ZoA AL O Giny,  (28)
af + aj +hbf
From (27)-(28) shows that at
vy = ;aflf —x (29)
ReZ =-Z,A 2%+ 00 (30)
a; +by
Imz =-z,A2— % bal aby (31)
af +bf
are obtained. Denoting
aa, +bb, ba, —ab,
=Z AL 1 o = 1 =1
v 0 alz + blz 4 0 alz n blz
From (30)-(31)
;abl = R (32)
aa; +bbh R
is obtained.
From (29)
1/2 3/2
E, = Hy 2 eH, 0] (33)
27 kxarT kxarc

the value of the electric field is obtained.
In deriving (33), the inequality R1>J§R is used,
where, R is ohmic resistance, R; is capacitive or

inductive resistance. In deriving the electric field (33), the
inequality

U5 £9/5EY5
E, > (9) s 5 (34)
2 E,
is used.
Substituting (34) to (33)
Kepar T Kpar T
@ > Kepar € c(;a_; v KeharC = Qg+ @ > Oy ii;

interval change in frequency of current oscillation is
obtained.

4. CONCLUSION
Thus, we have constructed a theory of internal and
external instability when the external magnetic field is
directed along the external electric field. The magnetic
field is strong, i.e., #H >c. With internal instability, an
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analytical formula for the oscillation frequency and the
electric field at which internal unstable waves are excited
are obtained, and the growth rate of the oscillation inside
the crystal is found. When the current begins to oscillate
in the external circuit, the sample (i.e., GaAs) emits
energy at a certain frequency. The limit of change in the
frequency of current oscillations in the external circuit, as
well as the value of the electric field at the beginning of
radiation, are calculated.
external
From

internal
wote al

external
0~ -.10*<«<1
internal 2
is found. Thus, the frequency and electric field are

decreased.
internal

From the relation W electric field is
0
E(i)nternal 5)(10—12 ><10—11 ;
Eexternal = 7[)(10—14 ~10
0

As the electric field decreasing, in external current
circuit the oscillation frequency of current increases.
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Abstract- Using the Boltzmann kinetic equation, the
frequency of the current oscillation in multi-valley
semiconductors, in an external electric and strong
magnetic fields, has been calculated. It has been proven
that for the excitation of current oscillations in multi-lobe
semiconductors, the sample size must be certain. It was
found that the critical value of the electric field when the
current oscillation appears almost does not differ from the
value of the electric field obtained by the experiment of
Gunn. It is shown for the first time that the appearance of
unstable oscillations in two-valley semiconductors of the
type GaAs size along the coordinate axes of the sample
must have a certain value. Application of the Boltzmann
kinetic equation leads to consistent values for the electric
field and the frequency of current oscillations in the
specified semiconductor. The obtained theoretical
formulas were evaluated using the Gunn experiment in a
semiconductor GaAs and numerical values were obtained
for the current frequency and the critical value of the
electric field.

Keywords: Oscillations, Frequency, Distribution
Function, Electric Field, Magnetic Field, Current-Voltage
Characteristic, Multi-Line Semiconductors.

1. INTRODUCTION

In theoretical works, current oscillations in two-valley
semiconductors of the GaAs type in an external electric
field, and in an external electric and strong magnetic
fields are investigated by solving the Boltzmann kinetic
equation. In these works, the critical values of the electric

and magnetic fields were calculated from the condition
dj

T ()

The j is the current flux density, £ is the electric

o, =0

field, o, is the differential conductivity. However, from

condition (1) it is impossible to determine the frequency
of the current oscillation.
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Therefore, it is of great interest to determine the
current fluctuation in the presence of condition (1). In this
theoretical work, we will calculate the frequency of
current oscillation and the critical value of the electric
and magnetic fields by applying the Boltzmann kinetic
equation [1-4].

2. THEORY
Let's develop a mathematical model of three-phase
two-pole synchronous motors with permanent magnets,
which is shown in Figure 1. Here, there is a falling
section on the current-voltage characteristic.

A

Ji

»
»

E

E, E; E,

Figure 1. The dependence of the current density on the electric field in
two-valley semiconductors of GaAs type is an N-shaped characteristic

The field strength is a multivalued function of the
current density at certain range of currents j, <j<j,.

In this current range, the system can be in one of three
spatially homogeneous states. The Gunn effect is
associated with an N-shaped characteristic. With negative
differential conductivity, electric charges in the system
are distributed unevenly, i.e., spatial regions with
different values of charges appear in the system (i.e.,
electrical domains appear). One of the mechanisms for
the appearance of domains is the Ridley-Watkins-Hillsum
mechanism. In electronic gallium arsenide GaAs, the
dispersion law is as follows [5, 6].
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[100] k
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Figure 2. Electron energy versus wave vector in GaAs

Since the energy distance between the minima is
relatively large (A=0.36¢V, A>>T T, is the lattice
temperature) under conditions of thermodynamic
equilibrium, the presence of upper valleys (minima)
practically does not affect the statistics of electrons.

Some of the electrons go to the upper minimum when
heated sufficiently. In this case, the effective mass of
electrons in the lower valley m, is much less than the
mass of electrons in the upper valley m;, . Therefore, the

electron mobilities in the corresponding valleys are
related by the relation

Hp >> Hq (2)
If we designate the concentrations in the valleysn,,

n, we can write an expression for the current in the form;
)
(4)

The diffusion current due to eEl>>k,T , where e is the

n=n, +n, =const

elementary charge, as the electron mean free path which
are neglected.

In works, without taking into account the intervalley
scattering (it is considered small in comparison with the
intravalley one), by solving the Boltzmann equation,
more specific conditions for the appearance of current
oscillations were obtained. In the scientific literature,
there are no works devoted to theoretical studies of the
Gunn effect taking into account the intervalley scattering
based on the solution of the Boltzmann kinetic equation.
We will theoretically analyze the influence of a strong
magnetic field on the Gunn effect, taking into account the
above [5-6].

3. BASIC EQUATIONS OF THE PROBLEM
Under the action of external forces, the state of charg)e

carriers is described by the distribution function f (/;,17 R
the value that is necessary when considering transport
phenomena, f IE,F is the probability that an electron
with a wave vector k (quasi-momentum hk ) is located
near the point 7. We consider stationary processes, then
f l;,? is clearly independent of time. The distribution

function is found from the kinetic Boltzmann equation. It
is known that the distribution function changes under the
influence of external factors and under the influence of
collisions with lattice vibrations (phonons) and crystal
defects. In the considered stationary state, the influence
of these factors mutually compensates each other.
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(). (5] ®
ot external ot coll

In external electric and magnetic fields, Equation (5)
has the form [7]

j el Maglv. ro[2
8V;f+h{E+c[9H]}ka (&]w,,

where, §=%V kg(lg) is the electron velocity, V i and

(6)

V-

- 1s the wave vectors and the gradient in the space of
coordinates.

When solving the problem, we neglect the anisotropy.
The fact that no orientation dependence was found in
studies of the Gunn effect on GaAs samples speaks in
favor of this assumption. We will assume that for the
lower valley the intervalley scattering prevails over the
intravalley one, and for the upper valley, the intravalley
scattering prevails over the intervalley one. Then the
Boltzmann equation for the lower valley can be written in
the form

o A )
ot . ot )
internal intervalley
And for the upper valley - in the form
b b
a2 ®
ot ). ot ).
internal intervalley

Davydov [8] showed that in a strong electric field the
distribution function has the form:

f=fo+ L7, ©9)
p

where, f, is the equilibrium distribution function, is the

momentum of charge carriers. It is clear that you can
write

fa=foa+£f;1aafb=fob+£f1b (10)
p p

Distribution function f > found from Equation (8) in [8]
(e-a)

fi =B (11)
A =—%ﬁ% (12)
where,
fy = (13)
D mpk,T
4 5
@, =% (14)

It is clear that for the valley "a" you can write similar
Equations (13)-(14) replacing "a" with "b". The /, is the
mean free path, D is the deformation potential, 7 is the
temperature of the lattice, o is the density of the crystal,

and u, is the speed of sound in the crystal.
Let's calculate the total current;

J=Ju+ s (15)
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j= 263 L 75k (16)
(277) p
Davydov [8] showed that in the case of intravalley

scattering flb in an external electric and magnetic field

f1" has the following form

el el \'
, E+ ( ”)[ [ bJ ilEd)
fb= elymy, ofy cp cp a7
o el, Y
l+( ”] H?
p
el, \’
3D*mjk,T 1+(”j H?
cp
a, = (18)
ely V(=1
1t pPug| E? +(bJ (EH)
P
where, f|” and «, are obtained if we replace "b" with

H "

in (17)-(18). After an easy calculation of the current
density j, and j, from (16) we get:

2
7 = FClad |- & [ am N
¢ 127z2h2m§ ezlsz a,
19
== CF(Z] 4m? % e F(;] 4m? % )
| B |22 e |y (B )52
el H | a, H a,
After calculating the total current by the formula;
Jj=JatJy (20)
1 1
8nc’m2  E! 4
jr=—e i Ze S Ny
R ECNE
3 5 ) l+y 2Z4p
€2y
215 2; 3 -1 3
+—aZa 2 rl S [ +1y7'22 8
2¢*m, 2
Lom m a /
where, A=ty 'z 2 ="L y=—0¢ =Za ;="
m, my ap ly
EXJZ 2
1 E
e o —e [E :(1——)‘j ;
E
3D mom kT
E}= 2 T}?gnaz 02 (22)
7 h®pu
We write (21) in the following form
j=0F +0, IEEJ+ azfllﬁflJ (23)

where, / is unit vector in the magnetic field. Comparing
(23) with (21), one can easily write the expressions
o+0y, 0, Oy
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When obtaining an expression for the current density
Jj. using (21), then we direct the electric field and the

magnetic field H,, as follows

The E,. value is obtained from the following
condition;
dj/

= = 25
dE! ()
when, estimating E f for GaAs, the value

2
E}=43.84 (ij (26)
cm

For all strong electric fields,

E>>E, (27)

It is quite satisfied. Now let's calculate the frequency of

the current oscillation. When an alternating electric field

E' is excited inside the medium, an alternating magnetic

field H' arises, which satisfies Maxwell's Equation (28);

= = —crotE’
ot

The current density in the presence of electric and
magnetic fields has the form;

j =B +o| Eif |+ o, | E]

(28)

(29)
Let us direct the external electric and magnetic field

as follows.

where, his the unit vector in z. We find the variable

value ji,j},j. from (29) taking into account (28-30),

then we get.
E E
ji=0 |- HeEy £ +o, 1+ Ko |
w oH
(€19
2 E 20,ck E
_O-ZCkzOE;+ 2)’0E;
oH oH
k. Eq k E
=0\, +| o= g a1+ B (32)
ol oH,
20,ck E,
it =loc+0,)E] —E +E' 33
ji=lo o )b = ) (33
Equating j,. =0 and j, =0 to zero, we find £, and
E, from (31)-(32) and supplying E.,E) in (33), we
obtain for ;. the following expressions.
20,ck E k
Ji=loy+ O, Cky 0(1+L02ﬂE0+
wH k HH o
ck k. E ck
+—5 zﬂE° S (R A J+ (34)
uH w Hy o uH,
20,ck,Ey E, (ck, ck kzc,qu Eo |
+ P
w HO w a)z HO z
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When deriving expression (34), we used the
conditions of a strong magnetic field wuH,>c.

Equating expressions (34) and (21), we obtain the
following dispersion equation for determining the
frequency of current oscillation.

1L |2 200ckEo
H,

HO
[ c .hzﬂ}o
LH,

0 0 HO
1 1

2m2q 4
8nc'mza,

3V2r @jlaHz

~ 20,ck_E
( . q))w.’x 26K Ly
0 (35)

o,ck E,
+————ck E
HO yIUkz 0

where, 6 =

>

1 3
@:ﬁ[lwy 278+

I+y 2Z4p
1 (36)

212772 o 1
H 2 -
el r@j{uw‘lzzﬁ]

0
J y

3V2r szaey

2
2¢"m,

H

X

Equating o, =@, (

(37)

is obtained.
1

Putting the values of a;Z in (37)

1
1 1Y2 1
8 ]8

) 3ﬁr(

are obtained.
From (38), we get;
2

k,T

H
’ 3myiey

3
2

4
H
EO = /J 1 ela (_0]
= 4
c*m?
1 (39)
2 1
8 kT |8
myly

3Var (3j
2
Thus, the value of the electric field is obtained during
current  fluctuations in the above two-valley
semiconductors of the GaAs type. In [8], it was obtained
that taking into account (26).

Ey=E, =1500 ~—
cm

(40)
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Supplying (40) to (39), it is easy to see that
uHy >>c, from the solution of the dispersion Equation
(35), we easily obtain.

1
kE, .ck.E,(L, |2
W, =20 g R0 22 (41)
: 2Hy, ~ H, (L,
For growing fluctuations;
1
k,F k. E, | L, |?
=220 S0 B Ty (42)
2H,  H, (L,
From (42), it is seen that in the crystal.
L,>4L,
(43)
Y << @y,

Thus, with the size (43) (L, can be any), current

oscillations (i.e., instability) are excited under an electric
field (39) In the calculation, we direct £, along H,. Of

course, any orientation of the electric and magnetic fields
could be chosen. For other orientations, it is necessary to
obtain expressions (21) and (34) in the same orientations,
and then find the vibration frequencies in the same
orientations.

4. CONCLUSION
In valley semiconductors of the GaAs type, current
oscillations occur under the influence of an external
electric and strong (uH, >>c) magnetic field. The

frequency of this oscillation @, (42) is close to the

frequency of the Gunn effect, ie., o, ~107 +10° Hz.

This proves that the application of the Boltzmann
equation is quite valid, although the Boltzmann equation
in strong fields is not always applied. By directing
E,=iE,, E,=jE,, Hy=iH,, H,=jH, one can
carry out a theoretical calculation and determine the
critical value of the electric field (including the magnetic
field) and the frequency of current oscillation. Of course,
with such calculations, conditions (43) will most likely
change. Theoretical analysis of current fluctuations in
multi-valley semiconductors of the GaAs type shows that
the sample size at current fluctuations is significant. This
fact was confirmed in the experiment of Gunn.
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Abstract- The article describes the electrical properties
of the intercrystallite boundary and mechanisms of
conductivity in a ZnO varistor with impurities. The study
shows the properties of the reagents used in the synthesis
of the ZnO varistor, as well as the composition of the
substances used to provide the varistor effect. The article
also presents the energy diagrams of the crystallite
boundary in the ZnO varistor, the equivalent circuit
diagram and the energy diagram of micro varistors,
respectively. It has been established that conductivity is
possible during physical processes both at the
intercrystallite boundary and through a potential barrier.
And also, the dependence of conductivity on frequency
and temperature was shown. It turned out that in the low-
frequency region, the electrical conductivity increases
monotonically, and then strongly increases with
increasing frequency. In this case, the electrical
conductivity o changes according to the law o ~ %8,
The resulting dependence o ~ f%® indicates a hopping
mechanism of charge transfer over states localized in the
vicinity of the Fermi level [1]. Dependence of
conductivity on temperature, it can be said that the charge
transfer in the varistors under study is carried out by
hopping conduction of electrons with a variable hopping
length over localized states lying in a narrow energy band
near the Fermi level. These states in a varistor can be
created by extended defects, intercrystallite boundaries
and dislocations.

Keywords: ZnO Varistors, Impurities, Potential Barrier,
Crystallite, Reagents, Diffractogram, Non-Linearity,
Electrical Conductivity, Frequency, Temperature.

1. INTRODUCTION

It is known that that semiconductor materials are of
great importance for power engineering due to their non-
linear conductivity. The use of such materials provides
attenuation of harmful voltage waves, which can be
amplified during power surges on high voltage lines and
half stations. It should be noted that SiC and ZnO
materials with symmetrical current-voltage characteristics
are mainly used for this purpose in modern electrical
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engineering. The material based on these elements (at
operating voltages) as a dielectric has a high resistance.
With a sharply decreasing resistance, it has a conductive
property, i.e., varistor property. If we connect such an
element, for example, a transformer, in parallel to our
protective device, then the sharply rising waves will
decrease, and the device will not detect high transient
voltages [13].

Numerous experimental results show that the
formation of the varistor effect in these materials is
directly related to the presence of a potential barrier at the
boundaries of the crystallite-amorphous phase [2]. Such a
structure of ZnO causes bipolar conductivity in the
specified material and the ability to change the resistance
sharply at certain voltages.

