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INFLUENCE OF THE SHAPE OF THE INPUT PULSES ON THE CHARACTERISTICS 
OF HYBRID ELECTROMAGNETIC SYSTEM WITH MAGNETIC FLUX MODULATION 
 
Introduction. Nowadays, the accelerated development of materials and technologies and the finding of new ones is a prerequisite for 
the improvement of well-known electromagnetic constructions used in various devices, as well as for the development of new ones. 
New construction of hybrid electromagnetic system with magnetic flux modulation (HEMSMM) is studied. The construction is 
composed of: ferromagnetic frame with air gaps, input and output coils and permanent magnets. Two input coils connected to the 
pulsed power supply are used to change the path of the generated by the permanent magnets constant magnetic flux. Input pulses 
with different shapes are applied to the input coils and signals in the output coils are obtained and compared. The main purpose of 
the work is to find the shape of the input pulses which leads to higher output power in comparison with the other shapes. Methods. 
Finite element method and COMSOL software is used for computer modelling of the proposed construction, where coupled 
electromagnetic field – electric circuit analysis is carried out. Results. A mathematical and numerical 3D model of new HEMSMM 
construction is realised and studied. The model allows to calculate and compare power efficiency of the studied device, when input 
pulses with different shapes are applied. Practical value. The developed computer model enables the study of the HEMSMM and 
other electromagnetic devices at different operating modes. It can be further improved and used in the search for optimal parameters 
of a particular electromagnetic device. References 13, table 1, figures 13. 
Key words: FEM modelling, hybrid electromagnetic system, magnetic flux modulation, permanent magnets. 
 
Вступ. У наш час прискорене вдосконалення існуючих і винахід нових матеріалів та обладнання є необхідною умовою 
вдосконалення відомих електромагнітних конструкцій, що використовуються в різних пристроях, а також для розробки 
нових виробів. Досліджується нова конструкція гібридної електромагнітної системи з модуляцією магнітного потоку 
(ГЕСМММ). Конструкція складається з: феромагнітної каркасу з повітряними зазорами, вхідних та вихідних котушок та 
постійних магнітів. Дві вхідні котушки, підключені до імпульсного джерела живлення, використовуються для зміни шляху 
постійного магнітного потоку, що створюється постійними магнітами. Вхідні імпульси різної форми подаються на вхідні 
котушки, а сигнали у вихідних котушках отримуються та порівнюються. Основна мета роботи – знайти форму вхідних 
імпульсів, що призводить до вищої вихідної потужності в порівнянні з іншими формами. Методи. Метод скінченних 
елементів та програмне забезпечення COMSOL використовуються для комп'ютерного моделювання запропонованої 
конструкції, де проводиться аналіз зв'язаних електромагнітного поля та електричного кола. Результати. Реалізовано та 
досліджено математичну та числову тривимірну модель нової конструкції ГЕСМММ. Модель дозволяє розрахувати та 
порівняти енергетичну ефективність досліджуваного пристрою, коли застосовуються вхідні імпульси різної форми. 
Практична цінність. Розроблена комп'ютерна модель дозволяє досліджувати ГЕСМММ та інші електромагнітні 
пристрої при різних режимах роботи. Вона може бути додатково вдосконалена та використана для пошуку оптимальних 
параметрів конкретного електромагнітного пристрою. Бібл. 13, табл. 1, рис. 13. 
Ключові слова: моделювання методом скінченних елементів, гібридна електромагнітна система, модуляція 
магнітного потоку, постійні магніти. 
 

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

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

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

magnetic path (with one or more air gaps in the path of 
the magnetic flux) and their working principles are 
described in [1]. The patent application and patents of 
motionless magnetic generator are described in [2-6]. 
Electromagnetic construction with two input and two 
output coils and special microprocessor circuits are 
described in [2]. The electronic control system of that 
device ensures ferromagnetic resonance of the core. 
Several modifications of construction with built-in PM 
and airgaps with variable resistors is proposed in [3]. 
Construction with control coil that is positioned outside of 
the frame with main magnetic flux is presented in [4]. 
Combination of DC and AC current source are used for 
power feeding of the system. In [5], two PMs are placed 
close to the coil with magnetic core and airgap between 
them is controlled to achieve change in magnetic flux. A 
device with perforated disks inserted in the airgaps is 
presented in [6]. The control system is realized with 
simple multivibrators. In [7] main working principles of 
hybrid electromagnetic system are described and using of 
new nanocrystalline materials for better energy efficiency 
of such devices is proposed. A three-dimensional 
computer model of magnetic field is used for studying 
influence of geometry of permanent magnet over the 
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energy efficiency of an electromechanical system in [8]. 
Basic theoretical principles and formulations related to 
electromagnetism and magnetic field are discussed in 
[9] and [10].  

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

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

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

 1 – ferromagnetic frame; 
 2 – input (control) coil 1; 
 3 – input (control) coil 2; 
 4 – output (signal) coil 6; 
 5 – output (signal) coil 5; 
 6 – output (signal) coil 4; 
 7 – output (signal) coil 3; 
 8 – permanent magnets; 
 9 – air gaps. 

 
Fig. 1. Geometry of the studied new HEMSMM construction 

 

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

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

 
Fig. 2. Electric circuit used in the simulations 

 
The mathematical model consists of one field 

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

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

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

  01
0   MA ,                        (1) 

where A is the magnetic vector potential; M is the 
magnetization; 0 is the magnetic permeability of 
vacuum. 

Field equation for time dependent step is: 

   
,1

0 S

ti
N

t




  MA

A
             (2) 

where  is the electrical conductivity of the material; N is 
number of turns in the coil; i is the current through the 
coil; S is the coil cross section. 

The circuit equations for the six coils are: 
    ;1111 tΨtiRtu                         (3) 

    ;2222 tΨtiRtu                        (4) 

 ;333 tiRtΨ                             (5) 

 ;444 tiRtΨ                             (6) 

 ;555 tiRtΨ                             (7) 

 ,666 tiRtΨ                             (8) 

where u1(t) and u2(t) are voltages of coil 1 and coil 2 
respectively; R1 to R6 are active resistances of the coils; 
i1(t) to i6(t) are currents through the coils; Ψ is flux 
linkage. 

Some of the main parameters used in computer 
modelling of the construction are: 

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

 the magnetic frames are of ferromagnetic material of 
B-H curve presented in Fig. 3. The cross section of the 
frame is 1010 mm; 
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 the permanent magnets are modelled with relative 
permeability µr = 1.05 and coercive force of 970 kA/m. 

