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INTRODUCTION
Subject topicality and the degree of development
In the strategy of development of world power engineering for
period until 2030, a full transformation of existing power grids to
new generation technical systems is specified, in which the
technology of electric power generation, transmission and
consumption will significantly differ from ones used at present. First
of all, this difference will be in wide use of technologies of
distributed generation and renewable sources. In complex of
measures on modernization of power systems, the priority will be
also the creation of control systems and control for functioning of
controlled processes realized on new approaches for simulation and
algorithmization. During the period under review, it is planned to
equip a significant part of facilities generating and transmitting
power energy with intelligent control devices being able to provide
for integrity and safety of power grid operation.
At present for the solving of many problems of power
engineering, the artificial intelligence (AI) methods are widely used.
The most developed are such methods as AI, neural networks (NN),
genetic algorithm (GA), methods of fuzzy logic (FL) and expert
appraisal, as well as combined use of mentioned methods. For
example, for the solving of consumption prediction problems, good
results are obtained from NN methods, and for the most
advantageous load distribution between sources the GA method and
its different modifications can be used rather successfully.
Among the algorithms, which use a combination of AI methods,
joint use of NN and FL, FL and GA, NN and GA, etc. should be
noted. For example, by means of NN and GA combination the
solution of problem of placement and control of reactive power
sources is possible. By means of genetic algorithm the placement of
reactive power sources is optimized, the value of which is obtained
for each system status by NN method.
Combined use of the GA, NN and is effective not only for the
problems of statics, but also in such problems of dynamics analysis
as recognition of emergency situations.
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In existing works devoted to the use of fuzzy logic methodology
in assessing the state of the power system (Bulatov Yu.N., Shemetov
A.N., Kostarev N.B.), optimization of its modes (Bakuta V.P.,
Chistyakov G.N., Baran M.E., Lezhyuk P.D., Alonso M, Bresesti P.,
Mamedyarov O.S., Rakhmanov N.R., Balametov A.B.), the synthesis
of fuzzy controllers U and Q in steady-state modes (Manusov V.Z. ,
Zhmak E.I., Tulikov A.N.), as well as system control devices at small
fluctuations (Voronin K.A., Voropay N.I., Kurbatsky V.G.), the
studies were carried out without taking into account the main types
of uncertain and probabilistic nature of variability (the presence of
renewable sources, the powerful power electronics, the
transformation of the electrical network (the emergence of a
horizontal direction of development)), which accompany the
functioning of modern EPS.
Based on the above, it is necessary to develop a methodical
solution of problem of counteraction to uncertainties, appearing in
the system. For example, it is necessary to determine, when must be
started the generating unit so that not give a possibility for the
growth of unbalance for the specified period due to uncertain nature
of generation and load variabilities. Generation and load variabilities
are not the only uncertainties. Additional uncertainties are also
unforeseen changes in the power production by traditional sources
relative to their established values, emergency failures of sources,
random emergency failures of feed PTLs, frequency fluctuations.
Among the significant factors that take into account the further
development of the FL methodology for modeling, analysis and
control of the power system modes are the uncertainties caused by
the integration of the high power of renewable sources.
Purpose of the work
The purpose of this dissertation work is the creation of
procedure for construction of intelligent system of control of
electrical network mode taking into account fuzzy-probabilistic
nature of initial information, as well as the development of structure
of fuzzy and hybrid neuro-fuzzy controller, testing of controller
model on test and physical schemes of real electrical network.
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The implementation of the purpose in view includes the solution
of the following problems:
1. To identify the structure of uncertain factors in order to take
them into account in the problems of controlling normal steady-state
modes of the power system;
2. To compile a fuzzy power flow model at fuzzy specified
power values in the generation and load nodes;
3. To develop a fuzzy controller structure for the optimal control
of reactive power and voltage in nodes;
4. To formulate a procedure for fuzzy controller's circuit design;
5. To study characteristics and work-out model for the power
system mode with fuzzy generation and fuzzy load;
6. To develop methods for the hybrid use of AI algorithms to
solve problems of optimal placement of compensating devices in the
distribution networks of the power system;
7. To develop methods and algorithms for predicting the
electrical energy consumption in the power system, providing
increased accuracy of the forecast.
8. Assessment of the power system stability in case of
emergency failures of its elements in the schemes N-1 and N-2.
The research carried out in the work is aimed at solving the
following problems:
1. Analysis of power system modes at various types of
uncertainties and their clustering;
2. Simulation of making fuzzy decisions in mode optimization
problems: optimal power flow, choice of location of sources;
3. Development of procedure for the synthesis of fuzzy
controller structure, which stabilizes the fluctuations in the system;
4. Development of procedure for the working-out of rules for
the fuzzy logic controller adjustment for Q-U;
5. Development of flowchart and algorithm for the functioning
of hybrid neuro-fuzzy controller of reactive power and voltage in
distribution electrical network with renewable sources;
6. Modeling of random-uncertain variability of power
generation from renewable sources and taking into account their
impact on the power system mode;
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7. Development of hybrid fuzzy−genetic method of placement
of reactive power sources in electrical network;
8. Feasibility study for the placement of reactive power sources
in distribution electric networks of powers systems;
9. Development of algorithm for adjustment of fuzzy and
neuro-fuzzy controller for the control of reactive power flows and
voltage in distribution electrical networks of power grids.
Object and subject of research
The object of research is the power system, supply and
distribution networks of the system, renewable sources with variable
output, regulators that support the efficiency of the system.
The subject of the study is the current and predicted modes of
the system with stochastically uncertain generation, modes during
emergency shutdowns of the main elements (generators, power
lines).
Research methods
Theory of automatic control, fuzzy modeling of power system
modes, fuzzy set and fuzzy logic, methods for optimizing the modes
of electric power systems (EPS), probability theory and statistical
methods.
Scientific novelty
The scientific novelty of the work is a proposal of a procedure
for the operational assessment of the state of the power system with
integrated renewable sources (RS) with variable power generation,
optimization of the predicted mode, taking into account the
stochastic variability of the generation of RS, probabilistic
assessment of the system stability limit, as well as the development
of the structure of the fuzzy control device of the system mode.
The following scientific results contain scientific novelty:
- classifier of uncertainties and fuzzy data systems describing
the scheme state and the system mode, the necessity of consideration
of which ensures the correctness of the analysis and the effectiveness
of its control.
- model and algorithm of fuzzy controller for the regulation of
reactive power and voltage in electrical network realized in the form
of fuzzy relations between voltage and reactive power;
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- procedure for synthesis of neuro-fuzzy controller for
controlling reactive power flows and voltage in the electrical network
of power system;
- the structure of a hybrid modular neural network with fuzzy
integration, which makes it possible to assess the model of the
system state, taking into account the uncertain nature;
- method for optimal selection of reactive power sources and
their placement in the network based on the hybrid use of neural
network, genetic algorithm and fuzzy logic;
- method for assessing the state of system with integrated
renewable sources with variable output; power and nodal voltages of
the distribution electrical network of power systems.
Substantiation and reliability of obtained results
Substantiation and reliability of obtained results is caused by the
use of fuzzy systems theory, the control and regulation theory under
the conditions of uncertainty of set and controlled variables, methods
of analysis of electrical system modes, probability theory and
statistical conclusions, computational experiments on test IEEE
schemes and their confirmation on real scheme (examples for
calculation for “Azernergy” system).
The main provisions submitted for the dissertation defense:
1. Modeling of the uncertainty of power generation from
renewable sources and taking into account their impact on the
efficiency of power flow control in the system.
2. Model and algorithm for the control of reactive power flows
for the voltage stabilization in electrical network nodes at fuzzy
nature of consumed power.
3. Procedure for the identification of functional diagram and
neuro-fuzzy controller algorithms for adaptive control of reactive
power flows in the electrical network of the power system.
4. Hybrid neural network structure with many independent
impacts based on fuzzy integration.
5. Hybrid model - "neural network−genetic algorithm-fuzzy
logic" for the optimization of electrical network mode on reactive
power.
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6. Functional diagram and algorithm of fuzzy adaptive reactive
power and voltage controller.
Practical value of dissertation work results
The use of developed methods, new approaches for
probabilistic-fuzzy modeling of power grid for the operative analysis
and control of their modes, as well as the proposed technical
solutions provide for high efficiency of operative analysis systems
for the control of system operation and its separate facilities.
The possibility for the independent use of the results of
individual sections, obtained in the form of analytical dependences
(algorithms and schematic representations, realizing the control of
modes in certain situations) is given in the work.
Realization of work results
Research results obtained in the dissertation work are used in
appropriate divisions of “Azerenergy” JSC departments when
controlling the mode parameters of electrical networks of power
system. Interest of the power system in the obtained results is
confirmed by corresponding statements.
Work approval
Main results of the dissertation work were reported and
discussed in the following seminars and conferences:
− 84th International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", September 17-21, 2012, Baku
− 85th International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", September 17-21, 2013, Irkutsk
− 86th International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", September 17-21, 2014, Saint Petersburg
− 87th International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", September 17-21, 2015, Minsk
− 88th International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", September 17-21, 2016, Syktyvkar
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− 89th International Scientific Seminar named after Yu.
n.Rudenko "Methodological issues of reliability research of large
energy systems", September 11-15, 2017, Bishkek
− 90th International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", July 1-7 2018, Irkutsk
− 91st International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", September 22-27, 2019, Tashkent
− 92nd International Scientific Seminar named after
Y.N.Rudenko "Methodological issues of reliability research of large
energy systems", September 21-26, 2020, Kazan
− ISEECE 2006 3rd International Symposium on Electrical,
Electronic and Computer Engineering. November 23-26, 2006,
Nicosia, North Cyprus
− 3rd International Conference on Control and Optimization
with Industrial Applications. Bilkent University, 22-24 August 2011,
Ankara, Turkey
− IEEE PES Innovative Smart Grid Europe 2011, December 57, Manchester, United Kingdom
− The 12th International Conference on Pobabillstic Methods
Applied to Power Systems. PMAPS 2012, 10-14th June 2012,
Istanbul, Turkey
− ICTPE-2014 Conference Proceedings. The 10th International
Conference on Technical and Physical of Electrical engineering, 7-8
September, 2014, Baku
− ICTPE-2016. The 12th International Conference on Technical
and Physical Problems of Electrical Engineering, 7-9 September
2016, Bilbao, Spain
− ICTPE-2017. The 12th International Conference on Technical
and Physical Problems of Electrical Engineering, 21-23 September
2017, Van, Turkey
− ICTPE-2018. The 13th International Conference on Technical
and Physical Problems of Electrical Engineering, 21-23 September
2018, Nakhchivan, Azerbaijan
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− “Contemporary issues of power engineering” Proceedings of
Republican Scientific Conference held jointly by the SSU and “AzR
& DSIPE” LLC, 14-15 December 2011, Sumgait
− AzTU, “Contemporary issues of automatics and control”
Proceedings of Scientific-Technical Conference, 2012, Baku
− "Mathematics application issues and new information
technologies". Proceedings of III Republican Scientific Conference.
SSU, ANAS, ITI, 15-16 December 2016, Sumgait
− "Intelligent technologies in mechanical engineering"
Proceedings of Scientific-Technical Conference. AzTU, 2016, Baku
− 10th International Scientific and Practical Conference of
Young Scientists// Actual problems of science and engineering, May
14-19, 2017, Ufa
− International Scientific Conference "Current issues of applied
physics and energy", May 24-25, 2018, Sumgait
− 16th International Conference on Electrical Machines, Drives
and Power Systems (ELMA2019) 2019 6-8 June, Varna, Bulgaria
− 6th International Conference on Modern Electric Power
Systems (MEPS 2019), 9-12 September 2019, Wroclaw, Poland
− International Conference on Artificial Intelligence and Data
Processing, 21-22 September 2019, Malatya, Turkey
− Proceedings of the Republican scientific and technical
conference dedicated to the 70th anniversary of AzTU on
"Technological perspectives of the fourth industrial revolution:
industrial internet, cyber-physical systems and intelligent
technologies", November 26-27, 2020, Baku.
Publication
The main content of the dissertation work is published in 62
publications, including 1 monograph, 2 patents, 19 papers in foreign
scientific journals, 8 papers in foreign publications included in the
Web of Science and Scopus, 17 papers in national scientific journals,
17 theses of lectures published in the proceedings of international
and national scientific conferences.
The results of research and development are included in the
reports according to the plans of research works of the "Modes and
problems of power system control" Department of the Azerbaijan
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Research and Design-Survey Institute of Power Engineering for
2010-2019 approved by the “Azerenergy” power system.
WORK CONTENT
In Introduction the problem topicality is justified, the purpose
of work, research problems, scientific novelty and practical value of
obtained results are formulated.
In 1st section the analysis of existing approaches, methods and
algorithmic-software means of AI in solutions of problems of
analysis and control of power grid modes is performed [3, 35].
Classification of AI methods, depending on nature of problem under
solving, is given: optimization of schemes and modes, operational
assessment of state, determination of reliability and stability in the
conditions of random mode variability. To solve the mentioned
problems, in power grids (PG) such AI methods as artificial neural
networks (ANN), GA, fuzzy logic (FL) and expert systems (ExS) are
widely used. At present neural networks unit is important tool in the
problems of load prediction and development of generating structure
of power system. The shortage of neural networks is that the
acquired results don’t allow for giving explanations of physical
reason for input variability.
GA in power system has got practical use during selection of
optimal number of included sources, the most advantageous load
distribution between the sources. The shortage of GA is a
dependence of optimization results on selection of genetic operators,
indices of crossover and mutation.
The greatest effect from the solving of PG problems is obtained
on the basis of methods using FS and FL apparatus.
In this section the significance of fuzzy methods in solving
problems of operational analysis and power system control in
modern conditions of the presence of various types of uncertainties
in the initial information and models describing random variability of
the system state is shown. Special attention is paid to understanding
the types of uncertainties in problems that are well solved by fuzzy
methods.
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The list of fuzzy factors, accompanying the solving of PG
problems, which are united in two groups, is given below:
1. Fuzziness of description of models.
2.Fuzziness of representation of criteria and corresponding
limitations.
The most distributed approaches for the use of fuzzy systems in
power systems are ExS, based on FL model, FL controllers and
algorithm for making fuzzy decisions.
Examples of use of these fuzzy systems are given, and the
effectiveness of their application for problems with fuzzy models and
fuzzy constraints is shown.
An approach for forming fuzzy rules for the fuzzy controller
(FC) synthesis is proposed in relation to compensation of fluctuations
in the system caused by disturbances due to minor random changes
in the load, generation, and network scheme of the system.
Weakening of the total effect of these fluctuations in the power
system is performed using the PSS system stabilizer, which is
controlled by the FL model. The FL model of PSS control in the
work is demonstrated by the example of a single-machine system of
infinite power.
The 2nd section is devoted to substantiation of the need to
simulate the steady-state and disturbed state of the system in the form
of probabilistic-fuzzy descriptions: probabilistic dependencies of
fuzzy events, fuzzy random sets, fuzzy random variables, fuzzy
model with probabilistic weight rules. The probabilistic FM is
described in the coordinates of stochastic variables represented by a
binary probability density function containing stochastic and nonstochastic uncertainties [40, 43].
In general, assuming that the probabilistic nature of fuzzydefined states of the power system is determined only by the
stochastic variability of total electrical energy consumption, models
of Gaussian type fuzzy sets with randomized random variability of
the center can be considered. In the dissertation for the first time a
random fuzzy set with randomized Gauss width was proposed for
fuzzy modeling of the power system state. Membership function
(MF) for a probabilistic fuzzy set of input variable x is described by
12