One of the factors that distinguishes ZnO ceramics
from a varistor is the wide variation in its basic
electrophysical parameters due to the introduction of a
small number of impurities into them. It should be noted
that one of the most promising areas for the development
of protective devices and elements is the creation of two-
phase and multiphase composite materials based on a
ceramic varistor [7-16].

2. METHOD OF ANALYSIS

For the manufacture of varistors, a ceramic charge of
the composition (mol.%) 96.5ZnO + 0.5Bi0; +
0.5C0304 + 0.5Mn0O, + 0.5B,03 + 1Sh,03 + 0.5ZrO> in
an amount of 100 g is weighed and crushed in a ball mill
to a particle size of 60 microns or less [4]. Then, granules
are prepared from this mixture, which are pressed under a
force of 40-ton force to obtain samples in the form of
washers 10 mm high and 20 mm in diameter. After that,
the samples are placed in an electric furnace for
synthesis: heating to a temperature of 900°C is carried
out at a rate of 150 °C/h, and to a temperature of 1250 °C
at a rate of 200 °C/h.

The properties of the reagents used and the
composition of the varistor samples are shown in Tables
1 and 2. Synthesis of pressed washers takes place in
atmospheric air, and the washers are annealed at a
temperature of 1200 °C for 2 hours.
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After turning off the oven, the samples are cooled for
7-8 hours. These surfaces are vacuum-deposited with a
thin layer (3-4 mm) of aluminum to provide electrical

¢, =08¢eV in ZnO oxides with surface-active ions

(Bi, Co, Mn). The addition of ZnO to these ions
complicates its structure.

contact. The height of the intergranular barrier
Table 1. Properties of reagents used [4]
Properties ZnO Bi203 Co0304 szOg MnO, Ni203 CrO; H3BO3
Quan. of main component, mas. % | 99.96 | 99.97 | 99.97 | 99.96 | 99.95 | 99.3 99.93 9.96
Degree of dispersion, um 0.3 5-10 05-2 1 021 | 0.3-3 | 054 0.5-2 0.5-3
Density 10°kg/m® 5.6 8.9 5.68 5.2 518 | 7.45 4.98 3.2
Melting points, °C 1975 | 817 [ 1805 | 655 | 1785 | 1957 | break | break
Cation radius, mm 0.074 | 0.098 | 0.072 [ 0.090 | 0.080 | 0.069 | 0.052 -
Type of electrical conductivity N p p p p p p(Cr,05) p
Table 2. Composition of varistor samples [4] semiconductors [4]. The ZnO varistors are connected in
Sample No. 1 | Sample No. 2 Sample No. 3 series and placed in a dielectric coating. One of the most
Ingredient | . | Quantity 1o | Quantity 0. | Quantity important factors in the application of varistors is the
bl mol% | mol% | o . :
in500g in500g in500g stability of their parameters. To do this, electro thermal
Zn0 97 | 916 | 965 | 90.76 %5 | 89577 wear of the varistor is carried out: under the influence of
Bi,O; | 0.5 2.7 0.5 2.69 0.5 2.6845 oo .
Sh,0. | 1 34 1 3.368 1 3359 an electric field, the barriers are heated to 403-423 K, and
Cos0, | 05 | 1.398 05 1.392 05 1.3887 then cooled to room temperature. To protect them from
B,O; | 05| 041 0.5 [ 0.404 0.5 0.403 the environment, the surface of the electrodes is
MnO, | 05| 051 05 | 0502 0.5 | 0.4955 varnished. This process is repeated until the varistor
%283 . 0;5 0'%78 8'2 g'ggg opening voltage (Ugp), non-linearity factor (£) and
Si0, ' 0692 resistance (p) to the opening voltage stabilize. It is

For example, when trivalent Ca is added to ZnO,
adsorption surfactant centers are formed. The resulting
this structure can localize free electrons [Ca®*-O;]
Numerous experimental results show that the potential
crystal barrier in ZnO stabilizes only in the range of 350-
400 °C, regardless of the type of impurity. In general, it is
necessary to determine the mechanism of physical
processes in bipolar conduction devices, to ensure the use
of varistor materials for various purposes, and the
stability of their properties [8].

When choosing various functional varisters made of
semiconductor ceramic materials (for example, ZnO,
SiC), it is necessary to take into account their crystalline
conductivity, band gap, electrical conductivity of electric
charges, and potential amplitudes at the interface between
amorphous and crystalline phases. Consider the process
of moving charge carriers in ZnO, which differs from a
number of other semiconductor materials.

The process of moving electric charges in polycrystalline
semiconductor ceramics based on ZnO is divided into
two groups:

o the movement of electrons through a potential barrier;

e along the border of a potential barrier.

The first mechanism is the conversion of electrical
carriers from crystallites to crystalline ones, and the
second mechanism is breakthrough displacements.
Despite the differences in voltage ranges and types of
materials, the only working element of all ceramic
varistors with a fuzzy structure is the crystallite boundary.

At present, ZnO-based varistors are widely used in
high voltage technology to limit the increase in voltage
(current) caused by various reasons. The non-linearity (5)
of the current-voltage voltage (Uqp) of ZnO-based cells
varies in the range of 50-70. This high non-linearity
makes ZnO varistors indispensable compared to other
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important that the varistor settings are protected from
moisture in order for them to remain stable. The last
operation of varistors is to place electrodes on their
surface. The process is carried out as follows: the surface
of the elements is chemically cleaned, silver pastes are
placed on the surface and fired. To protect the electrodes
from the environment, their surface is polished. ZnO is a
semiconductor compound and is type AZ BE [3].

The corresponding parameters of SiC, its band gap is
larger than that of other semiconductors. Therefore, the
non-linearity of the original ZnO must be greater after its
opening voltage, since its coefficient of non-linearity is
smaller. However, despite the band gap, due to the lack of
oxygen during the firing process, the stoichiometry of
ZnO is distorted and therefore has an n-type
semiconductor. A very thin insulating region is formed
among the ZnO crystallites, which ensures the formation
of the varistor effect. The ZnO varistor, with a cross
section of 1 cm?, has a constant amplitude of several kA
and can withstand high voltage surges up to the operating
voltage [11].

When studying the transport characteristics of
inhomogeneous materials, an important role is given to
the analysis of the dispersion of the dielectric parameters
of the material (dielectric permittivity, dielectric losses,
etc.). The dependences of the effective values of the
permittivity and the dielectric loss factor on frequency are
sensitive to the relationship between the electrical
parameters of the dispersed phase and the matrix, as well
as to the shape of the inclusions and their orientation in
an external electric field [5].

Despite the wide range of applications in various
fields of physics and chemistry [6, 10, 15], theoretical
studies of the dispersion of the permittivity of
heterogeneous media are hindered for a number of
reasons, among which the following should be noted.
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Analytical calculations of the effective parameters of
multi component systems, which are of independent
importance and are an integral part of the theory of
dispersion of inhomogeneous dielectrics, are in
themselves a complex mathematical problem that can be
solved only in individual cases.

The frequency dependence of the dielectric
parameters, namely, the components of the complex
permittivity, is a characteristic of the material and is
determined for each substance not only by the properties
of the material's molecules, but by the presence and
composition of impurities [4, 10, 13]. Note that the
addition of ZnO with additives of various composition
directly affects their crystal structure and physical
properties. Therefore, the determination and comparison
of structure-sensitive physical properties and crystal
structure, which are important for semiconductors, is one
of the important issues [6, 17].

It should be noted that the study of electrical
conductivity is one of the main methods used to
determine the purity of materials, mainly metals and
semiconductors. In addition, electrical conductivity
makes it possible to clarify the dynamics of current
carriers in a macroscopic object, the features of their
interaction with each other and the object with other
objects. The mechanism of electrical conductivity in
dielectric materials is more complex than in
semiconductor materials. This is due to the fact that the
movement of electric charge carriers (electrons, holes) in
these materials is hindered by various factors, for
example, defects in the crystal lattice, including deep and
shallow traps of energy levels in its band gap, scattering
of the lattice crystal from thermal vibrations, etc. d.
available [13]. Figure 1 shows the conductance as a
function of frequency.

15 16
Inf, Hs

6 7 & o 10 11 12 13 14

Figure 1. Dependence conductivity from frequency (ZnO with
impurities) 1-303K, 2-344K [5]

Figure 1 shows that in the low-frequency region, the
electrical conductivity increases monotonically, and then
increases strongly with increasing frequency. In this case,
the electrical conductivity o changes according to the law
o~ %8 The dependence o ~ f%% obtained indicates a
hopping mechanism of charge transfer over states
localized in the vicinity of the Fermi level [1]. Note that
at the temperatures under study, the o=F(f) dependence
has the same character [5]. Figure 2 shows the
temperature dependence of conductivity at f=10 kHz.
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Figure 2. Conductivity versus temperature at f=10 kHz (ZnO with
impurities) [5]

24 2.6

It can be seen from the experiments and Figure 2 that
the conductivity decreases with the temperature
dependence. Note that the frequency dependence of the
dielectric parameters, namely, the components of the
complex permittivity, is a characteristic of the material
and is determined for each substance not only by the
properties of the material's molecules, but by the presence
and composition of impurities [5].

3. CONCLUSIONS

The article describes the electrical properties of the
intercrystallite boundary and mechanisms of conductivity
in a ZnO varistor with impurities. It has been established
that conductivity is possible during physical processes
both at the intercrystallite boundary and through a
potential barrier. And also, the dependence of
conductivity on frequency and temperature was shown. It
was found that the frequency dependence of the dielectric
parameters is a characteristic of the material and is
determined for each substance not only by the properties
of the molecules of the material, but by the presence and
composition of impurities.

ZnO ceramic varistors with all these advantages,
proven in experiments, are synthesized with polymers to
produce high-quality composites for the energy field and
are successfully applied [7-16].
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Abstract- A thin-layer heterojunction with n-InTe/p-
TIGaTe, structure was created, its photoelectric, volt-
ampere and other characteristics were studied, energy
diagram of the transition was constructed. Based on
finding the maximum value of photoconductivity, it was
proposed to use the generated heterojunction a sensitive
recording device at near infrared wavelengths. It is shown
that at low voltage values, the current flow in the
heterojunction is determined by the equilibrium
conductivity. Based on the value of some parameters, it
was determined that the volume of injection current of the
n-InTe layer is limited by space loads. It is shown that the
exponential distribution of local conditions in the
restricted zone is the result of the process of straight
tunneling of the main carriers from the p-TIGaTe, layer
to the epitaxial n-InTe layer.

Keywords: Heterojunction,
Voltammeter, Energetic Diagram.

Photoconductivity,

1. INTRODUCTION

The photoelectric properties of heterojunction can be
divided into two major groups. One is the generation of a
photocurrent as a result of the absorption of photons, and
the other is the emission of photons as a result of the
excitation of electrons. There are different mechanisms of
photon absorption depending on the wavelength of light
that affects the structure. Both of these processes are
important. The first is the process of generating free
electrons and holes, that is, the presence of photo-
excitation of additive conditions or conditions at on the
border of separation. The second is the process that leads
to the generation of an electron-hole pair (excitation of an
electron from the valence band to the conduction band).
Namely, the generation of free charge carriers at contact
at the separation boundary or within the diffusion length
causes a photocurrent to form in the heterojunction. The
generation of free charges can occur not only through the
absorption of photons, but also under the influence of an
electric field. Radiative recombination of generated free
charge carriers leads to the emission of photons.
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2. EXPERIMENTAL PART

The creation of the heterojunction was carried out in
accordance with the technology given in [1]. However, in
this case, the following is taken as a basis. Depending on
the type of conductive type of condensed material, in
order to obtain a stoichiometric composition, the
substances in the source of tellurium and indium
tellurides were completely evaporated and precipitated on
the substrate (single crystal of TIGaTe, compound 0.8-1
mm thick). The surface of the TIGaTe, compound used as
a substrate was electrochemically treated, smoothed and
cleaned. When a thin layer of InTe is obtained separately,
the contacts are made of pure In and Ni elements. The
lower and upper contacts of the n-InTe/p-TlGaTe;
structure have always been made of indium. It should be
noted that when a thin layer of pure InTe was formed, the
temperature of the sources of indium and tellurium was
~1373 K in the in part and ~1253 K in the tellurium part.
When the thin layers were formed from pre-synthesized
InTe and In;Tes compounds, the evaporator source
temperature was ~1473 K (when InTe was obtained) and
~1453 K (when In,Te; was obtained). Thus, the
deposition of indium tellurides on the substrate was
carried out by evaporation of both individual elements
and evaporation of dual indium telluride compounds. The
voltammeter characteristic and the spectral dependence of
the photoconductivity in the generated heterojunction
were performed according to the method given in [2].

3. RESULTS AND DISCUSSION
It is known that the volt-ampere characteristic of a
heterojunction changes its position when the structure is

exposed to photons. As a result, this change is
characterized by the following formula:
qu
I=Ig=|exp—-1|-1 1
s [ ka } R (1)

where, Is is the dark reverse saturation current density, Ir
is the photocurrent density, and U is the applied voltage.
In the absence of generation and recombination of
carriers in the decontaminated area, the Ir value does not
depend on the voltage and is equal to the short-circuit
current (Isc). In the open circuit (1=0), the free-flow
voltage (Vi) in heterojunction depends on photocurrent
density and dark saturation current as follows;
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In general, the Iz depends on the geometric
dimensions of the heterojunction, on the physical
properties’ semiconductor materials of the heterojunction,
and the direction of irradiation. In practice, the
heterojunction is mainly affected by a large
semiconductor zone (perpendicular to the transition),
which is blocked by light rays.

In this case, high-energy hotons are absorbed in a
material with a large band gap, while small energies pass
through this material and are absorbed near the contact
boundary of the small bandwidth material. This
phenomenon is known in the literature as the "window
effect”, and it causes the growth of the photo response. If
the Fo photon flux falls on the front of a material with a
large band gap, then the Ir current associated with the
absorption of photons will consist of two components Ig;
and Iro, which are also associated with the recombination
of electron-hole pairs from broad and narrow band bands,
respectively. Since these processes do not exclude the
occurrence of these processes in the n-InTe/p-TIGaTe;
heterojunction created by us, the structure was
illuminated by p-TlIGaTe, and the dependence of the
wavelength of light acting on the photocurrent was
studied. When measuring photoconductivity, voltage was
also applied to the heteroconductor.

Figure 1 shows the spectral characteristics of the
generated heterojunction at different values of applied
voltage. As can be seen, as the value of the applied
voltage increases, the photosensitivity increases. The
maximum dependence is found at each value of the
voltage. In each case, the maximum in the characteristics
corresponds to a wavelength of ~0.93 um. However, the
value of the width of the forbidden zone of the material
was calculated using the value of 1.05 um of spectral
attenuation formed after the maximum. In this case, a
value of ~1.18 eV was obtained for the width of the
restricted zone, which is well consistent with the energy
parameter of the TIGaTe, compound. Reaching the
maximum value of photoconductivity indicates that the
resulting n-InTe/p-TIGaTe; heterojunction can be used as
a near-infrared wavelength sensitive sensor.
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Figure 1. Spectral dependence of photoconductivity at different values
of applied voltage in a heterojunction
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The voltampere characteristic of the created n-InTe/p-
TIGaTe; structured heterojunction was measured at room
temperature. Because ohmic contacts are indium, it has
not been possible to study voltampere characteristic at
higher temperatures. An energy diagram of the
heterojunction created according to the model proposed
in, without taking into account the surface electrical
conditions (Figure 2) [3]. The diagram is based on the
values of the energy parameters of the InTe and TIGaTe;
compounds derived from literature and our own research.
There are, E.=n—-1,=111eV and
E, = AE(TIGaTe,)-AE(InTe) =0.24 eV-Ay quantity
the quantities found for the average value of the

electronegativity of the elements in the compounds in
contact.

2y =497eV

Evak

AE_ =1.1leV AE =1.10eV

1
1
n — InTe 1

Figure 2. n-InTe/p-TIGaTe, energy diagram of the heterojunction
(Evax is vacuum level, E¢ is Fermi level, electron greedy)

And some of the data was derived from studies in the
case. For example, the energy of the Fermi level Eg, in
the previous paragraphs, logo ~ f(103T,K) is assumed to
be equal to the activation energy of the additives (for
example in accordance with the [4, 5] methodology).
That is, its distance to the passage zone is 0.01 eV in the
InTe combination. To calculate the thickness of areas
weakened by additives in the InTe and TIGaTe;
compounds, the following statements can be used in [6].