 
Fig. 3. B-H curve of used ferromagnetic material used 

in the modelling 
 

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

 
Fig. 4. Magnetic flux density of the studied HEMSMM 

construction, when the input coils are not energized 
 

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

  
                         a                                                 b 

Fig. 5. Magnetic flux density of the studied HEMSMM 
construction: 

a) power supply of input coil 1 
b) power supply of input coil 2 

 
In Fig. 6 to Fig. 8, results for the voltage of input 

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

 
Fig. 6. Voltage of input coil 1 and output coil 5 with sinusoidal 

waveforms 

 
Fig. 7. Voltage of input coil 1 and output coil 5, pulses with 

rectangular shape 

 
Fig. 8. Voltage of input coil 1 and output coil 5, pulses with 

triangular shape 
 

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

applied 

 
Fig. 10. Currents through the coils when rectangular pulses are 

applied 
 

Results for the input and output power of each coil 
of the system and for the studied three different shapes 
(sinusoidal, rectangular and triangular) of the input 
pulses, are obtained. Some of the results are shown in Fig. 
11 to Fig. 13.  

 
Fig. 11. Input and output power when rectangular pulses are 

applied 
 

When rectangular pulses are used, the shape of 
output power does not match the input power shape. In 
the case with triangular pulses, the shapes of input and 
output power match better. 

 
Fig. 12. Input power when triangular pulses are applied 

 
Fig. 13. Output power when triangular pulses are applied 

 
The average input and output power of the coils is 

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

 
Table 1 

Comparison of input and output power of the studied system 

Shape of the 
input power 

pulse 

Average 
input power  
(coil 1 + 2) 

Average output 
power (coils  

3 + 4 + 5 + 6) 
Efficiency 

Sinusoidal 46,14 W 8,10 W 17,55 % 

Rectangular 60,69 W 22,25 W 36,66 % 

Triangular 24,44 W 9,73 W 39,82 % 
 

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

Conclusions.  
The developed computer model enables the study of 

the hybrid electromagnetic system with magnetic flux 
modulation at different operating modes. For the proposed 
construction, the influence of the shape of the input power 
pulses on the efficiency of the system is studied. From the 
results obtained for the studied pulse shapes, the best 
results with respect to the efficiency are obtained with 
triangular pulses. The developed computer models can 
also be used to investigate other parameters, as well as to 
optimize the design of such devices. 
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H. Benbouhenni, S. Lemdani 
 
COMBINING SYNERGETIC CONTROL AND SUPER TWISTING ALGORITHM 
TO REDUCE THE ACTIVE POWER UNDULATIONS OF DOUBLY FED INDUCTION 
GENERATOR FOR DUAL-ROTOR WIND TURBINE SYSTEM 
 
Aim. This work presents the amelioration of direct power control using synergetic-super twisting algorithms for asynchronous 
generators integrated into dual-rotor wind turbine systems. Method. The main role of the direct power control is to control the active 
and reactive powers and reduce the harmonic distortion of stator current of asynchronous generator for variable speed dual-rotor 
wind turbine systems. The traditional strategy is more attractive due to its high efficiency and simple algorithm. Super twisting 
algorithms are a non-linear command strategy; characterized by robustness against the parameters change or disturbances, it gives 
a good power quality under different conditions such as changing generator parameters. Novelty. Synergetic-super twisting 
algorithms are designed. Synergetic-super twisting algorithms construction is based on synergetic command and super twisting 
algorithms in order to obtain a robust control strategy and a fast system with acceptable precision. We use in our study a 1.5 MW 
asynchronous generator integrated to dual-rotor wind turbine system in order to regulate the active and reactive powers. Results. As 
shown in the results figures using synergetic-super twisting algorithms the ameliorate performances especially minimizes the torque, 
active and reactive power undulations, and reduces harmonic distortion of stator current (THD = 0.19 %) compared to traditional 
strategy. References 40, tables 2, figures 28. 
Key words: super twisting algorithm, synergetic command, asynchronous generator, direct active and reactive power 
command. 
 
Мета. Робота представляє вдосконалення безпосереднього регулювання потужності за допомогою синергетичих 
алгоритмів супер-скручування для асинхронних генераторів, інтегрованих у системи вітряних генераторів з подвійним 
ротором. Метод. Основна роль безпосереднього регулювання потужності полягає у керуванні активною та реактивною 
потужностями та зменшенні гармонічних спотворень струму статора асинхронного генератора для вітряних 
генераторів з подвійним ротором зі змінною швидкістю обертання. Традиційна стратегія є більш привабливою завдяки її 
високій ефективності та простому алгоритму. Алгоритми супер-скручування – це нелінійна командна стратегія; 
характеризується стійкістю до зміни параметрів або порушень, це забезпечує хорошу якість енергії в різних умовах, 
таких як зміна параметрів генератора. Новизна. Розроблені синергетичні алгоритми супер-скручування. Побудова 
алгоритмів синергетичного супер-скручування базується на алгоритмах синергетичних команд та супер-скручування, для 
того щоб отримати надійну стратегію керування та швидку систему з прийнятною точністю. У нашому дослідженні ми 
використовуємо асинхронний генератор потужністю 1,5 МВт, інтегрований в систему вітряних турбін з подвійним 
ротором для регулювання активної та реактивної потужностей. Результати. Як показано на рисунках з результатами, із 
використанням алгоритмів синергетичного супер-скручування, покращені характеристики особливо мінімізують крутний 
момент, коливання активної та реактивної потужності та зменшують гармонічні спотворення струму статора 
(THD = 0,19%) порівняно з традиційною стратегією. Бібл. 40, табл. 2, рис. 28. 
Ключові слова: алгоритм супер-скручування, синергетична команда, асинхронний генератор, команда прямої 
активної та реактивної потужності. 
 

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

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

risks of increasing global warming. On the other hand, the 
financial cost and the difficulty of implementation and 
control increase the possibility of not using wind energy, 
which could cause an increase in the demand for the use 
of non-renewable resources such as gas, for example, and 
thus an increase in the emission of CO2. Also, an increase 
in the cost of producing electrical energy, which leads to 
imposing taxes on electric energy consumption. 