a secondary probability density function. The MFs of random
variability of the load power value by hours and its MF are presented
in Fig.1.
Lets’ consider a generalized power system state model, in
which the vector of variables in the output X = ( x1 ,......, xd ) accepts
values inside the range x ⊆ {R g ,н }, and the vector of variables in the
output Y is set by values Y ⊆ {R u , p }, where x gj , xнi − current values
of active and reactive powers of generation in nodes j and load
powers in nodes i , respectively; xui , x pij − current values of voltage
profile and power overflows in the electrical network, respectively.
u
1
0,8
0,6

µ ( рн1 , u )

u
m( рн1 )

0,4
0,2

рн
р н1

M

Fig.1. Probabilistic fuzzy set (primary and secondary MFs)

On the basis of fuzzy rules implemented by means of selection
"if ..., the ...", we work-out rules using natural language simulated by
НМ in the form:
(1)
R j : if x1 is Aj1 ,..., xd is Ajd then y is В j , j = 1,...,k
where A ji , B j − fuzzy subsets of input x gj , x нi and output y u , y p
variables respectively.
Restoration of crispness (defuzzification) is performed by
calculation of mathematical expectation of the output parameter
center. Traditionally, the output parameter values y c according to
MF values are determined as follows:
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where y j − sequence of fuzzy inputs; y c , µ R − random variables.
j

The crisp output of probabilistic fuzzy logic system is the
mathematical expectation of traditional defuzzification:
(4)
y = M [x ( y c )]
Let's consider the system state modeling to predict the
consumption value based on random changes in the data of
observation of input variable, defined in the form of total load power
value in the power system (ΣP) . Distribution of probability for MF
µ ΣP can be obtained by calculation on the basis of following formula:
 x − ΣPc
 (ΣPh − ω )2 
1
⋅
⋅ EXP 

 dΣPh , 0 < µΣP < 1
2
F (µΣP ) = 0 − 2 ln µΣP 2π
 2λ


inothercas
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0
,


(5)

Finally, the secondary distribution density function of the MF
value µ ΣP caused by the stochastic change in the distribution width
ΣPh :
2
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−
ω 
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 x − ΣPc (− 2 ln µΣP )2
  − 2 ln µ ΣP
 , 0 < µ < 1 (6)

⋅ EXP

ΣP
Pr obA(ΣP ) (µΣP ) = 
2λ2
2π ⋅ λµΣP









inothercases
0,

The MF value distribution functions for the total load power in
the power system are shown in Fig.2.
In the 3rd section on the basis of the proposed modeling
method the studies for normal and post-emergency conditions in the
power system at fuzzy and probabilistic definition of initial
information are carried out [37,43,58,62,25]. To conduct a
comparative analysis of the results of simulation of the power system
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modes based on probabilistic methods and fuzzy logic methods, the
computational experiments were performed on standard IEEE
models and the real scheme of the “Azerenergy” system.
1