ZgONAgngp(po

\/eND(gnND+gpNA)

250ND5n5p¢)0

d =
P \/eNA(gnND+5pNA)
where, e is the load of the electron; & is dielectric
constant (8.85x10? Fmw); &, and Np are relative
dielectric constant and concentration of donors; ¢, and Na
are relative dielectric constant and concentration of
acceptors; and ¢ is the height of the potential fence.
From the measurement of the stationary voltammetric
characteristics of the resulting solid structure, it was
found that the heterojunction n has the ability to
straighten. The value of the correction factor in the
heterojunction is small (k=3+10). The direction of current
discharge is compensated by the positive values of the
external slip of the base. As can be seen from Figure 3,
the dark voltampere characteristic of the heteroconductor
generated at low voltages is symmetrical.

d n
©)
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Figure 3. Volt-ampere characteristic of a heterojunction with
n-InTe/p-TIGaTe; structure

This shows that the value of current at low voltages is
determined not by injection, but by equilibrium
conductivity. At currents up to 2V, the exponential part of
the voltampere characteristic corresponds well to the
expression | =1, ex ev

p 0 pﬁkT :

In here $=1.2-2.0 which indicates that a generation-
recombination process has taken place in the field of
volumetric loads. It was determined that the voltage
separating the current from the linear part of the
voltampere characteristic has a value of V4= 0.98 V. In
the opposite direction, at relatively low values of voltage
(U<3V), the voltampere characteristic of the resulting
solid structure obeys the linear law.

However, at large prices of the reverse voltage, there
is a gradual hole that indicates that the reverse voltage is
based on tunnel mechanism. At zero voltage values, the
dark saturation current from the rectilinear part of the
voltampere characteristic in the direction of current
discharge did not exceed 10°A/sm?. This value indicates
that the concentration of equilibrium carriers involved in
the conduction is not large. At values of voltage higher
than Vg, the straight arm of voltampere characteristic is
explained by the law I=B-Un(Figure 4). Here, B is the
coefficient of proportionality, and m is the composite
indicator of the voltage and takes values of m=1.4-1.6.

Ig L,micA

2

05

uv

Figure 4. The straight arm of the voltampere characteristic is on the
semi-logarithmic scale of the n-InTe / p-TIGaSe, heterojunction
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According to the literature, such dependence may be
due to the fact that the volume of injection current in the
n-InTe layer is limited by space loads. There is also an
exponential distribution of local conditions in the no-go
zone. In this connection, it can be assumed that the
process of straight tunneling of the main carriers from p-
TIGaTe; to the n-InTe layer takes place. At values V <V,
there is also thermal activation of the carriers in the
valence band. At voltages higher than Vg, the process of
regulating the current in the n-InTe layer with volumetric
space loads takes place.
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Abstract- The work involves the categorization of small- The term comes from the fact that there are a total of
angle X-ray patterns discovered through the investigation ~ four reflexes seen on the x-ray. The literature has a
of orientated, amorphous-crystalline polymers. The  sufficient number of references to these radiographs. The
suggested one-dimensional model may be utilized to  existence of planes inclined with respect to the texturing
analyze the shape of various small-angle reflections,  axis in the structure is the most common theory used to
according to an examination of the work done. explain the four-point radiograph. There are yet further

structural interpretations of the four-point, several of
Keywords: Polymer, X-ray, Reflex, Classification,  which conflict with one another. We will discuss this
Intensity, Small-Angle X-ray Patterns, Macromolecule, issue in more detail in the next article, but already now

Texture, Crystallization. we can express the opinion that due to the ambiguity of
the existing interpretations of four-point radiographs, the

1. INTRODUCTION four-point problem requires further research.
Numerous studies have been conducted (both A rarer case is when instead of four reflections on a

domestically and internationally) on small-angle X-ray  small-angle X-ray pattern, only two centrally symmetric
scattering on oriented polymers of different types that are  reflections are formed, the centers of which are displaced
produced and processed under a variety of different  from the meridian.
circumstances. This research resulted in the identification
of numerous types of small-angle X-ray diffraction
patterns. [1-5]. Figures 1 and 2 show diagrams of the
most common types of such X-ray diffraction patterns
characteristic of polymers. Of course, it is not possible to
describe all the small-angle radiographs observed so far
within the framework of this article: this would require
compiling an entire album (which, undoubtedly, could be
one of the handbooks for specialists in this field). ()
Consideration of a large number of small-angle X-ray Figure 1. Schemes of tangential reflexes, (a) dashed reflex, (b) four-dot
patterns allowed D. Ya. Tsvankin [1] to classify them for
the first time and distinguish two groups of reflections.
Figures 1 and 2 schematically show the small-angle
X-ray diffraction patterns that are typically seen in the
investigation of materials with a high degree of

orientation. Figure la shows a reflex in the shape of a %

stroke that intersects the meridian of the X-ray diffraction
pattern, with the meridian itself acting as the stroke's
point of highest intensity. This is the simplest reflection
possible because the macromolecules’ axes and the
sample's texture axis are in line with one another. This Figure 2. Schemes of radial reflections
reflection is particularly common in orientated samples
with a C-texture. The term "four-point" refers to a small-
angle radiograph that is formed when the intensity
maxima are symmetrically situated on both sides of the
meridian and are moved from it.

&

In the works, a radiograph of this type is called a two-
point radiograph or “two-point”. Two-spot radiographs
are obtained from samples subjected to shear
deformations.
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All reflections are situated on layered lines, which is a
characteristic shared by the two kinds of small-angle X-
ray diffraction patterns schematically depicted in (Figure
1) shows that these layer lines are usually located
perpendicular to the meridian of the small-angle
radiograph. If the sample has a complex texture, the axes
of which are pointing in the direction of the X-ray
pattern, the layer lines may also be positioned at an angle
to the meridian.

This radius must be simultaneously the axis of the
sample texture. Therefore, a stroke, a four-point and a
two-point are called tangential reflections, meaning their
location tangentially relative to any radiograph radius.
Along with such maxima, X-ray diffraction patterns often
reveal reflections that have a completely different form.

Frequently, maxima on a small-angle radiograph's
meridian take the shape of a "“circle” or "drop," stretched
toward the radiograph's center (Figure 2). During the
annealing of orientated samples, this sort of diffraction
maxima develops.

These reflexes have a high level of intensity.
Particularly strong circular reflections have tremendous
intensity. The strength of this particular collection of
reflexes is typically focused close to the radiograph's
meridian or another radius that extends to its center. The
equatorial diffuse scattering, which appears in cold
drawing at the equator and is angled perpendicular to the
texture axis off the sample, has to be distinguished from
these radial reflections.

5% 10%

15%

20% 25%

Figure 3. Small angle radiographs of high-pressure polyethylene (LDPE) stretched at room temperature after orientation at T=1000 °C

1% 2% 3-10%

4-15%

6-30% 7-40%

Figure 4. Small-angle radiographs of LDPE oriented at room temperature (1) then free-shrunk at T=100 °C (2), re-stretched at room temperature (3)-(7)

1% 2-5% 3-10%

4-20%

5-30% 6-40% 7-60%

Figure 5. Small angle X-ray patterns of medium pressure polyethylene PESD lightly irradiated (ry radiation) in the reactor at T=200 °C, stretched at
T=1600 °C and crystallized at T=600 °C

a b c d

Figure 6. Patterns of small-angle X-ray diffraction of samples of polyamide 6, annealed in the free state at T=850 °C and deformed at room temperature

0

Figure 7. Scheme of the longitudinal section of the model of fibrils with
sinuous layers
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Issues related to four-spot radiographs, indicating that
there are diagonal grating planes that are tilted with
respect to the texture axis, are also considered in a model
in which elementary fibrils are more independent of each
other, i.e., independent to such an extent that they can
move relative to each other. In this case, as shown in
Figure 9, it is easy to imagine how inclined lattice planes
can be formed if the crystalline regions of neighboring
fibrils are not located at the same level. Indeed, such an
arrangement of crystalline regions should be considered
normal, because, due to steric hindrances, the location of
such regions in planes perpendicular to the texture axis is
very unlikely [4].
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Figure 9. The elementary cylinders were moved in such a way that the
distortion vanished in the following diagram showing changes in the
supramolecular structure during stretching of the three samples:
(a) initial state, (b) sample will stretch

example

Figure 10. Scheme of the supramolecular structure of an oriented
polyamide 6 film annealed in a free state

A more thorough interpretation of four-point X-ray
patterns is contained in the work of D.Y. Tsvankin [1],
where a new model of oriented systems is proposed. A
feature of the model is that it contains crystallites in the
form of oblique parallelepipeds adjacent to the transition
zones and monotonically changing density. The model
has a lateral smooth surface.
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The suggested fibril model and an oblique crystallite
are shown in Figure 7. With the use of the suggested
model, small-angle scattering can be calculated, and its
origins can be explained for different kinds small-angle
X-rays patterns. The intensity distribution in the full
reciprocal space for different values of the parameters
describing the shape and dimensions of the oblique
crystallite may be calculated by using the general formula
for the form factor that was deduced in the study under
review [1]. The author of [2] shown through an analysis
of the form factor formula that the parameter bt/a is the
primary parameter representing the impact of the
crystallite shape on the intensity distribution. The
calculations carried out and the intensity distribution
graphs built on their foundation demonstrate that the
occurrence of small-angle reflections of different sorts
may be explained by a simple the bt/a value was
increased from 0.6 to 2.0.

When it comes to axial textures, there is a progressive
change from a dash to a four-dot and finally to an X-ray
diffraction pattern of the "oblique four-dot" type as bt/a
rises. When bt/al.7-2.0 has large values, a radial-type
reflex that is angled toward the meridian occurs. Because
of this, it can be shown from the findings in [3] that the
suggested one-dimensional model may be used to
categorize and explain the form of different small-angle
reflections. According to a review of the data from the
literature, most experts believe that the four-point small-
angle X-ray diffraction pattern is what causes the
structure's planes to be inclined with respect to the
texturing axis. Thus, the results presented in [1] show that
the proposed one-dimensional model can be used to
classify and interpret the shape of various small-angle
reflections. An analysis of the literature data shows that
most researchers explain the four-point small-angle X-ray
diffraction pattern by the existence of planes inclined
with respect to the texture axis in the structure.
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Abstract- At room temperature cadmium selenide (CdSe)  More accessible are hydrothermal methods [11], spray
thin films are deposited onto glass substrate employing  pyrolysis [12, 13], ion layering (SILAR) [14],
chemical bath deposition (CBD) method. A comparative  electrochemical [15, 16] and hydrochemical deposition
analysis of the optical properties of CdSe thin films  [17-18].

deposited from a solution containing four components In the present investigation a comparative analysis of the
(cadmium chloride, ammonium hydroxide,  optical properties of CdSe thin films obtained by chemical
triethanolamine  (complexing agent), and sodium  bath deposition method from a solution containing four
selenesulphate) and from a solution containing three  components (cadmium chloride, ammonium hydroxide,
components (cadmium chloride, ammonium hydroxide  triethanolamine, and sodium selenesulphate) and from a
and sodium selenesulphate) was carried out. A shiftinthe  solution containing three components (cadmium chloride,
band gap of a CdSe thin film obtained from a three-  ammonium hydroxide and sodium selenesulphate) was
component solution towards higher energies was  carried out.

observed.
2. EXPERIMENTAL METHODS
Keywords: Complexing Agent, CdSe, Chemical Bath The chemical bath deposition (CBD) method was used
Deposition, Sodium Selenosulphate, Thin film, Optical  to obtain CdSe thin films. Equal volumetric amounts (each
Absorbtion Spectrum, Tauc Equation, Band Gap. 13 ml) of 0.5M cadmium chloride (CdClyz5H-0), 13.4M
(25%) ammonia (NH3OH), 7.4 M triethanolamine
1. INTRODUCTION (CsH15NO3) and 0.2 M sodium selenosulfate (Na.SSeOs)

Cadmium selenide (CdSe) is considered a promising  were mixed in a 60 ml beaker. Sodium selenosulfate
compound for use in solar energy convertersdue to itshigh ~ (Na2SeSOs) was prepared in the laboratory by dissolving
optical absorption coefficient and optimal band gap. The  an appropriate amount of selenium powder in 100 ml of
semiconductor compound CdSe can crystallize in two  sodium sulfite (Na2SOs) aqueous solution at 90 °C for 7
different structures: zinc blende (cubic- optical band gap  hours. After the undissolved selenium particles were
~1.71 eV) and wurtzite (hexagonal- optical band gap~1.80  filtered off, a clear solution of sodium selenosulfate was
eV). This compound can be used as window material,  obtained [19].
buffer layer and absorber in solar cells. The nanostructured Before the amorphous glass substrates (38x26x1 mm)
thin CdSe films, depending on the size of the  were put into the solution, they were soaked in diluted
nanostructure, acquire new interesting properties that  acid, rinsed in deionized water and then dried in air. The
differ significantly from their bulk compounds. In  substrates were put in glass vessels vertically. Chemical
addition, it is possible to control the electronic and optical ~ baths have waited for 48 hours at room temperature
properties of a nanostructured CdSe thin film by simply (27 °C) and this regime turned out to be the most optimal
changing the size of nanocrystals, which allows it to be  for obtaining a high-quality thin film. When the solutions
used as solar cells, high-performance thin-film transistors,  are mixed, a white precipitate first forms at the bottom of
photodetectors, and light-emitting diodes [1-4]. the beaker. Over time, this precipitate and solution acquire

CdSe is used as an active medium in semiconductor  a dark yellow color, and then a red color corresponding to
lasers [5], liquid crystal displays, gamma-ray detectorsand ~ CdSe. After deposition substrates were removed from the
gas analyzers [6]. In addition, Cadmium selenide is a  beaker, washed with distilled water and dried.
promising compound for the creation of photoresistors and In the three-component (in the absence of
light-emitting diodes [7, 8], highly efficient thin-film  triethanolamine) case, the chemical process was carried
transistors [9], optical amplifiers, photocatalysts and  out completely according to the technology corresponding
materials for photocatalytic systems [10]. to the four-component case described above, that is,

The widespread use of this material dictates the needto  mixture of cadmium chloride, ammonium hydroxide and
develop new methods of synthesis or improve old ones.  sodium selenosulfate was prepared while maintaining all
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of the above conditions. As a result, in both cases a red and
homogeneous CdSe thin film was obtained on the glass
substrate, with good adhesion. CBD film has thickness of
around 200 nm.

3. RESULTS AND DISCUSSION

In Figure 1 is shown the X-ray spectrum of a thin CdSe
layer obtained for the four-component case. This spectrum
shows that the resulting thin layer is polycrystalline in
nature. The two theta peaks at 25.3, 42 and 49.8 are the
result of reflections from the (111), (220) and (311) planes,
respectively. The (111) plane is considered the main
direction of CdSe, which crystallizes in a zinc blende
(cubic) crystal structure (JCPDS No. 190191).

The optical absorption measurement was carried out in
the wavelength range of 200 +1100 nm, by using a U-5100
Spectrophotometer. Figure 2 shows optical absorption
spectrum CdSe thin films obtained from four-component
and three-component solutions by chemical bath
deposition method.
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Figure 1. X-ray spectrum of CdSe thin film obtained by chemical bath
deposition from a solution containing four components
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In Figure 3, dependences «(hv) for CdSe thin films

obtained from four-component and three-component
solutions by chemical bath deposition were plotted.
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Figure 2. Optical absorption spectra of CdSe thin films obtained
by chemical bath deposition from four-component (1)
and three-component (2) solutions

As we know, the Tauc equation is used to calculate the
width of the band gap of semiconductor [17]:
1

(ahv)" = A(hv — E,) 1)

where, A is a constant and Eg is band gap of semiconductor,
and (hv) is the energy of the photon. The values that n can
take in this expression depend on the type of transition and
can take on the following values [20]:
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- for an allowed direct transition n :%
- for an allowed indirect transition n=2
- for a forbidden direct transition n= g
- for a forbidden indirect transition n=3
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Figure 3. a(hv) dependences of thin CdSe films obtained by chemical
bath deposition from four-component (1), three-component (2) solutions

As it was reviewed in [21] the CdSe thin films have an
optical transition corresponding to the first case near
fundamental absorption edge, so for spectral dependence
of absorption coefficient can be applicable a formula;

(ahv)? = A(hv - E;) (2)

Constructing (ahv)? as a function of (hv) according

to an optical absorption spectrum of CdSe thin films,
obtained by CBD given in Figure 4.