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

In our work, we will study the asynchronous 
generator (ASG) in generating electrical energy using a 
renewable source. Among the advantages of using an 
ASG is that it is solid and simple to command, unlike 
other generators [1]. In the industrial field, there are 
several types of command methods for electrical 
machines, especially electrical generators. Among these 
methods, we mention direct torque command [2], direct 
power command [3], hybrid command [4], and artificial 
intelligence use command [5]. Direct power command is 
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among the other methods used. This method has its pros 
and cons just like the other methods, an easy and 
uncomplicated way, all generators can be converted. 
Among its disadvantages, we find ripples in the active and 
reactive powers, which are the most prominent negatives 
that characterized them. There are several scientific 
studies in this field that have concluded that fluctuations 
in reactive and active power oscillations can be reduced 
by using modern technologies such as fuzzy logic [6], 
neural networks [7], neuro-fuzzy command [8], sliding 
mode control (SMC) technique [9], genetic algorithm 
[10], synergetic control (SYC) [11], super twisting 
algorithm (STA) [12], etc. 

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

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

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

 it choice of the switching surface is fairly free; 
 the order is softened by the presence of the 

equivalent order, which can be deleted at the cost of an 
increase of u(t). 

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

  0... 1  rSSSS  , 

with r designates the relative degree of the system, and its 
(r–1) first successive derivatives with respect to time. 

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

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

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

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

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

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

The aerodynamic torque of the auxiliary rotor 
is [22]: 
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 ,              (1) 
and aerodynamic torque of the main rotor is: 
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 ,              (2) 
where λA, λM are the tip speed ration of the auxiliary and 
main rotors; RM, RA are the blade radius of the main and 
auxiliary rotors, ρ is the air density; wA, wM are 
mechanical speed of the auxiliary and main rotors; Cp is 
the power coefficient 

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

1V

Rw AA
A




,                             (3) 
and the tip speed ratio of the main rotor (MR) is: 

M

MM
M V

Rw 


,                             (4) 
where VM is the speed of the unified wind on main rotor 
and V1 is the wind speed on an auxiliary wind turbine 
(AWT). 

The total aerodynamic torque of DRWP (TT) is the 
sum of AR torque (TA) and the MR torque (TM): 

TDRWT = TT = TA + TM.                      (5) 
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The wind speed on the auxiliary and main turbines is 
the essential element to calculating the tip speed ratio. 
Equation (6) represents the wind speed in the main 
turbine [23] 
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where x is the non-dimensional distance from the 
auxiliary rotor disk, Vx is the velocity of the disturbed 
wind between rotors at point x; CT is the trust coefficient, 
which is taken 0.9 [24]. The distance between the main 
and the auxiliary turbines is 15 m. 

The Cp is given as: 
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pC ,              (7) 

where λ is the tip speed ratio; β is pitch angle. 
Synergetic-super twisting algorithm. A system 

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

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

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

Equation (8) illustrates the principle of the SYC 
method, as it depends on the derivation of the surface 

0)()(  xSxST  ,                            (8) 

where T > 0 is a speed of convergence of surfaces to the 
intersection of manifolds S = 0. 

The following to ensure the stability of SYC 
method: S(0) = 0, S(x)x > 0 for all x ≠ 0. 

The solution of Eq. (8) is given by: 

  TteStS 0
 .                             (9) 

Basically, STA design follows two steps to 
implement. In the STA strategy, the command input 
applies on the second-order derivative of the sliding 
surface, reverses the SMC it acts on the first derivative of 

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

21)( wwtw  ,                              (10) 

where: 

   SsignStw  11  ,                        (11) 

   dtSsigntw  22  .                         (12) 

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

Equation (13) illustrates the principle of the SYSTA 
controllers 

u(t) = u1(t) + u2(t).                        (13) 
where the u1(t) and u2(t) represent the STA method and 
the synergetic command, respectively 

          dttSsigntSsigntStu 211  ,  (14) 

     tS
dt

tdS
tu 2 .                      (15) 

The command input of the designed SYSTA method 
is obtained as (16) 

         
   ,

21

tS
dt

tdS

dttSsigntSsigntStu



 



   (16) 

where the tuning constants , 1 and 2 are used to tune 
the SYSTA technique to smoothen the regulator. 

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

technique 
 

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

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

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

Two command techniques have been used to 
implement DRAPC commands: 

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

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

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

Active and reactive power estimation 
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Fig. 3. Traditional DRAPC command technique 

 
The principle is the direct regulation of the reactive 

and active powers of the ASG by applying the various 
voltage vectors of the rotor inverter, which rotor flux (Ψr) 
determines its state. The two controlled variables are the 

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

The reactive power Qs is expressed as a function of 
the quadrature rotor flux and the direct rotor flux as 
follows: 
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The active power command depends directly on the 
control of the rotation of the rotor flux vector. 
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The rotor flux Ψr can be estimated from 
measurements of the stator current and voltage of the 
generator. 

From the equation: 
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dtiRV rrrr
0

,                       (19) 

we obtain the components α and β of the vector Ψr: 
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The rotor flux amplitude is given by: 

22
 rrr  ,                      (21) 

where 

rrr wV .                        (22) 

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

Figure 4 shows the logic output deviation HCp of the 
controller following the evolution of the active power (Ps) 
compared to the reference active power (Psref). 
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Fig. 4. Active power hysteresis comparator 
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This corrector makes it possible to command the 
generator in both directions of rotation, either for a 
positive or negative active power. 

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

This comparator is modeled by the following 
algorithm, such that HCp represents the output state of the 
comparator and ∆Ps the limit of the hysteresis band 
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where EPs = PSref – PS. 
Its purpose to keep the end of the reactive power 

(Qs) in a circular crown as shown in Fig. 5. The output of 
the corrector must indicate the direction of evolution of 
the modulus of Qs, in order to select the corresponding 
voltage vector. 
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Fig. 5. Reactive power hysteresis comparator 

 
For this, a simple two-level hysteresis corrector is 

ideal, and also allows very good dynamic performance to 
be obtained. 

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

sQsss QQQ  * ,                     (25) 

where Qs
* = QSref is the reactive power reference; 

∆Qs is the corrector hysteresis width; εQs is half the width 
of the corrector hysteresis band. 

The choice of the voltage vector to apply depends on 
the sign of the error between the reference reactive power 
QSref and the estimated reactive power 
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We can write like this: 
























.0soif

;1so0and0if

;0so0and0if

;0soif

qsQs

q
Qs

sQs

q
Qs

sQs

qsQs

HCQE

HC
dt

dE
QE

HC
dt

dE
QE

HCQE

     (27) 

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

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

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

 
Table 1 

Traditional lookup table of DRAPC technique 

Ni 

HCq HCp 
1 2 3 4 5 6 

1 5 6 1 2 3 4 
0 7 0 7 0 7 0 1 

–1 3 4 5 6 1 2 
1 6 1 2 3 4 5 
0 0 7 0 7 0 7 0 

–1 2 3 4 5 6 1 

where:   HCq = 0 reduce the reactive power; 
HCq = 1 increased the reactive power; 
HCp = 1 increase the active power; 
HCp = 0 reduce the active power; 
HCp = –1 maintain the active power. 