F( µ Σ P)

σ[µ Σ P], ω [µ Σ P]

0.5

0
ω [µ
1

ΣP

ω [µ

]

2

]

ΣP

µ

ΣP

Fig. 2. Membership functions of MF values for total
load power in power system

In probabilistic models the generation and load powers are
defined by probability densities f (Р Г ), f (PН ) . Information about
system scheme state (the presence or lack of elements (generators,
lines, transformers), included in the scheme), is defined taking into
account the probability of emergency failure of elements.
The computational process of the system mode probabilistic
estimation in a generalized form is implemented in the form of the
following stages:
1. Simulation of stochastic variability of power generation
nodes (nodes containing wind and solar generators, other generating
plants with intermittent power generation), load nodes in the form of
probability density, taking into account the power generation
proportion.
2. Calculations for probabilistic power flow (PPF) in the
network with DG at:
- random variability of generation power in one node;
- random variability of load power in one node.
3. Calculations for PPF in the network with DG at combined
consideration of influence of random processes in one generation
node and one load node.
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4. Calculations for items 2 and 3 for exaggerated conditions up
to stability disturbance.
5. Construction of probability density function curves of power
overflow disturbance exceeding on PTLs, as well as on critical nodal
voltage value.
Probability density curves of nodal voltages and load power
calculated using Monte-Carlo method for the case, when the mode
stochasticity in DEN is caused by load power probabilistic
variability, which is simulated in the form of random power
deviation relative to its established values for different periods of
daily schedule are presented in Fig.3. At the same time for obtaining
nodal voltages and power overflow values, above 15000 data
PН ,i , QН ,i from random sample, generated by Monte-Carlo method,
were used.
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Fig. 3. Probability density curves of nodal voltages and load power
calculated using Monte-Carlo method.

The acquired probabilistic estimations in the form of
probability density functions of voltages in nodes f (U i ) and active
and reactive power overflows in lines { f (Р Г ), f (PН )}make it possible
to perform and analyze the set of power system states.
The main purpose of the stochasticity inclusion into the power
system model is the increase of efficiency of decision-making by
power system dispatcher. At the same time two problems appear,
requiring solution: to assess the risks from the used initial
information and accepted model completeness. The selection of
initial data is performed on the assumption of achievement of
expected system state corresponding to mean-square values of
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variability of parameters. As a result, the use of expected solution
value with accepted initial data leads to strong influence of
situations, having low probability.
One of the existing factors, leading to system state uncertainty,
is uncertainty of stochasticity of generation of renewable sources wind farms and solar PV stations. For the study of the nature of these
uncertainties the investigations on wind farms, installed in
Azerbaijan power system, were carried out.
The daily power production diagram for one of typical days
during a month is shown in Fig. 4. As can be seen from this figure,
the wind farm power production significantly changes by days: the
difference for windless and windy days is (0 ÷ 5)% and (70-90)%
respectively. The differences also can be significant in the power
production in the first and second half of day. The production
variability can be so significant that the difference from mean
monthly days or mean annual days is not corresponding to the
stochasticity. The production changes during a day from zero to
maximum. In this case the simulation of production characteristic in
the form of normal distribution seems unsuccessful, and therefore,
the consideration of the production process is stochastically
incorrect.

Fig. 4. Uncertainty of daily power production by
wind farms in one of typical day of month

In order to expand the assessment of system state parameters at
fuzzy setting of the initial data parameter values, the improved
method of α − cutting of fuzziness is proposed. The method is based
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on the principle of expansion, which suggests that functional
relationships can be expanded by inclusion of fuzzy arguments for
the representation of dependent variable as a fuzzy set.
MF of cutting horizontally to limited number of α levels
between 0 and 1. For each input parameter the minimum and
maximum possible values of the model output are defined, i.e.
relationships of MFs of nodal voltages and power overflows in the
system branches. Parameter – the variability of maximum power
transmission in the line, the MF of which is simulated in a triangular
form with A2 support, is shown in Fig.5.
In the 4th section the probabilistic state of the power system
with the stochastically changing power of RS energy is investigated
[13,17,23,24,39,51,52,53,56,57,60].
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Fig.5. Parameter П of triangular fuzzy number with Aα support
а – expression of power transmission limit value by means of linguistic variable; b
– high and low MF levels for the range of triangular set of system states along the
perimeter Pпр ; c – triangular type MF with α − cutting.

The growth of integration of renewable sources has changed a
traditional conception of power system development, initiated a
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necessity for the solution of new scientific and technical problems of
analysis of parallel operation modes of renewable sources and power
plants with traditional sources.
Analysis of power flow at intermittent-random nature of
production from wind farms and solar stations (PV), as well as
stochastic variability of consumption in power system assumes the
implementation of probabilistic computational experiments or the
presence of measurements for main mode parameters and monitoring
of electric network topology. On the basis of data of mentioned
experiments or measurements, the models of prediction of values,
which are used as initial parameters (values of powers of generation
and loads) are determined.
To predict the wind farm power production in short-term
periods, the method based on identification of moving average autoregression process (ARMA) model is proposed1.
The problem of identification of model prediction is the
estimation of coefficients of polynomial of auto-regression AR( p )
and moving average MA(q ) according to data of wind farm power
production P(t ) :
p

q

j =1

j =0

P(t ) =  a j ⋅ Pt − j +  b j ⋅ et − j

(7)

where a j , b j − coefficients of auto-regression and moving average,
respectively.
The essence of the prediction comes to model identification –
definition of its orders p, q , as well parameters a j , b j and model
extrapolation to one step ahead. As a condition for the selection of
the best prediction of the power production the coincidence of
statistical characteristics of sample line area is accepted, according to
which the model with corresponding characteristics (on which the
prediction is performed) is identified.
1

Bolshakov, A.A., Karimov R.N. Methods for processing multidimensional data
and time series / A.A. Bolshakov, R.N. Karimov - Moscow: Hotline Telecom, 2007. - 522 p.
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The comparison is carried out by the following known
characteristics:
− mean-square deviation
n

e

RMSE =

2
t

t =1

(8)

n

− mean relative prediction error
MAPE =

1 n et
⋅
⋅ 100
n t =1 Yt

(9)

− Theil’s coefficient of irrelevance
TC =

1 n 2
⋅  et
n t =1
n

(10)
n

2
1
1
⋅  Yt 2 +
⋅  Yt sim
n t =1
n t =1

On the basis of the developed algorithm and program the test
verifications for the proposed models of prediction of power
production for wind farms during intra-hour periods were carried out.
The investigations were carried out at wind power plant located in
the north part of Absheron Peninsula and consisting of 25 units FL2500. The measurements for wind speeds for the period 01.01.200815.01.2008 are shown in Fig.6 and power productions corresponding
to these speeds are shown in Fig.7, which we consider as
experimental sample for the prediction.
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Fig. 6. Fragment of water speed for period 01.01.0815.01.08 (averaged 5-minute measurements)
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Fig. 7. Power productions for wind turbine FL-2500
at wind speeds for period 01.01.08-15.01.08

Sample Partial Autocorrelations Sample Autocorrelation

To verify the feasibility of stationarity and reversibility
conditions by given sample, a comparative assessment of the mean
values, dispersions and autocorrelations of two separate samples,
each composed of halves of total sample, was carried out.
The stationarity is also confirmed by the correlation
relationship form, shown in Fig.8. As can be seen from this figure,
the autocorrelation has very short period of damping.
To carry out estimates for the prediction of power generation
by h steps forward, it is assumed that the experimental sample
consists of learning sample with a volume of about 75-80% of the
initial sample (in our case, this covers the averaged measurements
from the 1st to 45 and the number of forecast steps h forward).
Sample Autocorrelation Function
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Fig.8. Autocorrelation relationship of initial sample of experimental
data of production of power by wind turbine
21

In accordance with the data of measurements, composing an
initial sample, the following forecast model is obtained:
A( p ) = 1 − 2,157 p −1 + 1,582 p −2 − 0,5942 p −3 + 0,5489 p −4 − 0,3954 p −5 −

(11)

− 0,2493 p − 6 + 0,3965 p − 7 + 0,02424 p − 8 − 0,08931p − 9 − 0,06818 p −10

C (q ) = 1 − 1,848 q + 0,9461q
−1

(12 )