. 3.5
hv, eV
Figure 4. Plots of (ahv)? versus (hv) for CdSe thin films obtained by

chemical bath deposition from four-component (1) and three-component
(2) solutions

The estimated value Eg for CdSe thin films obtained by
chemical bath deposition from four-component and three-
component solutions correspond Eg=2.16 eV and
Ey=2.7 eV respectively, i.e., a shift in the band gap of a
CdSe thin film obtained from a three-component solution
towards higher energies was observed.

4. CONCLUSIONS

Optical absorption spectra of CdSe thin films obtained
by the CBD method at room temperature are measured for
two regimes: in the presence of triethanolamine in solution
and without it. Using the Tauc equation, the widths of band
gaps of CdSe thin films were determined. The estimated
values Ey for CdSe thin films obtained from four-
component (in the presence of triethanolamine) and three-
component  (without  triethanolamine)  solutions
correspond Eq= 2.16 eV and E4=2.7 eV, respectively.
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Abstract- The spectra of micro powders and nano thin
films of Nij«Zn,Fe;O4 ferrospinels in the region of super
high frequencies, including terahertz frequencies, have
been studied with the aim of their specific practical
application in the structure of the shell of a frequency-
dependent resistor to eliminate high-frequency over
voltages in networks and devices in power engineering,
electronics, computer systems for receiving/processing
information, etc. The interpretation and analysis of the
research results confirm the effectiveness of the use of Ni-
Zn ferrites as an element of the absorbing shell of a
frequency-dependent resistor for filtering high-frequency
over voltages that occur in the high and super high
frequencies.

Keywords: Ferrospinel, Super High Frequency, FD-
Resistor, Overvoltage, Domain Wall.

1. INTRODUCTION

The perspective of using frequency-dependent resistors
for filtering external and internal high-frequency
interference arising from external, natural, or other factors
leading to the occurrence of high-frequency over voltages
in power networks and systems, in circuits of electronic
modules, systems for receiving/transmitting and
processing information, etc., as studies have shown,
stimulated the study of electrical, thermal, magnetic,
optical and other properties, the role of geometric factors,
the presence of a layered structure of the ferromagnetic
layer, the quality of the surfaces of the layers, etc. resistors
of this type [1-10].

Already the first experimental studies and subsequent
analysis of the processes of electric current flow through a
frequency-dependent resistor under conditions of high-
frequency interference were carried out in the framework
of computer simulation based on the percolation model of
the resistor shell, created on the basis of [11] indicated that
the resistive properties and features of the flow of
alternating current in the resistor are determined, first of
all, the frequency dependence of the magnetic
permeability of the ferromagnetic shell, the observed skin
effect, the ratio of the concentrations of components in the
structure, the grain sizes of micro- and nano powders of
ferrite used in the shell of the resistor.

The promising materials for the shell of frequency-
dependent resistors include Ni,..Zn.Fe,O, ferrites, which,
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as studies have shown, intensively absorb electromagnetic
radiation in the frequency range from 10 MHz to 1000
MHz. The absorption of electromagnetic radiation in these
ferrites in the frequency range above 300 MHz is
determined by ferromagnetic resonance. The results of
studying the EPR spectra and AFM profiles of
Ni.«ZnFe;O4 ferrites, published earlier in [12-14],
established the presence of features associated with
changes in spin concentrations in the octahedral and
tetragonal sublattices in various compositions of
Ni.«ZnFe;O4 and the temperature range (3-300 K). The
observed effects were determined by the occupation of
tetrahedral and octahedral positions by Zn, Ni, and Fe ions,
that is, by changes in the sublattice magnetization. The
absence of the identity of the Ni;.Zn,Fe,O4 sublattices
causes non-zero total mechanical and magnetic moments
and, since the values of the g-factors of the sublattices are
different, the compensation points for the magnetic and
mechanical moments do not coincide with each other.
Thus, at the points of intersection of the dependences of
the spin concentrations of the magnetic sublattices, in all
probability, compensation points were observed. The
conducted studies allowed us to establish that the reason
for the spin reorientation observed in the EPR spectra of
NiiZnFe 0,4 ferrites, as well as the generation of 26.4
THz (880 cm™') terahertz radiation observed in Raman
scattering, is the appearance of magnetic inhomogeneities
and a non-collinear magnetic structure as a result of the
influence temperature on the concentration and orientation
of spins of Fe** ions in canted and superparamagnetic
states. The value of the energy gap equal to 0.10914 meV
agrees in value with that found in experiments on small-
angle neutron scattering.

The results of studies of the Raman scattering spectra
[15] in Ni;Zn,Fe,O4 nano powders and thin films made it
possible to assume the presence of magnetic
inhomogeneities in them localized in the surface layer of
the ferrite film, the thickness of which is comparable to the
length of the exchange spin waves. This assumption was
based on a physical model of the coexistence of two
subsystems in magnetite: one associated with cations (Fe*
and Fe’') and the second with hopping 3d electrons
between cations Fe?* 2 Fe*', leading to magnetic ordering.

In addition to the strong electrostatic interaction
between cations, the theoretical description of the effect
included taking into account the influence of the
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Vonsovskii s-d exchange interaction, which, in the case of
a positive s-d exchange, took into account the
magnetopolaron states, and in the case of a negative s-d
exchange, not only the localization of conduction electrons
but also partial screening of the magnetic moments of
atoms as a result of the orientation of the spins of
conduction electrons antiparallel to these moments. An
analysis of the MFM profiles of (Zn-Ni) ferrites’ thin films
[14] confirmed the presence of magnetic clusters in them,
the size of which depended on the composition of the
ferrites. Note that the assumption about the presence and
nature of magnetic excitations in Nig4ZngsFe.O,4 ferrite
was previously expressed by the authors of [16], who
performed an energy analysis of small-angle neutron
scattering.

In the compositions x(Zn) = 0.60; 0.68; 0.75, at low
temperatures, a high-field susceptibility characteristic of a
noncollinear magnetic structure, as well as the occurrence
of intensive small-angle scattering, were detected. The
results of the above studies were reflected in the
implementation of various types of shells for frequency-
dependent resistors operating in the optical, low-frequency
(up to 1 MHz), terahertz ranges. This publication presents
the results of microwave studies (from 1 MHz to 20 GHz)
of Ni;Zn,Fe,O4 ferrites, the purpose of which was to
expand the frequency range of operation of frequency-
dependent resistors.

2. EXPERIMENTAL METHODS AND
TECHNIQUE

Synthesis of micro powders and thin films of the
compositions Ni;Zn.Fe,04, where, x =0.0; 0.25; 0.4; 0.5;
0.6; 0.75; 1.0, with their further annealing at a temperature
of 960 °C was carried out according to the high-
temperature technology published in [14, 15, 17], the
quality of which was controlled by X-ray diffraction
patterns. The surface quality of Ni;..Zn,Fe;O4 films, where
x=0.25,0.4,0.5,0.6,0.75 deposited on high-quality surfaces
of leucosapphire substrates 2 mm thick and 12 mm in
diameter, were studied on SmartSPM confocal and atomic
force microscopes with an AIST-NT measuring head
(Tokyo Instruments, Japan) [14]. The Raman spectra of
Ni.«ZnFe;O4 micro powders and thin films were studied
on a 3D Laser Raman Micro spectroscopy System Nano
finder 30 Raman spectrometer (Tokyo Instruments, Japan)
[15,17]. The excitation source was a YAG Nd laser
(A4=532 nm), with the possibility of changing the radiation
power from 0.1 mW to 10 mW. Note that these spectra
already refer to high terahertz frequencies. EPR data
obtained with the aid of a ELEXSYS E500 spectrometer
(Bruker, Germany) at 300 K and down to 4K [14].

The high-frequency spectra of ferrites were studied
using a “Deepace KC901V” vector network analyzer by
the coaxial method in a short-circuited line. Granular thin
films consisting of nano- or submicron magnetic particles
embedded in the technological process in an immiscible,
non-conductive or metallic matrix represent a special class
of artificially structured materials that, due to the
possibility of modeling and forming microstructures with
a predetermined geometry that provides the necessary
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spatially modulated magnetic and electrical profiles, high
coercivity, giant magnetoresistance, spin-orientation
transitions, and other macroscopic quantum effects, turned
out to be promising for new technical solutions. At the
same time, the rigidity of the bond between the particles
and the matrix turned out to be an important factor in the
stability of the created structure. As it turned out, the
tendency to conglomerate free particles over time led to
the degradation of some key properties of granular
magnetic systems, which significantly depended on the
volume fraction x, and sizes 2r of embedded magnetic
particles, where the parameter x, can continuously vary
from 0 to 1, and the parameter 27 has the value, only for
small values of x,. The evolution of the granular
microstructure with a change in the x, parameter can be
represented as follows: for any granular systems with a
uniform dispersion of ferrite fillers, there is a so-called
percolation volume fraction x,, whose values lie in the
range of 0.5-0.6. Isolated ferrite beads exist at x,<x,, and a
continuous network of interacting beads appears at x,>x,,.

In a real granular system, the particles are not spherical.
If the average distance between particles is of the order of
the particle size, then giant magneto-transport properties
appear. In granular systems, the single-domain behavior of
magnetic particles is observed at low volume
concentrations (x,<x,), and the usual magnetic properties
appear at x,>x,. In this case, all magnetic moments are
coaxial and rotate synchronously with the external field as
one giant moment, which corresponds to extreme
ferromagnetic characteristics. Granular NigsZngsFe,O4
(one of the Ni-Zn ferrites) embedded in a fused quartz
matrix exhibits superparamagnetic properties even after
being heated at 1100 °C for 2 hours. In the (Ni-Zn-
ferrite/Si0,) system, magnetic properties can be changed
in a wide range by changing the volume fraction and
diameter of ferromagnetic particles. At x<34%, the
formation of pure stoichiometric Ni-Zn ferrite in the SiO,
matrix is observed. Note that a characteristic feature of Ni-
Zn ferrites is the presence of electronic transitions in those
initiated by super exchange interaction of the
Fe*—0*—Fe* type.

The combination of various concentrations of Ni-Zn
ferrite and its heat treatment made it possible to obtain
samples with a saturation magnetization from 1.3 to 68
emu/g and a coercive force from 0 to 123 Oe, a value that
is higher than the coercivity of bulk Ni-Zn ferrite. It was
also found that NiFe>O4 films (Nii«ZnFe>O4 composite at
x=0) deposited on a sapphire substrate had a high coercive
force, which was ~32.5 mT in out-of-plane and in-plane
geometries. The calculation of deformations at the film-
substrate interface, taking into account the parameters of
crystal lattices and elastic coefficients C1;=174 GPa and
Ci»=67 GPa, showed that: coercive field, during
compression: in-plane - 32.5 mT and out-of-plane - 32.5
mT; in tension: in-plane - 0 and out-of-plane - 25 mT.
Magnetization: when compressed: in-plane - 10 G and out-
of-plane - 5 G; in tension: in-plane - 26 G and out-of-plane
- 23 G. Thus, in thin NiFe,O4 films, there are coercive
fields in the out-of-plane geometry and there is anisotropy
of the “easy” plane type, which is characteristic of two-
dimensional layers.
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On the other hand, the technology of obtaining
ultrathin films by high-temperature evaporation of the
initial components in a vacuum chamber is very difficult.
That is why it was decided to use PLD (pulsed laser
deposition) - a method in which granular ferrite
microstructures with spatially modulated magnetic and
electrical profiles are created by the action of pulsed laser
radiation on submicron Nip4ZnosFe,Os powder particles
deposited on a glass substrate (optical glass K8, a similar
glass produced by the German company Schott AG, is
designated as BK7).

It has been established [18], that the thin films of ferrite
obtained by deposition were observed to overlap the
crystalline islands with an amorphous phase. The
subsequent annealing of the obtained films led to their
texturing and enhancement of the magnetic properties, and
despite the fact that the magnetization of the films was
close to the magnetization of the bulk ferrite, the value of
the coercive magnetic field in the films was greater than in
the bulk material, i.e. confirms the conclusion of the
authors of the publication [19] that this feature is
associated with the anisotropy of crystallites observed in
the microstructure of the film of this ferrite. The scheme of
the experiment is shown in Figure la. Modification of
Nig4Zng¢Fe,04 ferrite nano powder was carried out by
radiation from a wavelength-tunable Spectra-Physics
Tsunami laser. With irradiation parameters: radiation
wavelength 1.064 pm, pulse duration 10 ns, and energy
density 480 mJ/cm? were obtained, shown in Figure 1,
photomicrographs of areas of the substrate with particles
of ferrite powder without exposure (b) and under exposure
to a constant magnetic field (c, d), with a resolution better
than 250 nm. Under the action of laser pulses with a
duration of ~10 ns, conglomerates of submicron particles
melted and combined into drop-like structures.

Figure 1. Experimental scheme, (a) 1. permanent magnet, 2. glas

substrate; 3. submicron powder particles Nip4Zng ¢Fe;O4, 4. laser

radiation, (b) radiation without influence, (c) at the influence of
magnetic field, scale =1 pm [19]

Analysis of the microcrystalline structure shown in
Figure 1 showed that the nano thin ferrite film is formed
by spheroids of various sizes, unevenly distributed in a
fine-crystalline granular mass with rare
crystallographically irregular, isometric inclusions. A
complete AFM analysis of the resulting nanofilms was
published in [14, 19].

69

Technological control of the process, previously
published in [19], was carried out to achieve the desired
effect for the reproducibility of parameters and the
efficient operation of devices. It can be considered
established that the melt of this ferrite wets the glass
surface. This fact is easy to explain if you pay attention to
the property of the components that make up the ferrite
composition to react with silicon dioxide, namely:

Reaction SiO; + 2Fe304 — 3Fe,SiO4 + O, in which
SiO, is an acid and Fe;Os - alkali, passes with the
formation of iron orthosilicate, that is, the mineral fayalite:
20" —4e” —20°
6Fe®? +4¢™ — 6Fe" (recovery)

On the other hand, this reaction is reversible;
3Fe,Si04 +0, — 2Fe304 +3Si0,

Similarly, the reaction 2NiO + SiO, — Ni,SiO4 of the
interaction of nickel oxide with SiO; leads to the formation
of nickel silicate, and the reaction ZnO + SiO; = ZnSiO;
leads to the formation of zinc metasilicate. At about 1200
°C, all three ferrite components react with SiO, Detailed
studies of the strength characteristics of wetting with Ni-
Zn-ferrites in junctions with glasses, published in [19],
indicated that in the case of, for example, permalloy (i.e.,
Fe-Ni alloy) or zinc-nickel ferrite, the maximum stress
compensation was achieved at glass thicknesses and
permalloy 1-1.5 um and 0.5-0.75 pum, respectively.

The parameters of the optimal mode for obtaining
junctions were set, namely: temperature rise to 900 °C at a
rate of 10 °C/min, cooling from 900 °C to 500 °C at a rate
of 10 °C/min., at a temperature of 500 °C isothermal
exposure 40 min. With subsequent cooling of the junction
at arate of 3 °C/min. The influence of an external magnetic
field on the nature of the change in macros tresses and the
role of the mutual orientation of the domain and external
magnetic fields were also established. Thus, it becomes
obvious that the created ferrite microstructures, due to the
chosen geometry of the macrostructure, will have specific
spatially modulated magnetic and electrical profiles.