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

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

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

*, while the 
reactive power is regulated by the direct axis voltage Vdr

*. 
The sliding surfaces S(x) representing the error 

between the measured and reference active and reactive 
powers are given by this relation: 

;sSrefq QQS                           (28) 

.sSrefp PPS                            (29) 
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Fig. 6. DRAPC strategy with SYSTA controllers 

 
Reactive and active power SYSTA controllers are 

used to influence respectively on the two rotor voltage 
components as in (30) and (31) 
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This proposed controller is implemented for a 
DRAPC technique based on the SYSTA controllers to 
obtain a minimum active power undulations and to 
minimize the chattering phenomenon. The controller 
structure for the SYSTA controllers for the reactive power 
and active power of the DRAPC technique are presented 
in Fig. 7 and Fig. 8, respectively. 

Numerical simulations. The behavior of the 
structure of the proposed strategies, applied to a high 
power ASG (1.5 MW), is simulated under the Matlab / 
Simulink environment and the sampling time is 10–5 s. 
The simulation is performed under the following 
conditions: 

The hysteresis band of the reactive power 
comparator is, in this case, fixed at ±0.05 VAR, and that 
of the active power comparator at ±0.001 W. 
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Fig. 7. SYSTA-reactive power controller 
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Fig. 8. SYSTA-active power controller 

 

The ASG used in our study has the following 
parameters: two poles, 50 Hz, 380/696 V, Psn = 1.5 MW, 
Lm = 0.0135 H, Rs = 0.012 Ω, J = 1000 kgm2, Rr = 0.021 Ω, 
Ls = 0.0137 H, Lr = 0.0136 H, and fr = 0.0024 Nm/s [36]. 

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

Figures 11, 12 represent the active and reactive 
powers of both strategies. The reactive and active powers 
track almost perfectly their reference values. Figure 10 
shows the current of both DRAPC techniques. It, 
therefore, confirms that the amplitudes of the currents 
depend on the value of the load active power and the state 
of the drive system. 
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Fig. 9. Torque Te 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
-4000

-2000

0

2000

4000

 

 
Ias(DRAPC)

Ias(SYSTA-DRAPC)

 

t, s 

Ias, A 

 
Fig. 10. Stator current Ias 

 

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

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

Table 2  
Compare results with other methods  

 Method Name 
THD 
(%) 

Ref. [37] Field Oriented Control FOC 3.7 
Direct Power Control DPC 4.88 

Ref.[38] Virtual-Flux Direct Power Control 
VFDPC 

4.19 

Ref. [39] Sliding Mode Control SMC 3.05 

Ref. [40] 
Second Order Continuous Sliding Mode 
– Direct Torque Control SOCSM-DTC 

0.98 

DRAPC 1.08 Proposed 
strategy SYSTA-DRAPC 0.19 
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Fig. 11. Reactive power Qs 
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Fig. 12. Active power Ps 
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Fig. 13. Zoom of stator current Ias 
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Fig. 14. Zoom of torque Te 
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Fig. 15. Zoom of reactive power Qs 
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Fig. 16. Zoom of active power Ps 
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Fig. 17. THD of DRAPC method 
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Fig. 18. THD of SYSTA-DRAPC method 

 
B. Second test. In this test, we changed the values of 

both Ls, Lr, Rs, Rr and M, in order to find out which 
method is not affected by a change of parameters. The 
results obtained are shown in Fig. 19–24. Note that there 
is a change in reactive power, torque, active power, and 
current due to the fact that both torque and current are 
related to the changing values of parameters. On the other 
hand, the classical method was greatly affected by the 
change of parameters compared to the designed technique 
(Fig. 25–28), and this is evident in the value of THD 
(Fig. 19–20). Thus it can be concluded that the DRAPC 
with proposed SYSTA controllers is more robust than the 
traditional DRAPC technique. 
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Fig. 19. THD of DRAPC method 
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Fig. 20. THD of SYSTA-DRAPC method 
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Fig. 21. Torque Te 
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Fig. 22. Stator current Ias 
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Fig. 23. Active power Ps 
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Fig. 24. Reactive power Qs 
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Fig. 25. Zoom of torque Te 
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Fig. 26. Zoom of stator current Ias 
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Fig. 27. Zoom of active power Ps 
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Fig. 28. Zoom of reactive power Qs 

 

Conclusions.  
In this work, a novel nonlinear command theory for 

an asynchronous generator was designed based on a 
synergetic-super twisting algorithm. This command 
algorithm technique was employed to command the 
reactive and active powers of the asynchronous generator. 
The results indicated that the characteristics of the system 
had improved by using the synergetic-super twisting 
controllers and that this method could be applied to all 
electrical generators without exception. This is due to the 
results obtained. This designed method is easy to apply 
and does not require any effort, unlike other methods, 
where it requires mathematical calculations such as 
sliding mode control and backstepping command, and it is 
likely has a future in generating electrical energy using 
electric generators. 
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NEW DESIGN AND COMPARATIVE STUDY VIA TWO TECHNIQUES 
FOR WIND ENERGY CONVERSION SYSTEM 
 
Introduction. With the advancements in the variable speed direct drive design and control of wind energy systems, the efficiency and 
energy capture of these systems is also increasing. As such, numerous linear controllers have also been developed, in literature, for 
MPPT which use the linear characteristics of the wind turbine system. The major limitation in all of those linear controllers is that 
they use the linearized model and they cannot deal with the nonlinear dynamics of a system. However, real systems exhibit nonlinear 
dynamics and a nonlinear controller is required to handle such nonlinearities in real-world systems. The novelty of the proposed 
work consists in the development of a robust nonlinear controller to ensure maximum power point tracking by handling 
nonlinearities of a system and making it robust against changing environmental conditions. Purpose. In the beginning, sliding mode 
control has been considered as one of the most powerful control techniques, this is due to the simplicity of its implementation and 
robustness compared to uncertainties of the system and external disturbances. Unfortunately, this type of controller suffers from a 
major disadvantage, that is, the phenomenon of chattering. Methods. So in this paper and in order to eliminate this phenomenon, a 
novel non-linear control algorithm based on a synergetic controller is proposed. The objective of this control is to maximize the 
power extraction of a variable speed wind energy conversion system compared to sliding mode control by eliminating the 
phenomenon of chattering and have a good power quality by fixing the power coefficient at its maximum value and the Tip Speed 
Ratio maintained at its optimum value. Results. The performance of the proposed nonlinear controllers has been validated in 
MATLAB/Simulink environment. The simulation results show the effectiveness of the proposed scheme, suppression of the chattering 
phenomenon and robustness of the proposed controller compared to the sliding mode control law. References 33, table 1, figures 17. 
Key words: synergetic controller, sliding mode controller, maximum power point tracking, macro-variable, wind energy 
conversion system. 
 