−2

Graphs of deviation of power production by wind turbine after
learning and during forecast periods are shown in Figures 9 and 10.
As can be seen from a comparison of the parameters, characterizing
the learning model, and forecast model, their coincidence is
satisfactory.
The algorithm of probabilistic evaluation of voltage and power
flows in the network with distributed generation from wind turbines
(WT) and PV is proposed in the work.
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Fig.9. Graph of deviation of power production by wind turbine after
model learning
RMSE=972,87; MAE=693,46; TC=0,31825
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Fig.10. Graph of deviation of power production by wind
turbine during forecast periods
RMSE=877,56; MAE=731,26; TC=0,19138
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The results of comparative analysis of PPF, performed using
numerical method on the examples of test IEEE schemes and real
power system scheme with DG and RS with WT and PV, are
presented.
The 14-nodal IEEE scheme is adjacent to an external power
system, which is presented in the form of power plant, consisting of
6 units 50 MW each, with emergency idleness ratio 0,08. Following
the binomial distribution, the mathematical expectation of this station
is: µ = 6 × (1 − 0,08) × 50 = 276 МW .
In order to compare the PPF estimation with corresponding
power flows obtained by traditional deterministic methods, the power
flow calculations have been performed for the 14-nodal scheme. For
the studied 14-nodal system the stochastic variability is simulated in
accordance with the distribution laws given in Table 1.
Using the Monte-Carlo method, it was established that the
mathematical expectation of power on buses of base node 1 of the
scheme is equal to 291 MW with a deviation standard of 16.27,
which is adopted when using the traditional approach.
The values of mathematical expectations and deviation standards for
voltages and RP injections in the electric network nodes are also
obtained.
Table 1
Generalized parameters of studied systems
Studied
systems

Quantity
PV
nodes
5
1

Lines

IEEE
"Absheron oil"

Nod
es
14
92

"Azerenerji"

216

30

Distribution of inputs
Active power

20
67

Shunt
s
1
0

binomial
binomial

Reactive
power
normal
normal

224

1

binomial

normal

The voltage probability distribution curve in node 4 is presented
in Fig.11. the average value and standard of deviation of this voltage
value are equal to µ = 1,015; σ = 0,0009 respectively.
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а)

b)

c)
d)
Fig. 11. Curves of distribution of voltage probabilities in nodes
4 (а), 7 (b), 5 (c) and 14 (d)

A method of probabilistic assessment of voltage stability by its
critical value, corresponding to the maximum power transmission
mode in the system’s electrical network is proposed. The method is
based on PPF simulation in the system with a randomly specified
output in nodes with connected wind generation.
The voltage stability assessment by means of the above
probabilistic models is performed on the basis of analysis of PPF
results, using a large number of repeated calculations. The general
description of the algorithm for these computational experiments
includes the following stages:
1. Collection of data on the system mode state (powers P, Q of
generating and loading nodes, restrictions for power overflows on
lines, nodal voltages).
2. Power flow calculation for the basic normal mode (rated
power values of nodes of loads and generation, including nodes with
connected wind farms).
3. PPF calculations for the power production values from wind
farms in the specified intervals of the daily schedule.
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4. PPF calculations based on power generation values from its
random sample obtained by repeating calculations to the maximum
load.
5. Calculation of voltage values for corresponding Pmax and U кр .
6. Continuation of calculations for different power values of the
connected WF.
7. Load reduction up to Pmin with simultaneous reduction of
generation from traditional sources so that to eliminate the violations
of mode restrictions. Carrying out calculations and search for
generation from a WF.
8. Repetition of calculations for the case of load increase.
Determination of generation power from wind farm.
9. Forming of sample massif of calculation options for different
powers of the connected WF Pmax , Uкр , PВГ .
10. Construction of relationship Pmax = f ( PВГ ) . Value PВГlim , at
which Pmax accepts a maximum value, is a maximally possible power
for the WF connection to the system.
The simplified scheme of the studied system is represented in
the form of two bound parts, to one of them a wind farm is
connected, consisting of wind power plant (WPP) with unit power of
2.5 МW. Computational experiments were carried out taking into
account a step-by-step growth of total installed capacity of the wind
park by 50 МW and 100 МW at each stage of development. On the
basis of investigation for probabilistic characteristics of wind speeds
and corresponding changes of the power production, it was accepted
that these changes should be simulated in the intervals (0-5%), (010%) and (0-20%).
On the basis of computational experiments for different
intervals of wind speeds in characteristic periods of day, the paths of
exaggerated modes were obtained up to network load maximum at
changes of wind speeds in interval (5.5 m/s ÷11.2 m/s) (Fig.12).
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Fig.12. Wind speed changes

Relationship Pmax = f ( PВГ ) at
cos ϕ = 1,0 and 0,95 is shown in Fig.13.

power

coefficient

values

Fig. 13. Relationships Pmax = f ( PВГ ) at different cos ϕ values

The NN model for the estimation of current value of voltage
stability limit, the use of which allows for giving a limit value in the
prediction range for short period, is proposed in the work. In the
proposed method the neural network model plays a role of identifier
of voltage value boundary, within of which the system’s normal
operation mode is preserved. The NN model uses the data on voltage
profiles as an initial information, which can be obtained on the basis
of computational experiments or measurements in real network
scheme by means of PMU devices. Thus, by means of numerous
measurements of profiles, the nodes, in which the voltages worsen
and reach the limit value at certain values of power overflow on the
network, are identified.
The proposed method structure is shown in Fig.14. The
sensitivity value is estimated during the neural model learning on the
26

basis of accumulated information in weighted coefficients of this
model and voltage profile for the current mode.
Design model
Sustainability improvement
(reactive power control
optimization)

Neural voltage stability prediction
network

Comparison of current
estimations of voltage stability
limit with set value ПУН (i ) f PУН*

Sensitivity assessment
(stability limit) ПУН to
No

input of additional Q in
the node

Yes
Calculation of modes with consideration of
restrictions U (min) kr ≤ U ≤ U (max) kr

Рис. 14. NN circuit diagram of monitoring of current value of voltage
stability limit in electrical network

In this work a multilayer anticipating neural network is used
for the representation of substantially nonlinear relationship between
the network voltage profile and corresponding stability limit. The
voltage profile is defined by means of synchronous measurements of
nodal voltages, being a vector of NN model inputs. The number of
input neurons of NN is determined based on sizes of the studied
system. The NN output is represented by one neuron, describing
П УН = (U кр , Р max ) value. The number of hidden neurons is defined by
computational experiment from the comparison of learning results
and proposed here-and-now models.
To consider the variability of the network topology
(disconnection and commissioning of additional lines), the mode data
(load power and generating sources) obtained from experiments for
the circuits, taking into account the indicated changes, are
additionally included in the number of inputs of the NS model.
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The data of nodal voltages and overflows of active and reactive
powers in the lines (model outputs), as well as their values
U кр , Рmax . correspond for each separate set of initial data (model
inputs).
To train the NN model that evaluates the voltage stability, it is
necessary to prepare a sufficient amount of initial information: load
and generation values, network circuit parameters.
The power flow is calculated for each step of load growth.
Similar calculations are performed for different fixed states of the
circuit, the powers of the sources and the load at which voltage
collapse occurs. Each load level in the nodes of the system scheme,
as it grows, can be represented by a vector with a dimension equal to
the number of nodes in the scheme, which shows the trend of an
increase in loads in individual nodes. The vector elements represent
the portion of the load in the "k" node relative to the total load of the
system:
α k = Рнк

n

Р
к =1

нк

(13)

The voltage profiles for the 14-nodal IEEE test circuit are
shown in Fig.15, for which the following initial data are accepted:
each profile describes the voltage change in a certain node within 24
hours. For each ith normal mode with P0,i load and voltage profile, the
relative value of the power transmission limit can be determined
from:
П 0,i = Pmax, i − P0,i

where

Pmax, i −

(14)
network load limit in i mode at specified values α k ;
th

the total load power value in ith initial mode.
The main factors affecting the load limit of the power system
and the voltage stability of its electric network are the characteristics
of the load and generation, the electric network circuit topology, as
well as the reactive power compensation status.
P0,i −
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Fig.15. Voltage profiles for 14-nodal scheme

In order to consider the effect of the network topology and
reactive power compensation (RPC) on the voltage profile and the
ability for the neural model learning to determine voltage stability,
the circuit options, in which some lines were disconnected and RP
sources were changed, were considered in the design model.
The NN learning process can be made more efficient by
eliminating unnecessary information and selecting as input variables
those that contain enough information on all other not taken into
account components of the input data (feature extraction method).
The voltage stability limit at each mode point is initially
estimated according to the voltage profile from the NN model. If it is
found out that the obtained estimate of the voltage stability limit is
greater than the accepted П Ulim , then the system operating conditions
will be considered safe. Otherwise, on the detected sensitive nodes
the RP sources should be installed, the regulation of their modes will
allow for the achieving the desired stability limit.
The studies were carried out on test 14-nodal IEEE scheme,
and on the real scheme of power grid of Azerbaijan.
For the 14-nodal scheme, the learning samples were obtained
by calculating the power flow at different loads, which varied in
steps of 5% from P0 to limit Plim according to load capacity. As for
the samples corresponding to certain load increments, for each of
them the profile and voltage stability limit values are characteristic.
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In order to assess the impact of the network topology and the
degree of RPC on the voltage stability limit, also calculations of
power flow taking into account these factors were performed. As a
result, based on the performed computational experiments, for the
learning of the NN model of the voltage stability, the samples of the
voltage profiles and, accordingly, PU with a volume of about 4000
were used. At the same time, out of the given volume of 4000
operating modes, 40%, 10% and 50% were used, respectively, for
learning, verifying of the reliability of learning results and the
experimental use of the NN model for prediction.
The number of samples of learning, validation and
experimental use to predict the voltage stability is shown in Table 2.
Table 2
The NN model parameters for assessing the voltage stability limit
Number of
learning
samples

Number of
validation
samples

1600

400

Number of
testing
samples

Number of
hidden
neurons

Learning
time,
sec

2000

15

29, 17

As can be seen from Table 3, by means of RPC in the network
(nodes 3,6,9), it is possible to increase the system load power from
290.04 MW to 613.83 MW (by 323.79 MW). At the same time, the
total power of the compensating devices will be 248.91 MVAr.
Table 3
The system limit load values when reaching voltage limit under reactive
power compensation conditions
Load
power in
the initial
Normal
mode,
МW

Before compensation
MW
Accordin
g to NN
model

Calculati
ons by
traditiona
l method
ЕТАР

310,8

290,04

277,17

After
compensation
MW
Accord Calculati
ing to ons by
NN
traditiona
model
l method
ЕТАР
613,83
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491

Nodes
from
compensati
on, most
sensitive to
the change
of ПU

Additional
RP
injections,
МVAr

3
6
9

92,04
51,37
105,5

The voltage profiles for various system load states in the absence
(a) and the placement of compensating devices (b, c, d) are presented
in Fig.16. As the comparison of the curves shows, the presence of
compensating devices in nodes 3,6,9 significantly improves the
voltage profile.