(oxidation)

3. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

As stated in [20], in the frequency range up to 300
MHz, domain wall resonance plays an important role. The
condition for the occurrence of domain wall resonance is
their rigid fixation at grain boundaries, pores, or other
defects, which ensures their displacement relative to the
equilibrium position. The frequency of natural oscillations
of domain walls is determined by the stiffness coefficient
of the quasi-elastic force, reduced to a unit of the effective
mass of the domain wall. In a real ferrite, there are many
domain boundaries of various sizes, and each such
boundary has its own oscillation frequency, so the
dispersion region " is composed of many peaks of
resonances of individual boundaries. The resonance
frequency of the boundary depends on its type. The harder
and shorter the boundary, the higher the resonance
frequency. Thus, the resonance frequency of domain walls
is determined by the grain sizes of ferrite micro powders,
and the actual spread of ferrite grain sizes will lead to an
increase in the width of the domain wall resonance curve.
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Assuming grains of ferrite spherical diameter d, the
mass of the domain wall m can be determined from (1)

Equation [21]
5 -1/2
_ 4| 2T 1+#0HA
1y

m=
27/2 aK

where, y is the gyromagnetic ratio, k is the Boltzmann
constant, a is the lattice constant, K is the crystallographic
anisotropy constant, 7¢ is the Curie temperature of
Ni.«ZnFe,O4 ferrites , Hy is anisotropy field, which is
related to the natural ferromagnetic resonance frequency
werur by the H ; = wppyp /7 - The value of the stiffness

(M

coefficient or quasi-elastic coefficient from the Dering
47rr]§
3y

The Iy is saturation magnetization = 0.2+0.3 TI; 2r is
major axis of the ellipsoid of revolution; x4 is initial

Equation ¢& = + 270

magnetic  permeability;  surface  tension  force
1
2kT K \2
o= ch 2
a
. . . kT,
The 6, is domain wall thickness o, = e and the
a

natural frequency of oscillations of domain walls @y is
expressed in terms of the effective mass and the
generalized quasi-elastic coefficient by the expression:

g

Mefy

In Figures 2 and 3 show the calculated (within the
framework of the percolation model) and experimental
spectra of the frequency dependences of the imaginary and
real parts of the magnetic permeability for NigsZngsFe,O4
in the range from 1 to 20000 MHz. As can be seen, the
region of the spectrum caused by the vibrations of the
boundaries has

the form of a wide frequency decay band 4/ and its
corresponding resonant maximum £/', the high-frequency
“tail” of which can reach frequencies much higher than the
frequency of the natural resonance of the boundaries. The
nature of these spectra is obviously influenced by the
processes of super exchange interaction, etc. [20], which
lead to recessions g/ and maxima ' at frequencies
coinciding with their relaxation frequencies, and for 1/7
close to the oscillation frequency of the boundaries wy, an
expansion of the resonance region is observed, and for
1/7<wy a relaxation maximum 4" and the corresponding
decline p' form a separate area [20]. An estimate of the
oscillation frequency of domain walls o for
Nip sZng sFe,O4 ferrite micro powder gives a value of 280
MHz.

As is known, the conductivity of Ni,..Zn.Fe,O, ferrites
is associated with the presence in them of two and three-
charged ions of the transition elements of iron and nickel.
In the conduction process, the participation of nickel is
difficult, while, between iron ions of different valence, the
process of electron hopping through the intermediate
oxygen ion (indirect exchange) is observed.

20
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Figure 2. Calculated frequency dependences of the imaginary and real
parts of the magnetic permeability of the control percolated medium
with filling factors p= 0.5 and 0.8, particle radius an equal to 2-10-3 cm,
magnetic permeability of the ferromagnetic substance (100-10 j),
electrical conductivity o= 105 Om™'em!, Filler: Niy sZn, sFe,O4
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Figure 3. Experimental frequency dependences of the imaginary and
real parts of the magnetic permeability of NisZng sFe,O4

The predominant directions of electron hopping can be
caused by the precession of magnetization, which is
associated with the fact that ions of different valence
occupy crystallographically nonequivalent positions, and
there are four types of such octahedral knots in spinels.
Their local axes form different angles with the
magnetization, and the energy of the system depends on
where, at what site, at a given moment of time, the “extra”
electron is located. Thus, during the precession of the
magnetization, the angles of the moment vector with the
local axes and the energy levels of the system
corresponding to the doubly charged iron ion change,
providing the preferential directions of transitions with the
frequency of precession.

And, taking into account that the transitions of
electrons between octahedral sites may lag behind the
change in energy, the energy will be transferred from the
magnetic subsystem to the subsystem of ions with variable
valence, and from it to the crystal lattice with which the
ions are associated.
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Figure 5. Reflection coefficient spectrum of Nip sZng sFe,O4at 7=300 K
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Figure 6. Terahertz reflection spectra, (a, b) Ni;.,Zn,Fe,O4 ferrite nano
powders in the 1-7 THz region, (c) transmission of the Nij 4Zng ¢Fe,04
granular film in the range of 0.1-2.5 THz [19, where, D1, D2 are
sections of the film that differ in density (dense), ND2 is a section of
low density (not dense)

For the composition, the relaxation frequencies of the
excited states of Fe** are such that one can assume very
fast energy transfer from the Ilattice and magnetic
sublattices, and it is natural that ions strongly bound to the
magnetic subsystem will be excited during its vibrations.
The temperature dependences of resonant fields are
determined by the temperature dependences of relaxation
times and equilibrium populations. The relaxation time
usually decreases rapidly according to the law (2). Note
that the theory of Clogston [20] even in a rough
approximation confirms the observed frequency and
temperature dependences of the resonance curves and
dynamic shifts of the resonance field, which are shown in
Figure 4 for various compositions of Nii.Zn.Fe;Oq4

(x=0.25; 0.5 and 0.75) ferrites.

An analysis of the absorption of the THz spectra
(Figures 5 and 6) of a frequency-dependent resistor made
in the form of thin granular films of Ni4Zng ¢Fe,O4 ferrite
confirmed their possibility of using interference in the
terahertz frequency range [19]. Observed split sequences:
(0.343 and 0.483; 0.571 and 0.727; 0.815 and 0.967; 1.05

Frequency / THz

. and 1.211; 1.288 and 1.444; 1.516 and 1.680; 1.763 and
% 1.955; 2.012 and 2.131; 1.35; 2; 14 THz) correlates with
acoustic modes with intervals: ~0.24 THz (0.9 meV),
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within the group ~0.15 THz (0.6 meV), between the limits
~0.08 THz (0.33 meV). The positions of the maxima in the
THz spectra of granular Nip4ZngesFe,O4 ferrite films of
different thicknesses practically do not change, which, as
indicated in [19, 22], can occur due to unlimited acoustic
phonon modes.

As noted in [19], in the range from 0.4 to 2 THz, the
absorption of electromagnetic radiation in magnetite due
to spin ordering is extremely low, since the frequency of
spin reorientation in a magnetic material does not exceed
0.02 THz [22]. Thus, the process of absorption of
electromagnetic radiation in the THz range is mainly
associated with dielectric losses. The transmission spectra
of the selected sections of the Nip4ZngsFe2O4 films in the
THz region show oscillations associated with acoustic
modes. The change in transmission demonstrates a weak
dependence on the frequency of the terahertz field.
Comparing the results of terahertz studies with the data of
[23], it is easy to notice their similarity, indicating the
possibility of studying ferrites in all Ni..Zn.Fe,O4
compositions in the THz frequency range of the
Fe**—0%*—Fe’* super exchange interaction.

Analyzing the results of research in the field of
microwave frequencies, as well as the practical use of
Ni-Zn ferrites as an effective absorbing sheath of a
frequency-dependent resistor for filtering high-frequency
over voltages, it is pleasant to note a new confirmation -
the publication of [24] confirming the complete
suppression of the Ni-Zn ferrite absorber. distortion at
frequencies of 10, 2.4, 3.65, and 5 GHz.
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INFLUENCE OF SILVER NANORODS ON DIELECTRIC PROPERTIES OF
NEMATIC LIQUID CRYSTAL 5CB
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Abstract- The influence of silver nanorods on the
dielectric and conductivity properties of the nematic liquid
crystal 4-pentyl-4’-cyanobiphenyl experimentally studied.
Adding the particles decreases the dielectric constant’s
longitudinal component (&) of the liquid crystal, while

increases its transversal component (¢, ). Silver nanorods
shift the dispersion of ¢ towards higher frequencies, but
dispersion of &, towards low frequencies. Both electrical
conductivity components (o, and o, ) increase by 1-2

orders of magnitude and approach each other. Qualitative
explanations of the obtained results are given.

Keywords: Liquid Crystals, Silver Nanorods, Dielectric
Permittivity, Electric Conductivity.

1. INTRODUCTION

When talking about liquid crystal (LC), the liquid
crystal display (LCD) immediately comes to mind [1],
although there are numerous applications of LCs outside
of displays [2]. The competition of LCDs with other types
of displays (plasma, LED etc.) requires a continuous
improvement in the exploitation parameters of operating
LC used in display, for which many material parameters of
LC should be optimized. In recent years, researchers have
been trying to solve this problem by adding nanoparticles
of different nature (carbon nanotubes, fullerenes, ferro-
electric and ferromagnetic nanoparticles, semiconductor
nanowires and nanodots, metal nanoparticles etc.) to LC
based on the idea that a constructive combination of the
properties of two functional materials can lead to an
improvement in some properties, and sometimes to
qualitatively new effects [3-5]. A review of works devoted
to the properties of liquid crystal colloids based on
nanoobjects has been collected in a recently released two-
volume book edited by Lagerwall and Scalia [6].

Metal nanoparticles in a liquid crystal medium are also
of interest in another aspect. The phenomenon localized
surface plasmon resonance (LSPR) occures in metal
particles (mostly in noble metals, such as gold and silver)
nanoparticles distributed in a dielectric medium,
accompanied by light absorption in a certain wavelength
range [7].
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At the same time, the absorption maximum is very
sensitive to the properties of the medium, which is used in
the development of various biological sensors [8]. There
are a number of other uses for LSPR such as surface-
enhanced Raman scattering [9], fluorescence enhancement
[10], refractive index (RI) measurement [11] etc. The
range of these applications can be extended by varying the
shape and size of the particles, as well as by modifying
their surface [12]. Even greater opportunities will arise if
the passive dielectric medium is replaced by a liquid
crystal, the property of which is easily controlled by an
external influence such as electric and magnetic field,
mechanical stress etc. [13].

As mentioned above, the addition of metal
nanoparticles to a LC can affect the electro-optical
characteristics by changing its material properties [14].
Therefore, the study of the influence of the type, shape and
size of a metal particle on the material properties of LC is
of great practical interest. In this work, using the low
frequency dielectric spectroscopy method we studied the
effect of silver nanorods on the dielectric constant and
conductivity components of the classical LC 5CB.

2. EXPERIMENT
The liquid crystal 4-cyano-4'-pentylbiphenyl (5CB)
has a structure;

C5H11—@—@—CEN

The nematic phase exists in the temperature range of
22.5-35.6 °C. The 5CB has positive dielectric anisotropy:
Ae=¢g—¢& =19.7-6.7+13 [15].

AgNRs was in the form of cylinders with diameters in
the range of 2-5 nm and lengths in the range of 10-20 nm
uniformly dispersed in ethanol in a weight amount of 5%.
This colloid mixes easily with 5CB. The resulting mixture
(5CB, ethanol and AgNRs) is shaken ina NATO CD-4800
ultrasonic disperser for 6 hours at 40 °C until the ethanol
is completely evaporated, which is controlled using an
ADAM PW 124 balance. In the finally obtained colloid of
5CB+AgNRs, the amount of AgNRs, was 0.2% w. The
corresponding volume fraction of silver particles is
1.8x104
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The dielectric properties of the LC were measured at
36 °C in an electro-optical cell. The electro-optic cell has
a sandwiched structure and consists of two parallel plate
glasses separated by a 30 um Teflon spacer. A thin (0.1
um) metallic transparent layer of ITO (indium teen oxide)
was deposited on the inner surfaces of these plates.
Homeotropic alignment (rod-like molecules of LC are
perpendicular to the electrodes’ surface) is obtained
spontaneously, i.e., without surface treatment. Polyimide
was used as a planar aligning (LC molecules are parallel to
the electrodes’ surface) material [16].

The process of filling of the electro-optical cell was
carried out by a capillary method in the isotropic state of
the LC. The IET-1920 LCR-meter was used in experiment,
allowing to measure the electrical capacitance (C) and
resistance (R) of the filled electro-optic cell in the
frequency range from 20 Hz to 1 MHz. The amplitude of
the AC test signal was 0.25 V.

The dielectric constant of the LC was determined by

the expression & =C£ , Where C, is the capacitance of the
0

empty electro-optic cell, and C is the capacitance of the

filled cell. The homeotropic alignment of the LC

molecules in the cell, gives us the dielectric constant’s

longitudinal component (&) was measured, and the case

planar alignment of the LC molecules gives the transversal
components (¢, ).

The formulae

1+ D?
and
g"=¢'D 2

allow us to calculate the real and imaginary parts of the

dielectric constant [17].
1

- - 3

2z fCR @)

is the dissipation factor or loss angle tangentand f is AC

voltage frequency. Electric conductivity was calculated

from formula [17]
(4)

o=2rf ge"

where, g, =8.85 PF is the electric constant.
m

3. RESULTS AND DISCUSSIONS
The results of our experimental measurements are
shown in Figures 1-3. Figure 1 show the dependences of
the real (&) and imaginary (&) parts of the longitudinal

component of the dielectric constant of pure LC 5CB and
colloid 5CB+AgNRs on AC testing frequency
corresponding to homeotropic alignment. Similar, Figure
2 shows the dependences of transversal component parts
(¢} and &7) corresponding to planar alignment. Figure 3

shows the frequency dependences of conductivity
components (0" )and (o ) of pure LC and colloid.

75
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Figure 1. Frequency dependence of real (circles) and imaginary
(rhombs) parts of dielectric constant of pure 5CB (empty figures) and
5CB+AgNRs colloid (filled figures) in the case homeotropic alignment
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Figure 2. Frequency dependence of real (circles) and imaginary
(rhombs) parts of dielectric constant of pure 5CB (empty figures) and
5CB+AgNRs colloid (filled figures) in the case planar alignment
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Figure 3. Frequency dependence of conductivityreal (circles) and
transversal (rhombs) components of conductivity of pure 5CB (empty
figures) and 5CB+AgNRs colloid (filled figures)

From the analysis of these graphs, some regularities
can be established. Adding silver particles to the liquid
crystal 5CB to the following changes in its properties:

1) The dielectric constant longitudinal component (&)

slightly grows, while the transversal component (&, ) is

getting lower. As a result, the anisotropy of the dielectric
permittivity (A e )significantly decreases.
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2) The dispersion of dielectric constant longitudinal
component (&) shifts towards higher frequencies (from

200 kHz to 300 kHz), but the dispersion of transversal
component ( ¢, ) shifts towards low frequencies (from 1.2

MHz to 700 kHz).
3) Starting from 1 kHz a decrease in frequency leads to a
sharp increase in both parts (&, and &, ) of the dielectric

permittivity.
4) Both electrical conductivity components (o} and o, )

increase by 1-2 orders of magnitude and approach each
other.

It was noted above that, in the absence of treatment,
5CB molecules are oriented normally to the metal (ITO)
surface, so there takes place a weak polar anchoring.
Similar should take place in the case of AgNRs. In the case
of weak anchoring of LC molecules to the surface of

AgNPs (W o107 N ), the extrapolation length | = VEV is
m

of the order of 106 m, K 102N is the elastic constant
of liquid crystal. Simple calculations show that for our
sample the average distance between AgNPs is also of the
order of 10 m. As is known [18], under such conditions,
the particles interact weakly (of the quadrupole-
quadrupole type), slightly distorting the director field of
LC. Distortion of homogeneity by AgNPs reduces the
degree of orientation (the value of the effective order
parameter). As a result, according to the Mayer-Meyer
theory [19], the dielectric constant longitudinal component
(&) of the 5CB+ AgNRs colloid has a smaller value

compared to the pure 5CB liquid crystal (Figure 1).
According to the same theory, the dielectric constant
transverse component ( ¢, ) of the colloid will be increased

in comparison with the pure liquid crystal (Figure 2).

A weak distortion of the nematic director also
alleviates the rotation of rod like liquid crystal molecules
around its’ short axis, which leads to a shift in the
frequency dispersion of the longitudinal component (&)

towards higher frequencies. Similarly, the frequency shift
of the dispersion of the transversal component ( &, ) to the

low frequencies region shows that in the LC structure
distorted by silver particles, the rotation of LC molecules
around the long axis is difficult.

The closeness of the values of the electrical con-
ductivity components upon the addition of AgNRs to the
5CB liquid crystal indicates the dominant role of silver
particles in the conductivity of the 5CB + AgNRs system.
The strongly overestimated value of the electrical
conductivity of the colloid as compared to pure 5CB is due,
in our opinion, to the percolation effect [20]: concentration
used in our experiment (volume fraction is 1.8x10%) of
silver particles is above the percolation threshold.

4. CONCLUSION
The addition of silver nanorods to a nematic liquid
crystal disorder the homogeneity of the nematic structure
due to the anchoring of LC molecules to the surface of
silver particles. As a result of a decrease in the effective
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degree of orientation (order parameter), the dielectric
constant components change, and in different directions:
the longitudinal component decreases, and the transversal
component increases. A decrease in the order parameter
also affects the rotation of LC molecules around both the
long and short axes. Since the rotation of LC molecules
around the short axis becomes easier, the dispersion of the
dielectric constant longitudinal component shifts towards
higher frequencies. Difficulty in the rotation of molecules
around the long axis leads to the fact that the relaxation of
the dielectric constant transversal component is shifted to
the low-frequency region.