Вступ. З досягненнями у проектуванні та керуванні вітряними енергосистемами з регульованою швидкістю, зростають 
також ефективність та захоплення енергії цих систем. Так, в літературі також розроблено численні лінійні контролери 
для відстеження точки максимальної потужності, які використовують лінійні характеристики системи з вітряними 
турбінами. Основним обмеженням у всіх цих лінійних контролерах є те, що вони використовують лінеаризовану модель і не 
можуть мати справу з нелінійною динамікою системи. Однак реальні системи демонструють нелінійну динаміку, і для 
обробки таких нелінійностей у реальних системах необхідний нелінійний контролер. Новизна запропонованої роботи 
полягає у розробці надійного нелінійного контролера для забезпечення відстеження точки максимальної потужності 
шляхом обробки нелінійності системи та забезпечення її стійкості до змін умов навколишнього середовища. Мета. 
Спочатку управління ковзним режимом вважалося одним з найпотужніших методів управління, що пов’язано з 
простотою його реалізації та надійністю порівняно з невизначеністю системи та зовнішніми збуреннями. На жаль, цей 
тип контролера страждає від головного недоліку, а саме явища вібрування. Методи. Тому у цій роботі з метою усунення 
цього явища пропонується новий нелінійний алгоритм управління, заснований на синергетичному контролері. Завдання 
цього контролю – максимізувати відбір потужності системи перетворення енергії вітру зі змінною швидкістю порівняно 
із регулюванням ковзного режиму, усуваючи явище вібрування, і мати хорошу якість енергії, фіксуючи коефіцієнт 
потужності на його максимальному значенні та підтримуючи кінцевий коефіцієнт швидкості на його оптимальному 
значенні. Результати. Ефективність запропонованих нелінійних контролерів перевірена в середовищі MATLAB/Simulink. 
Результати моделювання показують ефективність запропонованої схеми, придушення явища вібрування та стійкість 
запропонованого контролера порівняно із законом управління ковзного режиму. Бібл. 33, табл. 1, рис. 17. 
Ключові слова: синергетичний контролер, контролер ковзного режиму, відстеження точки максимальної потужності, 
макрозмінна, система перетворення енергії вітру. 
 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

  ,sin1
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where V0 is the average wind speed; An is the magnitude 
of nth kind of eigenswing, n is the eigenfrequency of nth 
kind of eigenswing excited in the turbine rotating.  

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

  32,
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where  is the air density, kg/m3; R is the radius of the 
turbine blade, m; V is the wind speed, m/s; Cp(, ) is the 
power coefficient which is a function of both a factor  
known as the tip speed ratio (TSR) and blade pitch angle 
 (deg). 

TSR is defined as the ratio of the turbine’s blade-tip 
speed to the wind velocity, and can be expressed as: 

V

R t
 ,                                 (3) 

where t is the rotor speed of a wind turbine, rad/s.  
Several numerical expressions exist for Cp(, ). 

Here the used relation is given by [24]: 

      
 

  2300184.0

23.018

1.0
sin20167.05.0,



















pC
, (4) 

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

 
Fig. 1. Power coefficient Cp(, ) versus tip-speed ratio for 

various values of  
 

The value of the power coefficient Cp is a function 
of  and , it reaches the maximum at the particular  
named opt. Hence, to maximize the extracted energy of 
wind turbine  should be maintained at opt with the 
optimal rotor speed of the turbine which is determined 
from (3) and given as 
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Vopt
ref
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where ref  is the rotor speed reference, rad/s. 
For a constant  Fig. 2 illustrates that there is only 

one fixed value of TSR (opt = 9.14) for which Cp is 
maximum (Cpmax = 0.5). This special value opt is known 
as the optimal peak speed ratio, it can be expressed by: 
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Rref
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Fig. 2. Power coefficient Cp versus  at fixed   

 
Gear box model. The role of gear box is to 

transform the mechanical speed of the turbine to the 
generating speed, and the aerodynamic torque to the gear 
box torque according to the following mathematical 
formulas [25]: 
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and the mechanical equation of the shaft, including both 
the turbine and the generator masses, is given by [24]: 




fTT
dt

d
J emg ,                        (8) 

where  is the mechanical generator speed; tur is the 
speed of the turbine; Tg is the torque applied on the shaft 
of turbine; Taer is the aerodynamic torque; Paer is the 
aerodynamic power; Tem is the electromagnetic torque; 
J is the total moment of inertia; f is the viscous friction 
coefficient; G is the gear box ratio. 

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

 
Fig. 3. Wind turbine block diagram. 

 
3. MPPT control strategies. According to Fig. 1, 

for a particular value of tip speed ratio opt, Cp has a 
unique maximum value at which maximum power is 
captured from wind by the wind turbine. As a result, to 
achieve power efficiency maximization, the turbine tip 
speed ratio must be sustained at its optimum value in spite 
of wind variations. Also, for a given wind velocity, there 
is an optimal value for rotor velocity which maximizes 
the power supplied by the wind. That is equally saying, 
the turbine system realizes the MPPT function [26]. 
Consequently, the system can operate at the peak of the 
P() curve, and the maximum power is extracted 
continuously from the wind. That is illustrated in Fig. 4. 

 
Fig. 4. Turbine powers various speed characteristics for different 

wind speeds with indication of the MPPT curve 
 

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

 
Fig. 5. Speed generator feedback control 
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This control structure consists to adjust the torque 
appearing on the turbine shaft in order to fix the turbine speed 
at a reference that permits to track of the maximum wind 
power. In this study, we assume that the electromagnetic 
torque equals to its reference all the time [24]. 

refemem TT  .                              (9) 

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

1. Selection of the sliding surface; 
2. Establishing the conditions of existence and 

convergence; 
3. Determination of the control law. 