Fig.16. Reactive power compensation and voltage
profile improvements

The study of the stability of steady-state post-accident states of
power system is an important part of the problem of determining
measures for improving fault tolerance at various disturbances. An
improved analytical method for determining the limit of static
stability of voltage along the curve P − U . is proposed in the
dissertation.
Analysis of the statistical data of emergencies that take place in
power systems shows that in many cases they end with a
disconnection (failure) of a line or a generator, or both a generator
and a line at the same time. As a result, due to the emergency failure
of these elements, the voltage stability limit of the system, and,
consequently, the transfer of the required power through the
electrical network significantly reduce2.
2

Complex of intellectual means for preventing major accidents in power systems /
N.I. Voropai, V.G. Kurbatsky, N.V. Tomin. etc. Novosibirsk: "Nauka", 2016, 332
p. ISBN 978-5-02-038717-1.
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In this regard, study of the influence of failures of various
elements on the mode of systems, its stable state is necessary both in
planning and in operational management.
Other important factors that lead to the voltage instability are
the electrical system configuration, the characteristics of generating
devices and loads.
In order to maintain the stability of the power system in postaccident conditions, provided that the main elements are turned off,
shunt capacitances (capacitor banks) and flexible transmission
systems (FACTS) installed in “weak” network nodes are used.
The practical implementation of a large number of proposed
methods for determining the static stability limit of electric power
system (EPS) leads to the analysis and control of sequentially
weighting modes of electrical networks up to the maximum
transmitting power. Usually, the weighting is done by controlling the
power generated by the generators or the power consumed by the
loads.
Based on the sensitivity analysis method, linear and quadratic
assessment of the network load are performed for the given system
parameters, including the values of generator powers and loads at the
nodes3. The possibility of the mode weighting of the power system
with the participation of all sources until the maximum power is
transferred to the network is considered in the paper. This method
allows for obtaining the maximum generating power at local point of
the network.
The proposed method of the mode weighting to a critical state
with the participation of all generating sources of the network creates
the possibility of reaching the network load limit.
In accordance with the proposed method, the limiting state of
the system is assessed until the maximum of the curve P − U is
reached at various values of the load increase and the powers of
generating sources.
3

Grun S., Dobson V. and Alvarado F. Sensitivity of loading margin to voltage
collapse with respect to arbitrary parameters // IEEE Transactions on Power
Systens, Feb.1997, Vol.12, No.1, pp. 262-272.
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The number of sources involved in operational control for the
14-node IEEE test diagram is 4. Initially, the impact of 2, 3, and 4
generators in series on voltage stability is studied. The powers of the
sources connected to nodes 1, 2, 3, 8 are 150, 78, 40 and 40 MW,
respectively, and the total power consumption is 260 MW.
Case of two generators. At regulation with participation of two
generators, during the simulation the options of paired generators,
connected with the following buses, were considered: 1 and 2 (G12), 1 and 6 (G1-6), 1 and 8 (G1-8). In all options under consideration,
the generator connected to bus 1 was taken as a balancing one.
The characteristic of change of the transmitted power limit of
the line 1-2 is presented in Fig. 17,a. These curves were constructed
on the basis of calculations of the voltage stability limit during the
change in the power of generators 2, 6, 8. It should be noted that the
overall effect obtained from all pairs of generators is assessed as
follows: PG ,1 + PG , 2 = 1; PG ,1 + PG ,6 = 1; PG ,1 + PG ,8 = 1.
This means that, for example, if G2 compensates for 20% of
the loads, then the balancing source compensates for the remaining
80%. The curves of the critical voltage limits in the cases of the
considered pair generators are presented in Fig. 17,b.
As can be seen from Fig. 17, during various pair options of
generators involved in power regulation, the boundary parameters
( Pпр , U kr ) have a different nature of change. Approximating
dependencies

(Р )

= f (PG ,i )

пр i

are presented in Table 4. The largest

value of the transmitted power limit is formed when the output is
increased in generators 6 and 8, respectively. For example, in the 8th
generator, the increase in power only up to 0.6 (r.u.) can provide a
maximum power limit in the network.
The values of the coefficients of the approximating polynomials,
which are given in Table 4.3.1, express the curves of Fig. 17 in the
following form:
Pпр ( 2 ) (PG , 2 ) = B0 +  B2, p PGp, 2 (15) ; Pпр ( 6) (PG ,6 ) = B0 +  B6, p PGp,6 (16) ;
7

3

p =1

p =1

Pпр (8) (PG ,8 ) = B0 +  B8, p PGp,8 (17)
6

p =1
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Fig. 17. Curves of the transmitted power limit (a) and critical voltage
(b) for the option of 2 generators allocated for regulation
These polynomials are used to describe the spatial state surface
of the system in the case of 3 and 4 generators involved for
subsequent control of the power balance mode in the system.
Table 4
Coefficients of approximating dependences (Рпр )i = f (PG ,i )
Coefficients
b j ,0
b j ,1
b j,2

b j ,3

G1-2 (j=2)

G1-6 (j=6)

G1-8 (j=8)

1,663
0,0984
-0,0011
0,000609

1,663
0,6518
1,3101
-9,5352
27,3342
-39,3054
27,9063
-7,7942

1,663
0,7668
-0,9968
2,3964
-4,4472
3,1079
-1,1972

b j,4
b j ,5
b j ,6
b j ,7

The curves of power limit and critical voltage in the system for
the options of the participation of paired generators 1-2; 1-6; 1-8 in
the regulation of the mode of the total load transmission in the case
of emergency failure of one of the lines (case N-1) are represented in
Fig. 18.
In the case of paired generator 1-8, the maximum transmitted
power limit reaches at 0,6 Pпр ( n−1) at PG ,8 = 0,65 , and this means the
decrease of the probable value of the transmitted power limit to
1,8Pпр 0,6 Рпр ( n −1) = 3 . Accordingly, during the failure of one of the
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lines in the system, the indicators, determining the value of the
critical voltage, deteriorate. The equations approximating the curves
in Fig. 4.3.2 and their coefficients are presented in Table 5.
7

6

Pпр( 2()n −1) = B0 +  B2, p PGp, 2 (18) ; Pпр( 6()n −1) = B0 +  B6, p PGp,6 (19) ;
p =1

p =1

8

Pпр(8()n −1) = B0 +  B8, p PGp,8 (20)
p =1

a)
b)
Fig. 18. Change in the limit state of the system in the case of one
regulating source and emergency failure of one element
a – transmitted power limit; b- critical voltage

Table 5
Coefficients of approximating dependencies in the case
regulating source 2 and emergency failure of one element
Coefficients
G1-2 (j=2)
G1-6 (j=6)
G1-8 (j=8)
b j ,0

0,3228

0,3228

0,3228

b j ,1

0,3129
-1,7408
6,9375
-15,1973
18,461
-11,6961
3,0103

0,9175
-1,18446
6,3475
-11,5674
10,086
-3,362

0,9044
-1,1935
-1,1513
12,9309
-28,649
25,9782
-8,5654

b j,2
b j ,3
b j,4
b j ,5
b j ,6
b j ,7

Case of three generators. Let's consider an option of three
generators placed respectively in nodes 1, 2, 6 (G1-2-6); 1, 2, 8 (G12-8) and 1, 6, 8 (G1-6-8). The transmitted power limit by network
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elements can be approximated by means of combination of the
considered options for the cases of two generators in all three
options, showing the spatial limit state of the system in power
coordinates. For example, when considering option G1-2-6, the
surface Pпр can be obtained by means of combination of the curves
for generators 2 and 6 in the following form:
3

5

p =1

p =1

Pпр = B0 +  B2, p PGp, 2 +  B6, p PGp, 6

(21)

Similarly, the model can also be identified for options 1-2-8
and 1-6-8:
3

6

p =1

p =1

5

6

p =1

p =1

Pпр = B0 +  B2, p PGp, 2 +  B8, p PGp,8
Pпр = B0 +  B6, p PGp, 6 +  B8, p PGp,8

(22)
(23)