Measurement results show that in the conductivity of
the 5CB+AgNRs colloid, the dominant role is played not
by LC impurities, but by silver nanorods. This is confirmed
by the fact that the longitudinal and transversal compo-
nents of electrical conductivity are close in value. In
addition, the conductivity of is of a percolation nature,
since its electrical conductivity of the colloid is at least one
order of magnitude higher than that of a pure LC.

REFERENCES
[1] R.H. Chen, “Liquid Crystal Displays: Fundamentals,
Physics and Technology”, John Wiley and Sons Inc., p.
497, Hoboken, New Jersey, USA, 2011.
[2] Q. Li, “Liquid Crystals Beyond Displays: Chemistry,
Physics and Applications”, John Wiley and Sons, Inc., p.
573, Hoboken, New Jersey, USA, 2012.
[3] T.D. Ibragimov, A.R. Imamaliyev, G.F. Qanizade,
“Effect of Fullerenes C 60 on Dielectric Properties and the
Threshold Voltage of Smectic a Liquid Crystal”,
Molecular Crystals and Liquid Crystals, Vol. 691, Issue 1,
pp. 27-34, December 2019.
[4] A.R. Imamaliyev, S.A. Humbatov, M.A. Ramazano,
“Effect of Ferroelectric BaTiOs Particles on Threshold
Voltage of a Smectic a Liquid Crystal”, Beilstein Journal
of Nanotechnology, Vol. 9, pp. 824-828, 2018.
[5] R. Basu, “Soft Memory in Ferroelectric Nanoparticle
Doped Liquid Crystal”, Physics Reviews: E, Vol. 89, pp.
022508-1 - 022508-5, 2014.
[6] J.P.F. Lagerwal, G. Scalia, “Liquid Crystals with Nano
and Microparticles”, Series in Soft Condensed Matter,
World Scientific Publishing Co, Vol. 7, p. 920, Singapore,
2017.
[7] V. Amendola, R. Pilot, M. Frasconi, O.M. Marago, M.
A. lati, “Surface Plasmon Resonance in Gold Nanopar-
ticles: A Review”, Journal of Physics: Condensed Matter,
Vol. 29, pp. 203002-203049, 2017.
[8] A. Loiseau, V. Asila, G. Boitel Aullen, M. Lam, M.
Salmain, S. Boujday, “Silver-Based Plasmonic
Nanoparticles and Their Use in Biosensing, Biosensors,
Vol. 9, No.78, pp. 2-40, 2019.
[9] C.Y. Chen, E. Burstein E, “Giant Raman Scattering by
Molecules at Metal-Island Films”, Physics Reviews
Letters, Vol. 45, No. 15, pp. 1287-1291, 1980.
[10] K. Sokolov, G. Chumanov, T.M. Cotton,
“Enhancement of Molecular Fluorescence Near the
Surface of Colloidal Metal Films”, Analytical Chemistry,
Vol. 70, No. 18, pp. 3898-3905, 1998.
11. J. Zeng, D. Liang, Z.X. Cao, “Applications of Optical



The 18th International Conference on “Technical and Physical Problems of Engineering” (ICTPE-2022)
30 October 2022

Fiber SPR Sensor for Measuring of Temperature and
Concentration of Liquids”, Proceeding SPIE, Vol. 5855,
pp. 667-670, 2005.

[12] J. Becker, A. Trugler, A. Jakab, U. Hohenester, C.
Sonnichsen, “The Optimal Aspect Ratio of Gold Nanorods
for Plasmonic Bio-Sensing”, Plasmonics, Vol. 5, pp. 161-
167, 2010.

[13] H.M. Wang, A. Vial, “Plasmonic Resonance
Tunability and Surface-Enhanced Raman Scattering Gain
of Metallic Nanoparticles Embedded in a Liquid Crystal
Cell”, Journal of Physical Chemistry, Vol. 117, pp. 24537-
24542, 2013.

[14] Y. Sakai, N. Nishida, H. Shiraki, Y. Shiraishi, T.
Miyama, N. Toshima, S. Kobayashi, “Dielectric Properties
of Twisted Nematic Liquid Crystal Displays Fabricated by
Ping Ag-Pd Metal Nanoparticles Having a Long-Term
Stability”, Molecular Crystals and Liquid
Crystals, Vol. 441, No. 1, pp. 143-152, 2005.

[15] L.M. Blinov, V.G. Chigrinov, “Electrooptic Effects in
Liquid Crystal Materials”, Springer, Science and Business
Media, New York, USA, p. 464, 1996.

[16] J. Cognard, “Alignment of Nematic Liquid Crystals
and Their Mixtures”, Gordon and Breach Science
Publishers, p. 77, 1982.

[17] L.M. Blinov, “Structure and Properties of Liquid
Crystals™, Springer, p. 458, 2011.

[18] Y. Reznikov, “Ferroelectric Colloids in Liquid
Crystals”, Liquid Crystals Beyond Displays: Chemistry,
Physics, and Applications, Edited by Quan Li, John Wiley
and Sons, Inc., pp. 402-426, Hoboken, New Jersey, USA,
2012.

[19] D. Dunmur, K. Toriyama, “Dielectric Properties of
Liquid Crystals”, Handbook of Liquid Crystals, (Eds.) D.
Demus, J. Goodby, G.W. Gray, H.W. Spiess, V. Vill, Vol.

77

1, pp. 231-253, Fundamentals, Wilay-Vch Verlag, 1998.
[20] J.P. Clerc, G. Giraud, J.M. Laugier, J.M. Luck, “The
Electrical Conductivity of Binary Disordered Systems,
Percolation Clusters, Fractals and Related Models”,
Advanced Physics, Vol. 39, No. 3, pp. 191-309, 1990.

BIOGRAPHIES

Abbas R. Imamaliyev was born in
Vardenis, Armenia on March 14, 1960.
He graduated from Baku State University
(Baku, Azerbaijan) in 1981. He received
Ph.D. degree in 1992. In 1994-2013
worked in Baku State University. Since
2013 at present, he is a senior researcher
at Institute of Physics, Azerbaijan National Academy of
Science (Baku, Azerbaijan). His area of scientific interests
are liquid crystals and polymer gels. He is the author of
112 scientific works, including 61 articles and 1
monograph.

z

Gunay A. Muradova was born in
Jalilabad, Azerbaijan on July 27, 1989.
She received the B.Sc. degree from Baku
State University (Baku, Azerbaijan) and
the M.Sc. degree from Sumgait State
University (Sumgait, Azerbaijan) both in
the Physics in 2006 and 2010,
respectively. Currently, she is a Scientist at Institute of
Physics, Azerbaijan National Academy of Sciences
(Baku, Azerbaijan). Her area of scientific interests are
liquid crystals and polymer physics. She is the author of
7 scientific works, including 4 articles.




The 18th International Conference on ICTPE Conference
“Technical and Physical Problems of Engineering”

www.iotpe.com
30 October 2022 ictpe@iotpe.com
International Organization of IOTPE e
ICTPE-2022 Number 16 Code 04CITO1 Pages 78-82

SYNTHESIS OF NITIHF ALLOY BY USING MACHINE LEARNING
METHODS

M.B. Babanli C.A. Imamalizade

Azerbaijan State Oil and Industry University, Baku, Azerbaijan, pr.asoiu@asoiu.edu.az, cimamelizade@gmail.com

Abstract- It is known that nitinol is a promising Shape memory alloys belong to alloys that can
functional material that is used in aerospace, recover their original shape and size during phase
bioengineering, medicine and other fields of modern high  transformation. One of the most common shape memory
technologies. In this work, the dependence of the alloys is NiTi (nitinol) and NiTi-based alloys. Nitinol
transition temperature on the processing conditions  consists of approximately equal amounts of Ni and Ti
during the synthesis of NiTiHf alloy, a modification of  elements and is widely used in the development of
nitinol, which has a wide application field, was  cardiovascular stands, micro activators and in the fields
investigated by using Machine Learning (ML) methods,  related to damping instruments. Interest to Nitinol started
and certain theoretical results were obtained. In addition, in 1972 when William Bulher and Frederick Wang found
suggestions were made to improve the obtained results. shape memory effect in NiTi based alloys during working

in military laboratory [17, 18]. Nitinol has two unique
Keywords: Nitinol, Machine Learning, Deep Learning,  properties: thermal shape memory and super elasticity

Regression, Python. which makes it promising for use in various industries
[19-22]. Mechanism of shape memory effect is shown on
1. INTRODUCTION Figure 1, while mechanism of super elasticity is presented

Over the past 30 years, materials science has made  on Figure 2 [19].
significant development in the field of data generation.
As a result, huge amounts of data are collected in (a)
different data sources related to material science [1-6]. To

Martensite

Stress

applied

manage and use this data effectively Big Data term was

added. ML (Machine learning) is a field which can deal

engineers in modern world. Machine learning is science

where different regression, classification or statistical (b)
algorithms is developed depends on given target and data. Reiwinoed

ML methods play an important role in solving actual el
problems in the field of materials science [7-11]. One of

based on finding an effective relationship between Peraened
various characteristics of alloys. For instance, ML is used ©
hysteresis in parallel with the optimization of thermal martensite
hysteresis and transition temperatures.

with big data and meets requirements of scientists and

these problems is the synthesis of new types of alloys Stress

to detect and develop alloys with narrow thermal Dekwinged
ML methods consist of 2 main categories: Shallow

Learning and Deep Learning. Shallow learning methods Heat )
belong to classic ML methods and are designed to work
with relatively small amounts of data. Shallow learning
methods include algorithms such as Linear Regression,
Logistic Regression, Random Forest, Support Vector
Machine (SVM) and Gaussian process regression. Deep Cool
learning methods refer to methods based on modified
artificial neural networks and are designed to work with
large-scale data. Deep learning methods include Tikied cHantsd
algorithms such as Convolutional Neural Network martensite
(CNN), Recurrent Neural Network (RNN), Deep Belief
Network (DBN) [12-16].

Austenite

Figure 1. Mechanism of shape memory effect [19]
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Austenite

Figure 2. Mechanism of super elasticity [19]

Many scientific works and articles have been
published in the field of synthesis of nitinol and its alloys
by ML methods [23-27]. Analyzing the research
conducted in this field in recent years, it can be concluded
that the most important characteristics during the
synthesis of nitinol are transition temperatures and
thermal hysteresis. Numerous works and researches
devoted to this field show that the transition temperatures
during the synthesis of nitinol are affected not only by the
composition of the alloy, but also by its processing
conditions. Gauss Process Regression was used for the
synthesis of NiHiHf in [28]. Pearson correlation method
was applied to find correlation between input features and
temperatures. Then thermal hysteresis and average
transition temperatures were predicted with higher
accuracy by using not only structural but also processing
features of alloy and confirmed by physics-informed
feature engineering. High results were obtained taking
into account the processing parameters of NiHiHf using
artificial neural network in [29]. Unlike previous work,
most of the input data features consist of processing
condition and just atom pencent of elements in NiTiHf
alloy were used in calculation. High accuracy was gained
by Neural Network as regression algorithm. Shallow
learning algorithms were applied to find transition
temperatures of NiTiHf [30]. Results of each method
were compared among each other and discussed [30].

2. EXPERIMENTAL PART

In this work, the dependence of processing conditions
on the transition temperatures in an alloy based on nitinol
was studied using classical ML methods. The calculations
were carried out on the Jupyter Notebook online platform
based on Python 3.9.1. In parallel with the classical
methods of ML, the expediency of using deep learning
methods (Deep Learning) is proposed. To determine the
dependence of the transition temperature on the
processing parameters, the data were divided into 70%
(training sample for calculating the dependence) and 30%
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(test sample for applying the found dependence). The
data used to run the algorithms are taken from [20].

The accuracy measure of algorithm is demonstrated
with RZand MAE (mean absolute error) which calculation
formula given by [14, 28]:

Zn:(Yi—Yi)

RP=1-1L )
Z(yi -Yi)
i=1

and
Z(Yi -%i)

MAE =‘:1T (2)

where, ¥; predicted value, y; actual data and Y; is the
mean value of output data, i amount of data used in
samples.

Based on experimental and predicted data, Figure 3
represents graphical results of regression algorithms used
in train sample, while Figure 4 illustrates graphical results
of regression algorithms used in test sample. Linear
Regression between processing conditions and transition
temperature shows R?=83.5% accuracy and 20.06 K
MAE for train data and R?=68.4% accuracy and 41.36 K
MAE for test data (Figure 3a and Figure 4a).

Gauss Process Regression between processing
conditions and transition temperature shows R? =80.4%
accuracy and 22.67 K MAE for train data and R? =78%
accuracy and 31.55 K MAE for test data (Figure 3b and
Figure 4b). Support Vector Regression between
processing conditions and transition temperature shows
R?=81.8% accuracy and 19.45 K MAE for train data and
R?=74.5% accuracy and 34.82 K MAE for test data.
Linear kernel was used during regression because of
higher accuracy compared to other kernel algorithms
(Figure 3c and Figure 4c).

From the computed results we can see that the higher
accuracy in train sample belongs to Linear Regression.
However, in test sample accuracy decreased from
R?=83.5% to R?=68.4% and MAE from 22.67 K to 41.36
K which worst results among compared algorithms.

Similar to Gauss Process Regression, Support Vector
Regression, shows nearly the same accuracy in both train
and test samples R?=81.9%, 1945 K MAE and
R?=74.5%, 34.82 K MAE respectively. Obtained higher
accuracy by using linear kernel emphasize that both train
and test samples can be linearly separable.

Gauss Process Regression shows nearly the same
accuracy in both train and test samples R?=80.4%, 22.67
K MAE and R?=78%, 31.55 K MAE, respectively. As a
result, this algorithm is preferable than others. The
obtained results show the necessity for further research in
this field.
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Figure 3. Regression graphs of used
algorithms (train sample), (a) Linear Regression, (b) Gauss Process
Regression, (c) Support Vector Regression
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Figure 4. Regression graphs of used algorithms (test sample), (a) Linear
Regression, (b) Gauss Process Regression, (c) Support VVector Regression

3. CONCLUSIONS
In this work, influence of processing conditions to
transition temperature of NiTiHf alloy, was investigated
by using Machine Learning (ML) methods, and gained
results was compared among each other. The results can
be used during manufacturing of NiTi based alloys which
show shape memory and super elasticity properties.
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Abstract- One of the new ways proposed to solve various
urban problems during the last decade is the smart city
concept. A smart city is presented as a concept that uses
advanced technologies, applies innovations and offers a
high quality of life. A smart city analyzes the situations
happening in the city, offers technological solutions to
improve the urban development and quality of life. The
presented article provides information on the current state
and further prospects of the smart city concept. It
highlights the benefits of the services covering the smart
city environment for citizens and government institutions.
The article also analyzes cyber security problems arising
during the use of smart city services.

Keywords: Smart City,
Security, Cyber-Attacks.

Internet of Things, Cyber

1. INTRODUCTION

The Department of Economic and Social Affairs of
the United Nations (DESAP) conducted a study in 2018
and revealed that about 30% of the total population of the
world lived in cities in the 1950s. This number increased
to 55% in 2014. According to these studies, 60% of the
total population of the world is predicted to live in
modern cities by 2030, and 70% by 2050 [1].

The rapid growth of cities exacerbates many problems
associated with an urban living (public safety, traffic
management, waste management, noise, air and water
pollution, etc.).

Experts believe that “it will be impossible to prevent
urbanization”. The arrival of people to the city will
continue as usual. Therefore, it is necessary to make the
lifestyle easier. In such a situation, the only way out will
be “smart cities”. In recent years, cities are tending to use
more information and communication technologies and to
become smarter. New technologies enable the cities to
make better use of their resources, save money and
provide superior services to citizens. A concept of smart
city aims to integrate “smart” systems that manage
information about factors that influence the positive
development of the city, such as economic, social,
environmental quality of life [2].

The quality of life and services delivered for citizens,
as well as the city environment are significantly improved
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by smart cities. They monitor physical things in real time
and ensure citizens with intelligent information about
transportation, healthcare, smart buildings, public safety,
smart parking, road system, smart agriculture, etc.