The sliding surface is given by [31]: 

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

For n = 1 the error as being the sliding surface: 
   refe ,                            (11) 

where ref is the desired speed. 
This surface derivative is: 

    refe .                            (12) 

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

    fTT
J

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

n
em

eq
emem TTT  .                            (14) 

Substituting the expression of the control speed by 
their expressions given in (13), the equations below are 
defined as follow: 
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During the sliding mode and in permanent regime, 
we have: 

    0;0;0  n
emTee  . 

Where the equivalent control is: 

gref
eq
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Therefore, the correction factor is given by: 

  ekT n
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where k is a positive constant. 
The control expression: 

  ekTfJT grefem sgn .      (18) 

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

 =  (x, t).                                (19) 
The objective of the synergetic controller is to 

operate the controlled system on the manifold for which 
the macro-variable is null  = 0. 

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

0,0  TT  .                       (20) 

where the derivative of the total macro-variable is noted 
by  , and T is a parameter design which designates the 

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

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

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

 ref .                            (21) 

This derivative is: 

  ref .                            (22) 

Combining equations (8), (20), and (21), we get the 
electromagnetic torque as the following control law: 
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4. Simulation results. In this section we evaluate 
the performances and effectiveness of the control 
strategies by simulating the wind turbine under the 
turbulent wind speed profile of Fig. 6. 
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Fig. 6. Wind speed profile 

 

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

 

Table 1 
Wind turbine parameters 

Parameters Values 
Density of air, kg/m3 1.22 
Radius of rotor, m 3 
Gear box ratio  1 
Turbine total inertia, kgm2 16 
Total viscous friction coefficient, Nm/s 0.06 
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The sliding surface and power coefficient are shown 
in Fig. 7-9 respectively. For sliding mode controller, good 
tracking capability was observed but it is perturbed by the 
high-frequency oscillations (the chattering) which can 
cause instability and damage to the system and there are 
no oscillations around the Cpmax for synergetic controller.  
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Fig. 7. Sliding surface 
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Fig. 8. Power coefficient using synergetic control 
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Fig. 9. Power coefficient using sliding mode 

 
Figures 10, 11 show that the TSR follows its 

reference very well corresponding to the maximum and 
optimal value TSR λopt = 9.14 for both controllers, but 
with sliding mode controller the appearance of high 
chattering effect is always present.  
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Fig. 10. Tip-speed ratio using synergetic control 
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Fig. 11. Tip-speed ratio using sliding mode 

 
According to Fig. 12, 13 the variation of the 

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

 
Figures 14, 15 show the response of aerodynamic 

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

We can clearly see that in Fig. 16, 17 the macro-
variable function and sliding mode surface equals zero, 
which shows that the controller parameters are properly 
chosen. But as we can see, Fig 16 the high chattering 
effect on the sliding surface. 
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Fig. 14. Aerodynamic power using synergetic control 

 

0 10 20 30 40 50 60
0

100

200

300

400

500

600

t(s)

P
o

w
e

r 
(W

)

 

 

Paer
P-OptimalPopt 
Paer 

 
Fig. 15. Aerodynamic power using sliding mode 
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Fig. 16. Macro-variable function 
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Fig. 17. Sliding surface function 

 

From these results, we noticed that the MPPT 
controller based on synergetic is the most efficient 
technique compared to the sliding mode controller. It 
achieves maximum power with more stability, precision 
and better response time, and better trajectory tracking. 
However, the sliding mode method requires slow 
response time, with more oscillations and a chattering 
effect. For that, it can be stated that the synergetic control 
is a robust and efficient approach; it has better 
performance and a good dynamic response under variable 
wind speed conditions. 

5. Conclusions. 
In this paper, two maximum power point tracking 

strategies techniques are developed and compared to 

optimize the power produced by a wind energy system 
under varying conditions. According to the performance 
analysis of each method, it can be concluded that the 
maximum power point tracking controller based on 
synergetic control allows determining and tracking the 
maximum power point with more efficiency, fast response 
and high reliability compared to other controllers based 
on sliding mode. The main advantage of the synergetic 
controller, compared to the sliding mode, is the good 
reference tracking, the suppression of the chattering 
phenomenon and the reduction of the overshoot. The 
effectiveness and the robustness to external disturbances, 
noise and uncertainty parameters are shown in the 
simulation results. 
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ELECTROMECHANICAL GUIDANCE SYSTEM BASED ON A FUZZY 
PROPORTIONAL-PLUS-DIFFERENTIAL POSITION CONTROLLER 
 
Purpose. The purpose is to develop solutions for the implementation of optimal laws of arms positioning, overshoot-free and 
requiring no post-adjustments. Method. The control model is based on the fuzzy set theory; and the structural modeling methodology 
is used to study the dynamics indices. Results. The structural scheme of the positional electromechanical system with a fuzzy 
proportional-plus-differential position controller and the method of control adaptation to the position reference signal change are 
obtained. Scientific novelty. A model of a fuzzy proportional-differential controller signal adaptation in the structure of a positional 
electromechanical system is proposed. Practical value. A solution is obtained for the implementation of optimal guidance process, 
non-overshooting and requiring no post-adjustments, also featuring the maximum weapons speed and minimal sensitivity to 
parametric disturbances. References 20, tables 1, figures 12. 
Key words: fuzzy controller, positioning, adaptation, overshoot, speed. 
 
Запропоновано позиційну електромеханічну систему наведення озброєння на основі адаптивного нечіткого пропорційно-
диференційного (ПД) регулятора положення. Створено структурну Simulink-модель системи позиціонування озброєння 
основі нечіткої адаптивної моделі керування. Проведено комп’ютерні дослідження динаміки процесів позиціонування при 
використанні пропорційного та запропонованого адаптивного нечіткого ПД регулятора положення. Результати 
досліджень показали, що при використанні нечіткої адаптивної моделі керування процесом позиціонування реалізуються 
оптимальні без перерегулювання та режимів дотягування закони руху озброєння. Бібл. 20, табл. 1, рис. 12. 
Ключові слова: нечіткий регулятор, позиціонування, адаптація, перерегулювання, швидкодія.  
 