Using the method of optimization of the above equations, it is
possible to determine the power of generators PG , allowing for
estimating the maximum value ( Pпр ) max for each option from the set
of generators under consideration. For example, for option G1-2-6,
the optimization process is described as follows:
3

5

p =1

p =1

max Pпр = B0 +  B2, p PGp, 2 +  B6, p PGp, 6

The

conditions

are

as

follows:

0 ≤ PG , j ≤ 1; j = 2, 6

(24)
и

PG,1 + PG, 2 + PG ,6 = 1

Curves and surfaces for options G1-2-6, G1-2-8, G1-6-8, G1-26-8, obtained from equations (21)-(23), are shown in Fig. 19. The
spatial surfaces (shown in Fig. 20), obtained by means of
optimization, have maximal coordinates ( Pпр ) max of 0.2 and 0.8
respectively for generators 2 and 8.
The next analysis was carried out on the basis of the results of
computational experiments for the previously considered schemes
and modes of the power system, but taking into account emergency
failures of lines and sources. The curves and limit surfaces of the
power transmitted from the network in the case of options with a
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different number of generators involved in power regulation are
shown in Fig. 21- Fig. 23.

a)
b)
Fig. 19. Curves of power limits (a) and critical voltage (b) in cases of
regulating sources 3 and 4
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Fig. 20. Limit surfaces of power for different cases
a – case G1-2-6; б – case G1-2-8; в – case G1-6-8
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a)
b)
Fig. 21. Curves of power limits (a) and critical voltage (b) in cases of
regulating source 2 and emergency failure of one element
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Fig. 22. Limit surfaces of transmitted power according to N-1
criterion
а – case G1-2-6; б – case G1-2-8; в – case G1-6-8

a)
b)
Fig. 23. Curves of power limits (a) and critical voltage (b) in cases of
regulating sources 3 and 4 and emergency failure of one element
The results obtained for the parameters U kr,i and Pпр,i under the
conditions of various loads of generators and cases of the action of
one or more sources, together with the basic node in the system,
make it possible to perform rational measures for the operational
control of the modes and determining of the most critical modes in
various states of the power system.
In the 5th section, based on the proposed fuzzy methods and
algorithms, solutions of the problems of optimal selection and
placement of active power sources and RPC devices in RG networks
are considered [8,9,29,30,32,44,49,59]. In recent years, the
application of DG technology in power systems has acquired such
scales that have led to significant changes in the structure of circuits
and their operating modes. First of all, the presence of local sources
of electricity in the DPS gave them the properties of active networks,
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which, depending on the depth of penetration into the power system,
can affect the stability of its operation. The opportunities occur for
power transmission from the network to the power system that
ensures the involvement of DG sources in the control of power and
voltage flows in the power system network.
The choice of the power of DG sources is determined from the
condition of fulfilling of the minimum losses in the DG network for
different options for the load covering from the central power
system. When modeling the DG, the components of the load
covering from the power system and the own sources of DG are
adopted as fuzzy defined values, and the load power is assumed to be
stochastically changing. Research is carried out on the example of
the DG system that feeds the oil and gas producing region (Fig.24).
Calculations for the steady-state modes for the following states
are performed:
1. Options for the powers of consumers of network covering
from the power system at rated voltage in common connection point
(CCP) of the DG and power system (node No.37) U = U N :
Р РГ = 1,0 PN ; Р РГ = 0,75 PN ; Р РГ = 0,5 PN
(25)
2. Coverage of nodal loads in the network from the power
system and DG sources at voltage in the CCP of DG and power
system U = 0,9U N :
Р РГ = 1,0 PN ; Р РГ = 0,75 PN ; Р РГ = 0,5 PN
(26)
where РРГ − total power of injection into the network from the power
system and DG sources; PN − DG load nominal power.
The graphs of the voltage profiles in the network with the DG in
steady-state modes, corresponding to the voltage value in the
common point of the DG connection to the power system U = U H
and U = 0,9U H at total coverage by the system of the DG of own
load by 50%, 75% and 100% are presented in Fig.25, a,b,c.
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field enterprises
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а)

1

b)

2

c)

d)

Fig.25. Voltage profile in DG network in steady-state modes corresponding
to voltage value in CCP DG power grid at U = U H and U = 0,9U H
а - at РРГ=1,0Рном; b - at РРГ=0,75Рном; c - at РРГ=0,5Рном; d-at РРГ=0,75Рном with
reactive power compensation; 1 – at U=Uном;
2 – at U=0,9Uном

As can be seen from these graphs, the voltage reduction in the
common point by 10% can lead to the voltage deviation in a number
of network nodes up to values below the maximum allowable. For
example, at PРГ = 1,0 Р ном the voltage in nodes 29, 32, 33, 40, 41, 42,
etc. reduces up to 30% from nominal value.
Similar results are observed also during reactive power
compensation. As an example, the graphs of voltage profiles
corresponding to the voltage value in the CCP U = U H and U = 0,9U H at
PРГ = 0,75 Рном with compensation and without RPC of loads
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respectively are presented in Fig.25, d and Fig.26. At that, the
voltage profile improves and the growth of losses is 44%.
A comparative analysis for the total power losses in the
network with the DG shows that the voltage decrease in CCP by 10%
leads to the increase in losses compared to the network mode at
U = U H with the load coverage PРГ = 1,0 Р ном by 30.5%, load coverage
PРГ = 0,75 Р ном by 25.6% and load coverage PРГ = 0,5 Рном by 22.8%.
The power loss increase in the network with the voltage
reduction is caused by the current increase with the supply voltage
decrease. At voltage reduction by 10%, the losses only from currents
of engines are above 20%.
1
2

а)

б)

Fig.26. Comparative voltage profile in the network with the DG in steadystate modes corresponding to voltage value in CCP DG to the power
system at U = U H and U = 0,9U H with compensation (1) and without
compensation (2) of reactive power at РРГ=0,75Рном:
a – at U=Uном; b – at U=0,9Uном

In the 6th section on the basis of developed methods the
algorithms for combined use of FL, GA and NN for the solving of
problems of operative control and regulation by voltage and RP are
proposed
[1,2,4,7,10,12,14,15,18,20-22,27,28,33,36,38,41,42,4548,50,54-56, 61].
The probabilistic and fuzzy-defined nature of the variability of
the parameters of circuit and network mode, as well as the nonlinearity of the models make it difficult to use well-known
42

deterministic methods for the operational analysis and power flow
control in the DG system.
The proposed algorithm for choosing the correction of the
compensating capacitance and positions of RUL (regulation under
load) of transformers is based on the execution of a sequence of a
number of linguistic rules operated through the MF. The purpose of
capacity correction in the network for each ith mode is to evaluate the
necessary additional capacity value, determined by the set of "k"
rules according to the condition:
µ SC (i) = max k [min[ µ P (i), µU (i)]]
where µ P (i), µU (i) - MF of values of losses of power and voltage.
The determination of the correction values for the capacity of
static capacitor banks (SCB) and the RUL position of transformers in
the nodes is carried out in the form of the following sequence of
calculation steps:
1. Determine total active power losses for complete scheme
and DG rated mode. The ETAP software package is used in the
work, by means of which the steady-state mode calculations are
performed, as well as calculations for optimal locations of Q
sources in the network.
2. Determine total active power losses for different options of
RP compensation values in nodes.
3. Calculate the indices of reduction of losses
П ∆P (i ) =

∆P(i ) − ∆Pmin
∆Pmax − ∆Pmin

(27)

where i = 2, 3 ,..., n − number of nodes, in which capacitor banks are
located.
The suitability index of the capacitance correction of node “i”
is determined by value П ∆P (i) . If this index is the highest one for any
“i” node, then the capacitance correction of this node is the most
acceptable.
4. MFs for the indices of power losses µ [П ∆ P (i)] and voltage
in each node µU (i) are accepted as model inputs. Fuzzy model
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output parameters – resulting MF µ Sc (i ) determines the acceptability
of capacitance correction in this node.
~ ~ ~
(28)
Y = U o П ∆P o R (U , П ∆P , Y )
where « ⃘» - maximin composition symbol; R − fuzzy relation.
5. Defuzzification of fuzzy controlled output signal for the
capacitance correction C k ,i of SCB and transformation ratio K t ,i of
transformers:
~
(29)
Y = F −1 (Y )
where F − fuzzification symbol.
According to the proposed algorithm for the determination of
network node, in which the SCB capacitance correction would be
preferable, the nodal voltages and loss index П ∆P (i) are taken as input
parameters of FL controller. The higher limit value П ∆P (i) in node i
is considered priority node, in which it is necessary to perform the
correction of SCB, installed in the node.
Fuzzy alternating nodal voltages, loss indices П ∆P (i) , as well as
the preference indicator of the network node, in which the SCB will
be adjusted, are described in terms of fuzzy definitions : critical low
(Critical Low-CL), low (Low-L), low-medium (Low-Medium-LM),
medium (Medium-M), high-medium (High-Мedium-HM) and high
(High-H). MFs for the above-mentioned fuzzy linguistic variables
are given in Tables 6 and 7.
To determine a network node with the revealed correction
preference for the installed SCB, it is necessary to calculate the index
of loss and voltage for each node, and then present each of them by
its own MFs.
Table 6
MFs for the indices of losses and voltages
Description
of variables
Indices
of
power losses
Voltages