Due to the growing number of people the countries
are investing profoundly in smart city projects. China, for
instance, is engaged in 200 projects under the smart city
framework [3]. Technologies related to smart city
concept enable the municipalities of the cities to control
daily operations to ease the people’s lives. Many devices
and interconnected systems that offer various applications
such as smart healthcare, smart transportation, smart
parking, smart traffic system, smart agriculture, and smart
homes for people are included into the smart city
infrastructure.

The report predicts the smart city market to grow
gradually and reach 1 trillion USD in the near future [4].
In fact, the states are committed to attracting huge funds
for the realization of smart city concept. The massive
concept indicated involves deploying numerous sensor
nodes across the urban environment for ensuring the
people with real-time information on various services
such as public transport, traffic flow, water and energy
consumption levels.

However, the management and analysis of large
amounts of confidential data raises concerns about how to
protect sensitive data from unauthorized parties, along
with a number of security and confidentiality issues.
Therefore, identifying cyber security problems in the
smart city environment and developing the ways to
combat them are currently one of the most urgent issues.
This article aims to identify the further research fields to
address various security and privacy issues in smart city
environment. In this regard, the article provides an
overview of the cyber security issues arising when using
smart city services.

2. SMART CITY SERVICES
The main idea of the smart city concept is to connect
and manage all service areas and facilities of the city in
one system. Smart cities also aim to benefit residents in
various characteristics which are strictly associated to
their living standard, e.g., energy, environment, industry,
life and services. Some of these services include [5-7].
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2.1. Smart Government

Smart government is of great importance for a smart
city. Smart government aims to offer a better service to
its residents and brings together information, entities,
judicial processes, including physical infrastructure
through ICT. Furthermore, smart governance allows
residents to involve in public decision-making, urban
scheduling, and consequently expand information
transparency as well as efficiency.

For example, it ensures the use of e-services by
citizens (choice of school, reservation of public catering
facilities, library services, etc.), access of citizens to
official documents and participation in decision-making
processes. Smart government is the next step towards e-
government. Smart government uses real-time
information to increase situational awareness, respond
efficiently and effectively to accidents, examine
emergencies, and reduce crime.

2.2. Smart Mobility

Smart mobility is designed to make smarter use of
transportation systems. In particular, smart transport
networks may deliver advanced service to the population
and increase safety, speed and reliability. Urban residents
may effortlessly set daily plans, look for location of buses
or trains by using transport-oriented mobile applications,
detect traffic jams in real time, find the most economical
and fastest routes. Smart parking is the use of information
and communication technologies to assist drivers to find
parking spaces more efficiently. Smart parking involves
monitoring of parking spaces for residents and visitors,
informing the drivers about the availability of vacant
spaces, detecting parking violations and online parking
payment.

2.3. Smart Environment

Smart environment may significantly provide its
contributions for the creation of a sustainable society. In
particular, applying technical organizational means,
energy consumption, air quality, structural reliability of
buildings and traffic density can be managed through a
smart city, it can also effectively combat pollution or
waste. For example, smart waste management solutions
use sensors embedded in containers to measure the fill
levels of cans and alert municipal waste collection
services when the containers are ready to be emptied.
Over time, data collected by sensors can be used to
optimize driver routes and schedules and reduce
operating costs.

New environmental sensor networks used in smart
city environments can further even predict and detect
natural disasters.

Smart cities may reduce excessive consumption of
resources, e.g., water, gas, electricity, advance economic
development and provide its contribution to
environmental protection through smart utilities. For the
control of distributed energy resources, smart grids
widely apply smart metering. Smart grid refers to a data
transmission network that offers an intelligent tactic to
traditional energy generation, storage, transmission,
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distribution and demand management to improve
reliability and achieve better power quality. It also refers
to an intelligent monitoring system which manages the
electricity passing through this network. It applies the
tools capable of bidirectional communication to measure
and determine the electricity to be produced and
consumed. Later, the information is sent to users and
operators as well as automatic devices to monitor and
make decisions about any changes in the condition of
power grids.

Smart water technology controls the entire water
supply chain, from freshwater storage to wastewater
collection and treatment. Various sensors are widely used
in smart water resource management. Using data
generated by sensors at various points in the water supply
chain, smart meters and monitoring centers measure
water consumption in real time, help identify overuse and
waste points, adjust usage patterns, and forecasts future
consumption.

2.4. Smart Services

Smart services offer multiple benefits to the residents.
Smart healthcare applications for instance are capable to
control people’s health in real time through wearable
devices and medical sensors. As a healthcare service,
Smart Health connects people, healthcare facilities, and
other related entities using various techniques, for
example through wearable devices, the loT, and the
mobile Internet. Smart health includes several key
elements such as doctors, patients, hospitals and medical
research institutions. It also includes multiple aspects
such as disease prevention, patient monitoring, diagnosis
and treatment, hospital management, healthcare decision
making and medical research. remote monitoring can be
performed through wireless connection of smart devices
with healthcare centers and data analysis system.

A comfortable, intelligent and environmentally-
friendly living can be created through many smart
services for example by controlling household appliances
remotely. Finally, social media, entertaining, smart
shopping and other smart services have greatly enhanced
the ease of daily lives of the population.

Although the smart city is considered to be a
promising solution to provide efficient services to citizens
using information and communication technologies, it is
vulnerable to various security threats. One of the most
important problems related to the wide spread and
implementation of the smart city concept is cyber
security.

3. SECURITY CHALLENGES IN SMART CITY

Security issues in a smart city are viewed as one of
the main reasons why many people are skeptical of Smart
city projects. loT devices are inherently security
vulnerabilities. Since smart cities enable a large number
of devices to connect to the Internet, security becomes a
critical issue. The number of smart city devices are
predicted to reach 1 billion by 2025. These devices
connected to the Internet are estimated to generate large
amounts of data in real time.
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HP company estimates that approximately 70% of
Smart City loT devices are at risk of attack due to
significant  vulnerabilities such as insufficient
authorization, insufficient software protection, and poorly
encrypted communication protocols [8]. Hackers, viruses,
“Trojan” and other threats have a great potential to
disrupt services and interfere with the entire system
(banking, transportation, etc.), which can result in huge
losses [4]. These vulnerabilities can lead to mass cyber-
attacks in smart cities. Malicious attackers may generate
false information while manipulating sensitive data,
which can result in loss of control over highly intelligent
systems. For example, in 2015, a power outage caused by
a denial-of-service (DoS) attack on a smart grid (SG) in
Ukraine affected 230,000 people [9].

Various application scenarios have recently suffered
from significant problems. residents’ privacy, as well as
their behaviors and working hours for instance, can be
monitored by smart metering infrastructure in smart
grids. Correspondingly, device producers and service
providers may see sensitive data in terms of smart homes
and smart health. Additionally, a huge volume of
trajectory data sensed by smart mobility apps may be
applied to suppose a user’s location and movement
outlines. For example, no encryption or authentication is
performed for the communication between traffic control
systems and traffic lights in intelligent transportation
management, which may lead to alteration and
falsification of information by an attacker. Moreover,
they cause massive traffic jams that can last for hours by
breaking traffic light control systems and their
sequencing, road signs and speed limit signs.

Many car companies have recently begun to pay more
attention to creating autonomous vehicles targeting to
reduce the road crashes. Serious security and privacy
threats still remain at the background of all advantages of
the introduction of this technology. As a result, the
security of citizens and the protection of data privacy in
smart cities remain under threat. In particular, attackers
may take advantage of these security vulnerabilities for
performing attacks at a distance, e.g., braking, engine
shutdown, and steering. Furthermore, access to huge
personal data sensed by autonomous vehicle computer
system can lead to serious privacy issues.

Hacking the wireless sensors used in a smart city
environment is the easiest way to perform remote cyber-
attacks on a city’s critical infrastructure. False data from
various sensors is another potential threat in urban
environments; for example, by interfering with the
sensors installed to detect earthquakes, floods, etc.,
cybercriminals use them to perform false warnings and
cause public fear. On the other hand, by simulating
destruction of tunnel or bridge, shooting, etc., they can
cause a general state of panic through alarms [10].
Attackers can perform malicious attacks by tampering
with waste collection and management systems by
spoofing odor or litter level sensors on empty bins to
cause them to waste time and resources.

Cyber-attacks compromise the safety gaps in smart
city applications. These security gaps are the attacks as
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follows: passive and active. Passive attack aims to attain
and use various system data without changing any
resources. They mainly aim to study the system
configuration, behavior and architecture. These attacks
are difficult to detect because the data does not change
here. Therefore, more attention should be paid to
preventing such attacks. Eavesdropping is a passive
attack, defined as an illegal interception of
communications  without the consent of the
communicating parties. Snooping is a hazardous attack
that compromises the privacy and integrity of the network
in smart cities, as well as causing personal and financial
setbacks. This attack can be used to capture the behavior
of network traffic and trace communication channels to
obtain a network map [11].

Alternatively, attackers perform active attacks for
affecting and altering the system functioning by
modifying the information and entering false information
to the system. An attacker disrupts the regular functioning
of 10T devices and networks. Denial-of-service attacks
(DoS) of various types, such as resource exhaustion and
overload, are active attacks. A smart city has tens of
thousands of loT devices and sensors, which are
vulnerable to different cyber security levels. Attackers
take advantage of this vulnerability and create a
malicious botnet by hacking sensors and 10T devices in
smart cities, thereby launching DDoS attacks. Attackers
use simple communication protocols to send numerous
requests to 10T devices to deplete their resources, thus
causing the device to stop working. Since most of the
devices connected to the 10T network do not authenticate
each other, a DoS attack becomes easy to be performed.
Cybercriminals also perform Distributed Denial of
Service (DDoS) attacks, which are very similar to DoS
attacks, but performed by multiple computers. In some
cases, attackers apply both methods at the same time. For
example, they first hijack the target node or nodes
through virus programs, and then perform DoS or DDoS
attacks through the hijacked node or nodes. By doing so,
they may cause the usual transmission of data, its
reception, infect numerous loT devices, smart city
sensors, then disrupt services there [12].

Man-in-the-middle attack, another type of attack, has
two main types, passive and active ones. The attacker
performing a passive attack is only interested in the data
transmitted. In this attack, an attacker stands between
users and servers to eavesdrop and steal useful
information without the awareness of legitimate users. A
man-in-the-middle attack is an internal attack, where data
from a source node comes to an attacker before reaching
the destination node, with both the source and receiver
thinking that data is being exchanged directly. In an
active attack, the attacker manipulates the received
packets before forwarding them to the destination node.
A man-in-the-middle attack can be performed based on
the communication protocols used in the network.
Devices used in a smart city environment cannot use
secure communication protocols due to limited number of
resources [13].
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4. CONCLUSIONS

The services covering the smart city concept are of
critical importance, therefore special requirements are
specified on their security and reliability. This article
analyzed cyber security problems during the use of smart
city services and highlighted some cyber-attacks that may
damage the privacy of users. In order to solve the above-
mentioned problems, the following issues should be
solved in the further research work:

* Development of methods and algorithms for detection
of unauthorized nodes (devices) connected to smart city
systems.

* Development of methods and algorithms for protection
of smart city services from DoS attacks.

* Development of methods for identifying man-in-the-
middle attacks of network infrastructure of smart city
systems.

The vulnerability of a smart city is that it lacks a
centralized infrastructure, which poses a security
challenge in terms of cyber-attacks. Attackers are
difficult to control. Therefore, the attack scenarios and
their effects for each smart city service should be studied,
and different types of solutions should be implemented to
prevent each attack.

REFERENCES
[1] UN Press release, www.population.un.org/wup/
Publications/Files/WUP2018- PressRelease.pdf.
[2] K. Ayca, K. Ondrej, K. Attila, M. Fatih T., “Future
Trends and Current State of Smart City Concepts: A
Survey”, IEEE Access, Vol. 8, pp. 86448-86467, 2020.
[3] P. Liu, Z. Peng, “China’s Smart City Pilots: A
Progress Report”, Computer, pp. 72-81, 2014.
[4] S.S. Abbas, S.S. Daniel, K. Anup, E. Adel, “IoT in
Smart Cities: A Survey of Technologies, Practices and
Challenges”, Smart Cities, Vol. 4, pp. 429-475, 2021.
[5] Z. Andrea, B. Nicola, C. Angelo, V. Lorenzo, Z.
Michele, “Internet of Things for Smart Cities”, IEEE
Internet of Things Journal, Vol. 1, No. 1, pp. 22-32, 2014.
[6] K. Zhang, J. Ni, K. Yang, X. Liang, J. Ren, X. Shen,
“Security and Privacy in Smart City Applications:
Challenges and Solutions”, IEEE Communications
Magazine, Vol. 55, Issue 1, pp. 122-129, 2017.
[7] C. Ma, “Smart City and Cyber-Security; Technologies
Used, Leading Challenges and Future
Recommendations”, Energy Reports, Vol. 7, pp. 7999-
8012, 2021.

86

[8] M. Yasir, A. Farhan, Y. lbrar, A. Asma, I.
Muhammad, G. Sghaier, “Internet-of-Things Based
Smart Cities: Recent Advances and Challenges”, IEEE
Communications Magazine, Vol. 55, No. 9, pp. 16-24,
2017.

[9] A. Goudarzi, F. Ghayoor, M. Waseem, S. Fahad, I.
Traore, “A Survey on IoT-Enabled Smart Grids:
Emerging, Applications, Challenges, and Outlook”,
Energies, Vol. 15, Issue. 19, pp. 2-32, 2022.

[10] A. Alibasic, R. A. Junaibi, Z. Aung, W.L. Woon,
M.A. Omar, “Cybersecurity for Smart Cities: A Brief
Review”, Lecture Notes in Computer Science Book
Series, 2017.

[11] O. Saber, T. Mazri, “Smart City Security Issues: The
Main Attacks and Countermeasures”, The 6th
International Conference on Smart City Applications,
Turkey, pp. 465-472, 27-29 October 2021.

[12] M. Kalinin, V. Krundyshev, P. Zegzhda,
“Cybersecurity Risk Assessment in Smart City
Infrastructures”, Machines, Vol. 9, Issue 4, pp. 2-19,
2021.

[13] J.C. Lee, JH. Kim,JT. Seo, “Cyber Attack
Scenarios on Smart City and their Ripple Effects”
International Conference on Platform Technology and
Service (PlatCon), Jeju, South Korea, pp. 1-5, 28-30
January 2019.

BIOGRAPHY

Mammad Arif Hashimov was born in
Baku, Azerbaijan on January 30, 1986.
He graduated in Automation and Control
from Azerbaijan Technical University,
Baku, Azerbaijan in 2006. He received

his Master’s degree in Automation and

"
@ R
Control from the same university in

2010. He received his Ph.D. degree in Computer Sciences
from Institute of Information Technology, Azerbaijan
National Academy of Sciences, Baku, Azerbaijan in
2016. He is leading researcher in the same institute. His
research interests include various areas in internet of
things, cloud computing, data processing, computer
networks, virtual computing, particularly in the area of
cloud technology applications.


https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=7823317&punumber=35
https://www.sciencedirect.com/journal/energy-reports
https://www.sciencedirect.com/journal/energy-reports/vol/7/suppl/C
https://link.springer.com/bookseries/558
https://www.mdpi.com/2075-1702/9
https://ieeexplore.ieee.org/xpl/conhome/8668543/proceeding
https://ieeexplore.ieee.org/xpl/conhome/8668543/proceeding

The 18th International Conference on

. ICTPE Conference
- = A\Y H H H H 14
T—PE Technical and Physical Problems of Engineering www.iotpe.com
Conference 30 October 2022 ictpe@iotpe.com
International Organization of IOTPE e
ICTPE-2022 Number 18 Code 04CITO03 Pages 87-90

CLOUD COMPUTING: MODELS, SERVICES AND PROBLEMS

R.G. Alakbarov

O.R. Alakbarov

Institute of Information Technology, Azerbaijan National Academy of Sciences, Baku, Azerbaijan
rashid.alakberov@gmail.com, oqtayalakbarov@yahoo.com

Abstract- Cloud computing enables the computer
technology infrastructure to be directly built in a
networked environment and allows users to benefit from
computing resources. This technology help to the users
store their software on cloud servers, processed and the
results are delivered to the user. This article analyzes the
architectural-technological principles of cloud computing.
Moreover, various cloud computing models and services
are extensively analyzed. Advantages, disadvantages and
problems of cloud computing are studied. It is suggested
to use edge computing to reduce network delays.

Keywords: Cloud Computing, Models, Cloud Services,
Computing Resources, Edge Computing.