Предложено позиционную электромеханическую систему наведения вооружения на основе адаптивного нечеткого 
пропорционально-дифференциального (ПД) регулятора положения. Разработано структурную Simulink-модель системы 
наведения вооружения на основе нечеткой адаптивной модели управления. Проведены компьютерные исследования 
динамики процессов позиционирования при использовании пропорционального и предложенного адаптивного нечеткого ПД 
регулятора положения. Результаты исследований показали, что при использовании нечеткой адаптивной модели 
управления процессом позиционирования реализуются оптимальные без перерегулирования и режимов дотягивания законы 
движения вооружения. Библ. 20, табл. 1, рис. 12. 
Ключевые слова: нечеткий регулятор, позиционирование, адаптация, перерегулирование, быстродействие. 
 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

]/)()([)( dttdeTtektu dr  ,               (1) 

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

The transition in (1) to discrete time makes it 
possible to obtain a mathematical model of the PD 
controller for its digital implementation: 
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where T0 is the time quantization interval; k = 1,2,3,… is the 
discretization step number in time; Δe(k) = e(k) – e(k – 1). 

The main requirement for positional EMS of the 
guidance of the PGs for a given angle φref is the 
implementation of optimal laws of motion of guides in the 

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

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

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

 
To study the dynamics and statics of the guidance 

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

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

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

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

The fuzzy inference system (FIS) (see Fig. 1) of the 
PD position controller is presented by the Mamdani 
model which has two inputs: for proportional x1 = e(t) and  

 
 
 

 
 
 
 

 
Fig. 2. Reactions φ(t) of the EMS to abrupt control signals with 

proportional PC at the initial setting of the PGs at angles 
of 17°, 35° and 60° and the subsequent one at 0°, 0° and 35°, 

respectively 
 

differential x2 = de(t)/dt, where e(t) is the error of angle 
adjustment e(t) = φref(t) – φ(t) (where φref(t), φ(t) are the 
signals of the set and current positioning angle of the PGs, 
respectively). 

For the linguistic description of the input variables 
x1 and x2, two trapezoidal external (N, P) and one 
triangular internal term (Z) with symmetric ranges of 
change are accepted (Fig. 3). 

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

 

 
Fig. 3. FIS membership functions of input variables х1 and х2 

 

 
Fig. 4. FIS source variable membership functions UFIS 

 
The FIS rule base is formed on the basis of the 

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

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

dttetI
Ò

2

0

)(    min.                        (3) 

The obtained rule base of fuzzy PD-position 
regulator is shown in Table 1. 

 
Table 1 

FIS rule base 

Adjustment error – x1  
Ne Ze Pe 

Nde N Z Z 

Zde N Z P 
Derivative of 
adjustment error – 
x2 Pde Z Z P 

 

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

of change of the input linguistic variables х1 and х2 of the 
designed FIS. 

 

U
F

IS
, V

 
Fig. 5. Characteristics input/output UFIS(х1, х2) of the designed 

fuzzy PD-position controller 
 

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

 

 
Fig. 6. EMS reactions with fuzzy PD-position regulator 

 
In comparison with the P-regulator (see Fig. 2), 

when using a fuzzy PD regulator, the position of 
overregulation and regulation time are smaller. 

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

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

,)( . cFISrefn
n
FIS UUkU                  (4) 

where n
FISU  is the normalized output signal of the fuzzy 

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

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

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

 
kn

 
Fig. 7. Dependencies of the normalizing factor kn(φref) of the FIS 

output signal for the movement of the PGs up ( )  
and down ( ) 

 
These dependencies are reproduced in the structure 

of such an adaptive fuzzy PD-position controller 
(AFPDPC) by two artificial neural networks (ANN1 and 
ANN2, Fig. 8 and Fig. 1) of direct signal propagation or 
other static nonlinear functional transducers. 

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

 

 
Fig. 8. Block diagram of adaptive fuzzy 

PD-position regulator of EMS of guidance of the PGs 
 

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

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

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

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

 

  
Fig. 9. Time dependencies φ(t) at the PGs positioning at angles 

of 60°, 25°, 50°, and 0° at proportional PC (----)  
and AFPDPC ( ), ( ) – position reference signal 

 

 
Fig. 10. Time dependencies φ(t) at the PGs positioning at angles 

of 25°, 60°, 45°, 25°, and 0° at proportional PC (----) 
and AFPDPC ( ), ( ) – position reference signal 

 
According to the first program, PG was alternately 

set at angles φref = 60°, 25°, 50°, and 0° (Fig. 10), and 
according to the second one φref = 25°, 60°, 45°, 25°, and 
0° (Fig. 10). These time dependencies φ(t) of the PG 
positioning process are obtained when they are loaded by 
missiles by 50 %. 

The value of the accepted quality indicator (3) in the 
operation of the P-position regulator was 4.15 degrees2s, 
and in AFPDPC was 3.72 degrees2s (Fig. 9, the first 
program) and 3.91 degrees2s and 3.69 degrees2s, 
respectively, for the second program (Fig. 10). The 
improvement in quality when using AFPDPC was 10.4 % 
and 5.6 % for the first and the second program of change 
in φref(t), respectively. 

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

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

reference signal φref(t) ( ) at proportional PC (----)  
and AFPDPC ( ) 

 

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

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

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

 

 
a 

 
b 

Fig. 12. Time dependencies φ(t) at positioning of PG on an 
angle of 35° and 0° at proportional PC (----) and AFPDPC 

( ) for 50 % (a) and 100 % (b) of loading of PG,  
( ) – position reference signal 

 
Conclusions. 

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

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

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

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

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

6. When using the developed system solutions for the 
control circuit of the EMS adjustment position of the 
BM-21 armament guidance, a high level of robustness of 
the dynamics indicators is achieved until the change in the 
moment of static load and the moment of inertia of the 
guidance mechanism of the guide package. 
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ANALYSIS OF THE INFLUENCE OF LOAD INDUCTANCE ON NONLINEAR 
DISTORTIONS OF A CLASS D AMPLIFIER CAUSED BY «DEAD TIME» 
 
Goal. Analysis of the effect of load inductance at the output of the class D amplifier for different values of the duration of «dead 
time» and assessment of the adequacy of existing mathematical models for calculating the THD at the output of the amplifier 
depending on the duration of «dead time». Methodology. The study of the effect of «dead time» on the THD was performed using a 
computer model of the half-bridge converter board EPC9035 from Efficient Power Conversion. This board contains GaN transistors 
EPC2022 eGaN®, the corresponding control driver and other necessary elements for operation. The use of GaN transistors has 
made it possible to investigate the operation in a wide range of frequent switching, both to control the motor and to amplify the audio 
signal. Results. It is established that the value of load inductance affects the level of nonlinear distortions caused by «dead time». At 
inductance values that provide a constant sign of the output current, a difference arises between the duration of the input and output 
pulses, which increases the THD. At inductance values, when the choke current changes sign during a pulse, there is no error 
between the duration of the input and output pulses. Changing the inductance changes the relationship between the error signal and 
the non-error signal. THD changes accordingly. At high conversion frequencies, the voltage spikes caused by the choke current 
through the built-in diodes during the dead time are partially compensated by overcharging the output capacitance of the transistors, 
which also reduces harmonic distortion. Originality. For the first time, the value of the THD at the outlets in the fallowness of the 
different indices of the inductance of the choke and the theoretical calculation of the value in the results of the computer model was 
obtained. Practical significance. The dependence of the THD values on the inductance of the choke for converters with a switching 
frequency range from 1 kHz to 400 kHz, which allows them to be used both to control the motor and to amplify the audio signal. 
References 10, tables 2, figures 8. 
Key words: GaN transistors, class D amplifier, nonlinear distortion, dead time, THD. 
 