Critical
low
< 0,15
< 0,92

Low
0–0,25

Lowmedium
0,12 – 0,5

0,9–0,94

0,91– 0,96
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Medium

High

0,32– 0,75

Highmedium
0,5 – 1,0

0,95 – 1,0

0,98 – 1,05

1,02– 1,1

>0,75

Table 7
MFs for SCB capacitance correction preference indicator
in the network nodes
Variable
CPI (i)

Critical
low
<0,15

Low
0– 0,25

Low medium
0,12 – 0,5

Medium
0,32–0,75

High medium
0,5 – 1,0

High
≥0,75

Using the nodal voltage values and loss indicators П ∆P (i) , the
rules are formulated and generalized in the form of a matrix of fuzzy
logical inferences given in Table 8.
Table 8
Matrix of solutions for determination of node, in which SCB is preferable
Parameters
Nodal voltages (r.u.)
CL
L
LM
M
HM
H
CL
L
L
L
L
L
L
L
L
L
L
L
LM
LM
П ∆P (i)
LM
L
L
L
LM
LM
M
M
L
L
L
LM
M
HM
HM
L
L
LM
M
HM
H
H
L
LM
LM
M
HM
H

Algorithm for the U − Q mode control in DG, taking into
account the uncertainty of power generation from RS and the
probabilistic nature of the load variability is proposed in the work.
The procedure is based on the use of the FL apparatus. The essence
of the proposed control system is illustrated in the diagram in Fig.
27. The scheme contains feed transformer –1, the high side of which
is equipped with an adjustment device, including a device for
switching contacts under load, and the low side is connected to the
buses supplying DPS with a large number of outgoing lines to
electricity consumers, among which the line is chosen, that feed the
most remote load node-2 and the line feeding the least remote load
node-3, the unit of analog-to-digital converters-4, the voltage
calculation unit on the bus of the most and least remote consumers-5,
FC (dashed). The latter includes fuzzifier –6, intended for the
transformation of crisp signals to FS, table of linguistic rules (TLR) –
7, i.e. a set of fuzzy rules describing the fuzzy relationships between
the input and output parameters of the FC, defuzzifier –8, where the
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received fuzzy value after defuzzification in the form of a crisp
controlled action goes to the control element-9, RUL of transformer
–10.
TA1

U1

2

Uc
1

TAn

U2

3
3

4

5

10

9

8

7

6

Fig.27. FL principle for U − Q control

The nodal voltages of the most remote consumer U2 is
determined by the voltage drop on this line as:
U cons = U 2T − I cons ⋅ Z

(30)

where U cons − consumer’s voltage; U 2T − secondary winding voltage of
transformer; I cons − consumer's current; Z − resistance of transmission
line from transformer substation to consumer.
For the case of the DG scheme, the U потр , U 2T , I потр values are
probabilistic-fuzzy:
~
~
~
~
U потр = U 2T − I потр ⋅ Z

(31)

The obtained value is given to the fuzzy controller (АС) input,
on the basis of which the decision is made about the RUL switch in
one direction or another. As a quality criterion, the voltage deviation
from the nominal value ε (U ) is accepted and estimated as ε (U ) ≤ δ .
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The provision for the voltage deviation as a result of control
within the required limits leads to the decrease of the total power
losses both in the DPS on remote lines and all over the network. The
distribution functions of the network under study according to the
voltage deviation before and after control on the supply lines are
shown in Fig.28, and total power losses throughout the network are
shown in Fig.29.
As can be seen, on the supply bus during the voltage deviation
from -7.73% to + 7.93%, the total power losses are 1.65% with p =
0.95 probability. Under the influence of automatic regulatory system,
as a result of voltage deviation from -4.5% to + 5.0%, the total power
losses reduce to 1.55%.

а)

б)

в)
г)
Fig. 28. Membership function of voltages on consumer
and feeder busbars
а – on nearest line; б – on middle line;
в – on remote line; г – on feeder busbar
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а)
б)
Fig. 29. Membership function of total power losses in the network before
and after control
а- Membership function of total power losses before control;
б- Membership function of total power losses after control

Fuzzy control scheme for the supporting RP balance in power
supply network of industrial enterprise is proposed (Fig.30).
The following elements are used in the scheme: ДРМ – RP
sensor; СД – synchronous motor; Н – load; ДН – voltage sensor;
ДРТ – reactive current sensor; C1, C2,...., CN – static capaсitor bank;
KМ1, KМ2, ..., KМN – switches; БУК – switch control unit; G1-G3 –
adders; FС – fuzzy-regulator of SCB current and synchronous
motor’s field current; Ff – fuzzifier; INf – fuzzy logic inference; DF
– defuzzifier; НБЗ – fuzzy knowledge base; БУСВ – static exciter
control unit; СВ – static exciter.
The control system realizes a combined RP regulation
depending on Qп value. The internal control loop controls the
operation of the switches KM1, ..., KMN on the basis of information
about the current RP value consumed by the load H and enables the
required number of SCB sections to be turned on or off. QБСК power
value control is performed by switching of sections.
The control system implements the combined RP control
depending on the Qn = Qнаг − (Q БСК ± QСД ) value. The internal control
loop controls the operation of the switches KM1, ..., KMN on the
basis of information about the current RP value consumed by the
load H and enables the required number of SCB sections to be turned
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on or off. QБСК power value control is performed by switching of
sections.
~ UŞ
ДРМ1

ДН

C1

C2

Cn

KМ1

KМ2

KМN

СД

ДРМ2

Н
G1

СВ

G2
БУК

БУСВ

G3
НБЗ
FC
INf

Ff

DF

Fig. 30. RP fuzzy control scheme in electric network
node

The external control loop generates a control signal in
proportion to the field current value of SM after comparing the set
value Qп with the current RP value in the electric network node.
Based on the proposed FL models and algorithms, the
computational experiments of fuzzy-control of RM flows in a typical
industrial enterprise electric network were carried out. The power
factor distribution function when controlling the SCB according to
the 1:1:1:1 scheme is shown in Fig.31. As can be seen, the proposed
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fuzzy-control with the increase of the RP consumption allows for
increasing the power factor by 6.52% with a probability p = 0.95,
while observing the RP balance in the power node of the industrial
enterprise.

Fig. 31. Membership function of power factor

The proposed FC circuit has been improved in relation to a
power supply network supplying a non-linear load. The FC makes it
possible to provide the voltage stabilization in the electrical network,
taking into account the higher harmonics compensation. MF’s fuzzy
values and linguistic variable parameters are shown in Table 9.
In order to test the proposed FC, the computational
experiments were conducted on IEEE (14-nodal scheme) models and
real electric network of enterprise’s power supply with non-linear
load. The obtained RP fuzzy control diagrams (a) and tgϕ (b),
respectively, in the initial mode, considering and not considering the
coefficient KU values, are presented in Fig.32 a, b.
As can be seen from the figure, in accordance with the surface
control, when considering the K U values, the RP FC forms the
control signals only at its small values and values that are within the
norm ( K Unopm. ).
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Table 9
Fuzzy values, MFs and parameters of input and output
linguistic variables
Variable value
Membership
Parameters
function
Reactive power
Very small
Z–shape
(0 0,05)
Small
trapezoidal
(0 0,05 0,15 0,2)
Medium
trapezoidal
(0,15 0,2 0,4 0,45)
Big
trapezoidal
(0,4 0,45 0,85 0,95)
Very big
S-shape
(0,8 0,91 1)
Dynamics
Negative
Z- shape
(-0,5 0)
Zero
triangular
(-0,8 0 0,8)
Positive
S- shape
(0 0,5)
Voltage
Low
trapezoidal
(0,69 0,749 0,89 0,95)
Normal
trapezoidal
(0,89 0,94 1,05 1,1)
High
S- shape
(1,05 1,1)
Emergency
Z- shape
(0,69 0,74)
Harmonic distortions
Normal
Z- shape
(2,5 6)
Slightly big
triangular
(2,5 6 9)
Big
S- shape
(6 9)
Quantity
Few
Z- shape
(0 7 10)
Not a few
S- shape
(7 10 12)
Directions
Up
trapezoidal
(0,5 0,75 1,25 1,5)
Down
trapezoidal
(-1,5 -1,25 -0,75 -0,5)
Stop
trapezoidal
(-0,5 -0,25 0,25 0,5)
Delay
Very small
Z- shape
(0 0,05)
Short
trapezoidal
(0 0,05 0,15 0,2)
Medium
trapezoidal
(0,15 0,2 0,4 0,45)
Long
trapezoidal
(0,4 0,45 0,85 0,95)
Very long
S- shape
(0,8 0,9 1,1)
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When controlling the tgϕ values at certain hours (for example,
at 4-7 hours the tgϕ = 0,71 ), they are above the norm, but, despite
this, under the conditions K U > K Unopm. the overloadings of SCBs, as
well as their premature failure, are prevented.