1. INTRODUCTION

Despite the increase in the technical capabilities of
mobile devices in recent times, problems arise in using
them with software applications that require large
computing and memory resources. The mentioned
problems can be overcome by using new paradigm cloud
technologies. Thus, by providing mobile devices with
higher computing and memory resources through cloud
technologies, limitations in computing and memory
resources can be overcome. Cloud technologies provide
mobile users with sufficient computing and storage
resources by running their issues on a cloud platform [1,
2]. The CC technologies provide clustering and
virtualization of computing and memory resources of data
processing centers. This technology allows users to access
high computing and memory resources, and
simultaneously, a user is not interested where these
resources are located and configured. The first cloud
computing systems, namely Amazon Simple Storage
Service and Amazon Elastic Compute Cloud, were created
in 2007 by Amazon.

The idea of using computing and memory resources as
a service was first proposed in 1960 by John McCartney, a
professor at the Massachusetts Institute of Technology. He
believed that in the near future, computing resources will
be used as utilities (as in the electricity, gas and water
supply systems).
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2. CLOUD COMPUTING ARCHITECTURE AND
MODELS

The concept of CC technology is the creation of
computer technology infrastructure and software in a
direct network environment. CC technology enables the
migration of computing and memory resources and
software from enterprise server computers to the cloud,
i.e., they are grouped together. Experts believe that large
companies using this technology have reduced the
financial costs of purchasing software and hardware and
electricity by five times.

Noted that this technology allows customers to get the
necessary resources in a short time and easily. In general,
this technology consists of two main parts: cloud platform
and cloud services. The cloud platform is a provider that
mainly provides a customer with the required resources
(computing and memory, web access, etc.). The cloud
platform provides a user with any software and virtual
machine, and additional hardware or software are not
needed. Through this platform, a service provider builds a
virtual machine on cloud servers at the customer request
and makes it available for use. The user simply creates the
applications he/she needs and runs them in a virtual
machine.

The main criteria attracting users in CC technology [5]
may include:

e fast provision of demand for computing and memory
resources;

e resource scalability in any volume;

e lack of large costs for resource access;

¢ high availability;

o offering a wide range of Internet services;

¢ payment for the actual service.

Cloud service platforms refer to the structures
implementing the services offered. Here, data processing
centers provide access to a part of their resources for a
certain amount of money. These services are delivered by
cloud platforms, through which different users get access
to certain remote data and services. The customer uses the
Internet to connect to server and can access any software
[6]. The CC conceptual model is shown in Figure 1 [7]:
¢ Private cloud;

e Community cloud;
e Public cloud;
e Hybrid cloud.
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Figure 1. Conceptual model of cloud computing

Private Cloud is created for use by only one company.
It can be placed within an organization or in a provider’s
data processing center. Private cloud provides the highest
security and resource control. The key moment is to
allocate the cloud infrastructure to one consumer, thus,
although virtual resources are shared between internal
units of the organization, they are still used by one
consumer. Operating costs are more expensive than other
cloud models, as the creation, expansion and management
of private cloud infrastructure are carried out by the
organization. However, data security in private clouds is
higher than in other clouds.

Community cloud is a cloud infrastructure that
provides cloud services to a specific group (community) of
consumers created to solve common problems within an
organization. In this model, the information center is
owned by one or more organizations, managed by either a
third party or only one community organization.

Public cloud provides the creation of virtual
infrastructures for a large number of customers. In public
clouds, company’s data, along with data from other
organizations, are stored on a physical server, securely
stored, and isolated (with the cloud provider intervention).
In fact, in this case, a set of physical resources of the
provider’s data processing center is divided into several
virtual data processing centers used by cloud service
customers. Users are not informed on what specific
technical devices their data is stored. The main advantages
of the public cloud are that the service is cheap and these
services are accessible to a wide range of customers. Data
security in public clouds is provided by cloud providers.

Hybrid cloud. As the name suggests, hybrid cloud is a
combination of public and private cloud infrastructures.
Typically, customers host critical applications on their
servers that require more secure and reliable control, while
the rest of the applications are hosted on servers offered by
the cloud provider. In hybrid clouds, part of the service is
performed in private clouds created by the organization,
whereas another part is performed in the public cloud
offered by cloud providers.

3. CLOUD COMPUTING SERVICES

Currently, users take advantage of three main cloud
computing services (IaaS, PaaS, SaaS) more widely
(Figure 2) [8].
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Figure 2. Cloud Computing services

IaaS (Infrastructure-as-a-Service). This service is one
of the most common services. It provides the customers
with computing resources rented as a virtual infrastructure.
The service provides users with computer infrastructure
(computing and memory resources). The laaS service
allows the user to use the cloud infrastructure to manage
processing, storage, networking and other key computing
resources. This service provides users with direct access to
computing resources (devices) and allows them to
configure these resources and run operating systems and
software as they wish.

PaaS (Platform-as-a-Service). This service is also one
of the main services and allows the customer to get a full-
fledged virtual platform consisting of various tools and
services. The customer can customize such a platform
according to own needs and perform software testing. This
type of service is particularly popular among software
providers. The service provides users with a computer
platform with the operating system installed. Customers
create their own applications, and this service provides a
set of operating systems, programming languages, and
software tools so that they can use trials in test mode. PaaS
allows users to use cloud-based software platforms,
operating systems, DBMS (database management
systems) and test newly created applications.

SaaS (Software-as-a-Service). This cloud service is
also considered to be the most popular at the moment,
since almost all users with Internet access use this service.
It allows the customer to access any software product via
the Internet. For example, Gmail mail service or 1C cloud
version. This service provides users with software. Users
solve their problems using applications and software
applications hosted on cloud computing servers.

The cloud services market is constantly evolving and
offering new cloud services to businesses to reduce costs
and increase business agility. Recently, the cloud service
market has many different services for all segments.
Currently, EaaS/XaaS (Everything as-a-Service) service is
widely used [9].

Thus, the EaaS service provides the user with all kinds
of services, from software and hardware to workflow
management, including interaction between

4. ADVANTAGES AND CHALLENGES OF CLOUD
COMPUTING
The features distinguishing CC technologies from
other information technologies are as follows [10]:
¢ On-demand self-service. When a user requests a virtual
machine to process and store tasks, he/she gets it without
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an interaction between users and service providers. Users
can set and change the amount of computing and memory
resources required as needed, without informing the
provider;

¢ Extensive network access. Customers can access the
computing and memory resources of cloud servers
anytime and anywhere using a variety of devices (laptops,
smartphones, tablets, etc.);

¢ Resources accessibility. Cloud resources can be accessed
by multiple users. The user does not know where the
resources are provided by the service provider;

¢ Combined (single) resources. The shared resources are
used by multiple users by combining the provider’s
computing and memory resources under a single umbrella;
¢ Resource flexibility (scalability). The customer accesses
the resources on demand and able to increase or decrease
them.

Advantages of CC technologies [11]:

e user access to information via the Internet;

e solving users’ tasks requiring high large computing and
memory resources through cloud computing services;

e providing users with unlimited computing and memory
tools;

e ensuring fast data processing;

e when documents are stored in cloud, users can use them
anytime and anywhere;

¢ when data is stored in cloud, duplicates are automatically
stored on the servers of many data processing centers on
different continents.

e constant updating of used programs;

e computing resources are unlimited, scalable and flexible,
i.e., resources are provided in that amount as the user
needs.

Problems in the effective use of CC services [10]:
¢ locating cloud servers away from the user;

e Internet overload;

¢ network delays;

e interruptions in communication channels;

¢ low bandwidth of communication channels;

¢ online running software applications (Aps);

¢ late delivery of information and results to the user;

¢ deployment of software applications on remote servers;
¢ use of various connection technologies to connect to the
network;

¢ building continuous communication channels;

e use of computers with different technical capabilities in
the network;

e optimal placement of user queries on virtual machines;
e and etc.

Recently, border computing systems (cloudlets, edge,
fog computing, etc.) based on the infrastructure of cloud
computing systems are used to solve the above-mentioned
problems. Edge (peripheral) computing systems are
established in the vicinities where data is generated or in
mobile devices. Fog computing systems expand the
boundaries of cloud computing by directing computing
resources to the nearest point where tasks (applications)
occur [12].

Fog computing is presented as a paradigm expanding
the CC platform. The use of fog technology together with
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cloud technologies helps reduce the data center loading.
Local servers process the data and send only the most
important data to the data center. Fog computing is closer
to the user, so data processing and transmission time is
reduced. This reduces latency in the use of Internet
services and improves QoS services.

Therefore, fog computing is more suitable for
geographically dispersed enterprises. In fog computing,
the data is processed on servers close to the user, which in
turn eliminates delays in the Internet network
infrastructure. Fog computing aims to increase efficiency
by processing data where they are located and to reduce
the amount of data transmitted to remote cloud servers
[13]. This improves security concerns in the network
infrastructure. Many users have processed applications on
remote servers, and the results are not transmitted
efficiently. Fog computing provides faster data processing
and prevent network overload. Fog counting systems are
very suitable for control systems requiring direct data
processing, analytical analysis and rapid decision-making
at the place where the data is generated.

5. CONCLUSIONS

The article shows the use of cloud technologies to
enable the use of software applications that require large
computing and memory resources on mobile devices. The
advantages, disadvantages and problems of CC were
analyzed. Features distinguishing cloud-computing
technologies from other information technologies were
analyzed. The problems arising in the efficient use of cloud
computing services were analyzed and proposals were
made for their solution. It was proposed to use edge-
computing systems to eliminate network delays in CC.
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Abstract- A wheeled ecoacrorobot powered by
photoelectric panels and carrying out agricultural work has
been proposed. The linear motion and maneuverability of
ecoacrorobot is achieved by adjusting and reversing the
speed of the two leading wheels. The other two wheels are
of the "royal" (passive) type and do not generate traction.
An algorithm for maneuvering and bypassing of obstacles
of ecoagrorobot was developed, calculation of parameters
of solar panels and selection of other devices were
introduced.

Keywords: Wheeled Robot, Solar Panel, Smart Village,

1. INTRODUCTION

In the scientific works dedicated to the wheeled robots
[4-13] and their precise movement trajectories, stability,
dynamic modes were studied in detail. These robots are fed
from an autonomous energy source. The renewable energy
sources should be used for agricultural robots to use energy
sources more economically and efficiently. For this
purpose, this article focuses on the development of an
ecoagrorobot (EAR) that fed by solar panels and performs
agricultural works within the framework of the "smart
village" project in Karabakh. Functional scheme of the
proposed EAR shown in Figure 1.
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Figure 1. Functional diagram of the proposed EAR

In Figure 1, WL1 and WRI1 are leading wheels, using
which the robot’s speed can be changed and its movement
direction can be reversed, WL2 and WR2 are "royal"
(passive) type wheels, M1 and M2 are alternating current
electric motors, R1 and R2 are reduction gears, I1 and 12
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are Frequency Inverters which changes the value and
frequency of direct current, IQ1 and IQ2 are control panels
for inverters, PV is solar panels, AK is accumulators, C is
a controller, K is an agricultural mechanism for
cultivation, SML and SMR are servomotors that performs
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the movement of the agricultural mechanism along the
width and length of the EAR, nd and nc2 are the encoders
that determine the angular velocity of the wheels, and sy,
sv and sl are the sensors of the road, the course, and the
linear speed of the EAR, respectively. The PLC is a logic
controller that manages the work of EAR on in accordance
with the developed program.

2. THE WORKING PRINCIPLE OF EAR

The electricity generated by the PV panels not only
drives the EAR but also recharges the batteries. The
charging of the AK, power supply from PV to AK, or to
the consumers (I1, 12) is controlled by the controller (C).
Operating of EAR starts when the solar radiation intensity
is high (12:00-17:00). Until 12:00 and after 17:00 the
power from PV charges only the AK.

Assigned value of linear speed - Vr
Maximum length of the road - /7
Angular velocities of wheels - @, 7, @rr

AN NENEN

TASK INPUT

Assigned value of movement course - yr

O

\ 4

Movement course -

Linear speed - V'

Traveled road length - /

Angular velocity of wheels - @, or

AN NANEN

\ 4

INPUT OF TASKS CURRENT VALUES

- Aw
Wr- Aw

o tAw
ort+Aw

wrtAo

Figure 2. Block diagram of movement program of EAR according to course

Before starting operation of EAR the following
parameters, which determine the operating mode of the
EAR, are set to PLC:

- Assigned value of movement course of EAR - y;;

- Assigned value of linear speed of EAR’s platform
according to the technological process - V7 ;

- The maximum length of the cultivated road when moving
in one direction - Ly ;

- Assigned values of angular velocities of WL1 and WR1
wheels - @, @7 .
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The current values of these parameters are measured
by sensors sy, sv, sl,ncl and nc2 and entered into the

PLC. The algorithm shown in Figure 2 is implemented
during movement of the EAR on the course. The 1st block
is input of task values y;, Vy, Ly, @y, wpr tothe PLC,
and the 2nd block is input of the current values of the y,
V., L, o and o, parameters from the sensors to PLC.
The 3rd block checks the course of EAR (y; — 7). If

the course rate of EAR is equal to the set value, i.e.,
yr —y =0, then checking process continues. Otherwise,
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the direction of the course is determined. The 4th block
increases or decreases the angular velocities of the left
(WL1) or right (WR1) wheels, depending on whether the
EAR turns to the left or to the right. The blocks 5 and 6
continue these operations until they the set value of the
course is reached. After the EAR moves along the assigned
course, its linear speed is checked (block 7). If the current
value of the linear speed (V) is less than the set value
(block 8), then the angular velocities of the left and right
wheels are increased (block 9). Otherwise, the angular
velocities of the left and right wheels are reduced (block
10). This check is continued until the condition V; =V is

satisfied (block 7).
After crossing the L, path EAR stops. Then SM1 and

SM?2 servo motors start moving the cultivating devices
forward and outward from the center. The purpose of these
operation is that the cultivation works can be carried out
on far side of the strip when EAR moves back. In this case,
the previously cultivated soil layer is not damaged by EAR
wheels. Moving on to opposite direction the EAR
approaches to the next lane with maneuvering mode after

A
y

QB

L1

reaching the initial position. EAR resumes its work by
switching to the program “movement course in new lane”.
It should be noted that the steering control of the EAR,
both during move on with determined course and in
maneuver mode, in contrast to the steering control mode
of the wheels [1], is performed only by changing the
angular velocities of the wheels WL1 and WRI1. The
wheels WL1 and WRI1 are rotated by M1 and M2 engines
independently from each other around their axes referring
to EAR platform.
Let’s determine varying of the steering angle of EAR
platform referring to the difference of angular velocity of
the wheels WL1 and WR1. Figure 3 illustrates the angular

velocities (@, wg,) of the WL1 and WR1 wheels in the

fixed OXY coordinate system referring to the EAR
platform, the linear velocities of the wheel axes referring

to the ground (¥}, V) and the angular velocity of

platform (a)) referring to the instantaneous center of speed
(O1).

AW=2X,

X2

A

>
<

AX=X1

»
L

Figure 3. Angular (@,,,wg,,®)and linear velocities (¥,,,V,) in the fixed OXY coordinate system referring to the EAR platform

The coordinates of L1, R1 and O, as follows:

Ll(—XZ;O),Rl(XZ;O), RI(XZ;O), Ol(Xl;O). The
distance between rotational axes of wheels is
AW:L1><R1:X2—(—X2)=2X2.

The distance Dbetween coordinate start and

instantaneous center of velocity [1, 4]: AX =0-01= X1.
The following expressions can be written for the specified
parameters:
Vi = a)(AX+ O.SAW) W
Viy = a)(AX—O.SAW)
If the radius of the wheels WL1 and WR1 are denoted
by r, then we can write for velocities V;; and Vy,,
Vi =opr 2)
Vi = opir
Since the left side of Equations (1) and (2) are equal:
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w7 = AX +0.5AW

3)
gt =AX -0.5AW
We divide these expressions side to side:
oy _ AX+0.5AW @)
Wp  AX —0.5AW
where, K, = DL if we accept this substitution:
W1
AX +0.5AW
e a— (%)
AX —0.5AW
or;
K,+1
AX =0.5x AW =2 6)

[0

we get this expression and AX — K, characteristic is
shown in Figure 4.
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The analysis of this characteristic shows that when
K, =1xAX approaches to infinity [2, 3]. This means that

the wheels WL1 and WR1 rotate in the same direction at

A Ax

the same angular velocities, the EAR moves towards
straight line and the instantaneous speeds center is at
infinity.

Figure 4. AX — K, and K,—AX characteristics

In Figure 4, K, =-1, AX=0. That is, if @, rot