а)
б)
Fig. 32. Reactive power control diagrams (a) and tgϕ (b)

A further FC improvement was the modernization of the basic
algorithm for its functioning. The advanced System (ANFIS)
includes the identification procedure for the reactive power model —
the voltage in the form of ANN, which makes it possible to take into
account the load stochasticity in the nodes.
The neuro-fuzzy model learning curve is shown in Fig.33 and
the comparative identification error curves depending on the number
of epochs is shown in Fig.34. Each curve point is calculated as the
average value of the calculation results for 10 different learning
samples. To study the adjusting parameters of the neuro-fuzzy
model, 10, 20, ..., 100 learning samples “input-output” were used. As
can be seen from Fig. 26, the identification error has different values
with the increase of the sample size and for 100 samples is 0,000231.
As can be seen from the learning dynamics presented in Fig. 27, the
difference between the error values is significant and, starting from
the 70th epoch, the mean square error (RMSE) gradually begins to
increase and the demonstration of the re-learning effect is possible.
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Рис 33. Gauss MF model learning curve
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Fig. 34. Comparative curves
of learning and testing samples
depending on number of epochs

To test the control efficiency of the learning neuro-fuzzy model
with a bell-shaped MF according to the 14-nodal IEEE scheme, the
diagrams of control of nodal voltage profiles in various load
conditions before and after RP compensation based on SCB are
presented in Fig.28. The steady-state modes were calculated for six
loads - 0.9P; 1.0P; 1,1P; 1.2P; 1.25P; 1.3P, where Pn is a rated active
load. It should be noted that the load conditions were simulated on the
basis of real measurements in the on-line mode of SCADA system by
the nodes of the Azerbaijan power system.
As can be seen from Fig. 35, as a result of fuzzy control of RP
flows using the bell-shaped MF, the voltage profiles significantly
improve, and the nodal voltage values are provided within the limits
established by the international standard GOST 32144-2013.
In the 7th section the technical solutions for a complex of
issues related to the development of FC functioning scheme for
controlling RP and voltage in DG networks are proposed
[11,16,19,20,26,28,31,35,46,54]. The operation of the Q and
U controllers is based on the software implementation of the
generation of impact on the RP sources located on the network (SCB,
synchronous generators and engines) and devices for automatic
voltage regulation by transformers.

53

1
2
3

а)

b)

c)

d)

e)

f)
Fig. 35. Nodal voltage profiles for different modes

a - 0,9P; b – 1,0P; c – 1,1P; d – 1,2P; e– 1,25P; f – 1,3P
1 – rated voltage profile; 2 – voltage profile before compensation; 3 –
voltage profile after compensation
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The structure of the FC, performing the selection of the
capacity of the SCB by switching among the installed ones, is shown
in Fig.36.
The diagram operates as follows: the RP values in load 1 and
mains voltage are measured and fed to the FC input by RP sensor (2)
and voltage sensor (3) respectively. The direction of RP change by
unit 4, connected with the sensor 2 output and the largest number of
switchings per day by unit 5 due to feedback from the switching unit
10, are also fed to the input. From the fuzzy controller output 6, the
directions of the next switchings of the SCB sections and the time
(delay), for which this action should be completed, were taken.
2

11

4

10
C1
1

C2
3
CN
5

6

8

7

9

Fig.36. Structural diagram of RP fuzzy control
1- load; 2 – reactive power sensor; 3- RP change fixing unit (RP derivative);
4- load bus voltage sensor; 5- daily switches counter; 6-fuzzifier; 7- table of
linguistic rules; 8- defuzzifier; 9- SCB power control unit; 10-switching units; 11идентификатор принятых решений по модели НЛ.

In fuzzifier 7 the conversion of the crisp input signals to the
fuzzy signal is performed by means of MF. Based on TLR 8, a
procedure for the decision making for a fuzzy output signal is
performed. After the decision-making, the fuzzy output signals by
means of the defuzzifier 9 are converted into crisp controlled output
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signals, which determine the direction of the next switching of the
SCB sections and then transfer it to the switching unit 10. Based on
these signals, the switching unit 10 performs the switchings of the
SCB stages.
Based on the conducted calculation and experimental studies,
the FC scheme is proposed for controlling the consumed PM and
compensating for higher harmonics in the enterprise’s power supply
network with an induction furnace. The structural diagram of the
fuzzy control system by the number of connected SCBs in each
period of the melting process is shown in Fig.37.
T
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KMS1
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С1
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С2
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DFf
DF
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Fig. 37. Structural diagram of IF control

The diagram operates as follows: Based on the information
received from the current and voltage sensors (BA and BV), a signal
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proportional to the RP with a sign that determines the load nature
(inductive or capacitive) is formed in the RP discriminator (HB).
Further, this signal and the relative voltage from the secondary
winding of the furnace transformer are given to the fuzzy controller
input – FC (dashed). The latter includes: fuzzifier - Ff, designed for
the transformation of crisp signals to fuzzy sets; ТЛП - Inf, i.e. set of
fuzzy rules describing the fuzzy relations between input and output
parameters of FC; defuzzifier - Dff, where the obtained fuzzy value
after defuzzification in the form of crisp control action is given to the
power switch control unit SCB - BC.
MAIN CONCLUSIONS AND RESULTS OF THE WORK

The thesis is devoted to the increase of the efficiency of
functioning and operational control of PG in the conditions of
uncertainty and stochasticity of the mode parameters and system
diagram. When solving this problem, the following results are
obtained:
1. It is shown that the existing approaches for the operational
control of modes of power system using artificial intelligence
methods are based on the use of models obtained on the basis of
statistical conclusions or compiled estimates in the form of a
sequence of FL rules. The absence of a probabilistic assessment of
fuzziness does not allows to fully take into account real processes in
the models used, as a result this reduces the control efficiency.
2. A system has been developed for the formation of fuzzy
rules used during the control of system modes in order to compensate
for small voltage fluctuations and power flows in the lines caused by
stochastic changes in load and generation, as well as random changes
in the system diagram. Based on the computational experiments, the
efficiency of the developed system for compensating for fluctuations
using the PSS system stabilizer, which is controlled by the FL model,
is shown.
3. Methods of probabilistic-fuzzy modeling of power grid with
stochastic variability of load power and generation are developed.
The proposed models are presented in the form of fuzzy Gauss
description with changing center and width of MF of system mode
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parameters. It is shown that the proposed models make it possible to
approximate the current and forecast values of power grid parameters
to higher accuracy on the basis of simultaneous consideration of
stochastisity and uncertainty in the power grid state variability.
4. An analysis of probabilistic power flow at stochastic change
in the load power shows that with the growth of the maximum load,
the probabilistic assessment of the voltages and losses in the network
can change significantly. There are probabilities of exceeding the
voltage level of its maximum permissible values when taking into
account the random variability of the load during the daily maximum
hours.
5. An algorithm is proposed for the increase of the efficiency of
the use of ARMA method for the forecast assessment of WPP power
model used in the operational analysis and control of the power flow
in the power system.
6. PPF model with connected power of a wind farm has been
developed, which makes it possible to perform a probabilistic
assessment of power flow taking into account the intermittent
variability of generation and load.
7. An algorithm is proposed for assessing the probability of
voltage instability at various proportions of stochastic generation
from integrated renewable energy sources and the load, which makes
it possible to give a probabilistic assessment of the possibility of
system instability.
8. A method is proposed for assessing the maximum allowable
value of wind farm power integrated in the power system and
parameters of stability limit of power system at emergency outages
of main elements.
9. The developed methods and algorithms have been tested on
a real diagram and models of the mode of the Azerenergy system and
its facilities. As a result of the simulation, new characteristics of the
system have been obtained that describe the probabilistic variability
of its state from consideration of the contribution of the stochasticity
of generation and load in normal steady state and limiting regimes of
voltage stability.
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10. FC structure is synthesized for the output power control of
WPP with horizontally-axial wind turbine. Fuzzy algorithm of
generation control depending on the wind speed is worked out.
11. Method of optimal placement of compensating devices
taking into account the probability of loading of network elements is
proposed. Hybrid method for the selection of optimal placement of
SCB is proposed.
12. It is shown that the LTC control system of power
transformers, realized on the basis of the fuzzy algorithm model, has
an advantage compared to traditional control: the control becomes
more efficient, the number of switchings of LTC position decreases,
at the same time its service life increases and, accordingly, the
probability of its failure decreases.
13. A block diagram and algorithm are proposed for FC RP in
DPS with converting units supplying non-linear load. It is shown that
taking into account the harmonic voltage components, when
controlling the RP with specific loads, allows for eliminating the
additional load of the SCB with higher harmonics currents.
14. A scheme and algorithm for control of RP consumed by
induction furnaces of industrial frequency based on FL are proposed.
It is shown that during the fuzzy controller operation, being adjusted
depending on the current position of the SCB sections, the change of
tgϕ value becomes more uniform and qualitative.
15. It has been established that the use of a neuro-fuzzy
network model for the power flow control using linguistic variables
with a bell-shaped MF gives more stable results. It is established that
depending on load mode as a result of control the nodal voltage
profiles significantly improve and the decrease of power losses
reaches 35,6%.
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