В роботі досліджено вплив індуктивності навантаження підсилювача класу D на значення коефіцієнту гармонічних 
спотворень (КГС) на виході для різних значень тривалості «мертвого часу» або вимкненого стану вихідних транзисторів. 
Оцінена адекватність існуючих математичних моделей для розрахунку КГС на виході підсилювача в залежності від 
тривалості «мертвого часу». Наведено результати комп’ютерного моделювання підсилювача класу D та досліджено 
значення КГС на виході в залежності від різних номіналів індуктивності вихідного дроселя. Виконано порівняння 
теоретично обчислених значень з результатами комп’ютерного моделювання. В результаті дослідження встановлено, що 
КГС, спричинений наявністю «мертвого часу» залежить від індуктивності навантаження. Отриманий у результаті 
моделювання КГС співпадає з розрахованим за формулою тільки для певних значень індуктивності навантаження. В моделі 
використано GaN транзистори, що дозволило дослідити роботу підсилювача у широкому діапазоні частот перемикання. 
Бібл. 10, табл. 2, рис. 8. 
Ключові слова: GaN транзистори, підсилювачі класу D, нелінійні спотворення, «мертвий час», коефіцієнт 
гармонічних спотворень. 
 
В работе исследовано влияние индуктивности нагрузки усилителя класса D на значение коэффициента гармонических 
искажений (КГИ) на выходе для различных значений продолжительности «мертвого времени» или выключенного 
состояния выходных транзисторов. Оценена адекватность существующих математических моделей для расчета КГИ на 
выходе усилителя в зависимости от продолжительности «мертвого времени». Приведены результаты компьютерного 
моделирования усилителя класса D и исследованы значение КГИ на выходе в зависимости от различных номиналов 
индуктивности дросселя. Выполнено сравнение теоретически вычисленных значений с результатами компьютерного 
моделирования. В результате исследования установлено, что КГИ, вызванный наличием «мертвого времени» зависит от 
индуктивности нагрузки. Полученный в результате моделирования КГИ совпадает с рассчитанным по формуле только для 
определенных значений индуктивности нагрузки. В модели использованы GaN транзисторы, что позволило исследовать 
работу усилителя в широком диапазоне частот переключения. Библ. 10, табл. 2, рис. 8. 
Ключевые слова: GaN транзисторы, усилители класса D, нелинейные искажения, мертвое время, коэффициент 
гармонических искажений. 
 

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

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

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

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

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

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

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

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

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

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

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

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

Description of the computer model. The study of 
the effect of «dead time» on the THD was performed 
using a computer model of the half-bridge converter 
board EPC9035 of Efficient Power Conversion. This 
board contains GaN transistors EPC2022 eGaN®, the 
corresponding control driver and other necessary elements 

for operation. The use of GaN transistors has made it 
possible to investigate the operation in a wide range of 
frequent switching, both to control the electric motor and 
to amplify the audio signal. The main parameters of the 
PWM signal in the simulation are given in Table 1. 

 
Table 1  

PWM signal parameters 

Switching frequencies 1 kHz, 2 kHz, 100 kHz, 400 kHz 

Signal frequencies 50 Hz 

Depth of modulation 0.6 
 

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

The computer model of the amplifier on GaN 
transistors is shown in Fig. 1. Element U1 is a pulse-
width modulator with a built-in sawtooth voltage 
generator. Logic elements U2 and U3 are input buffers. 
Element U2 also inverts the input signal. Logic elements 
U4 and U5 are buffers of «dead time» circuit formation. 
The RC circuit R1, C1 and the diode D1 form the switch-
on delay time («dead time») of the transistor Q1, the RC 
circuit R2, C2 and the diode D2 form the switch-on delay 
time of the transistor Q2. At high frequencies, the 
conversion of the RC circuit is the only way to form a 
«dead time», when its duration is tens of nanoseconds or 
less. At sufficiently low conversion frequencies, the 
formation of dead time is possible by digital methods [3]. 

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

 

Problem description. Figure 2 illustrates the 
process of creating nonlinear distortions due to the 
introduction of «dead time». The input PWM pulses Uin(t) 
are indicated by a line with triangles, the pulses at the 
output of the amplifier U0(t) – by a solid line, the output 
current I0(t) – by a dotted line , «dead time» is shaded. As 
can be seen from Fig. 2, the duration of the input and 
output pulses do not match when the sign of the output 
current is constant. In this case, at the output of the 
amplifier there are nonlinear distortions of the amplified 
signal, regardless of the method of implementation of the 
PWM. The reason is that during both «dead time» 
intervals the diode of only one of the transistors operates 
and provides current flow through the choke in the «dead 
time» interval, delaying the change of the signal at the 
output when the input signal has already changed the sign. 

 

 
Fig. 2. Illustration of the process of creating nonlinear 

distortions due to the introduction of «dead time» 
 

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

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

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

)()()()(0 tetptptv sc  .                  (1) 

Accordingly, the spectrum of the output signal is the 
sum of the spectra of the components. The full spectrum 
at the output of the amplifier and the amplitude of the 
individual harmonics Cn is calculated by the following 
formulas [6]: 
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where M = fc/fs is the ratio of the switching frequency fc to 
the signal frequency fs, T = 1/fc is the switching period, 
 is the duration of the «dead time» relative to the period T, 
m is the modulation depth, k is the number of the 
switching interval. 

THD, which was used for comparison with the 
results of computer simulation, was calculated in % by the 
formula given below [6]: 
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where С1 is the amplitude of the first harmonic of the 
signal.  

Estimation of the influence of load inductance on 
THD values caused by «dead time». The calculation of 
the THD at the output of the amplifier is performed by the 
formula 
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,            (10) 

where A1, A2, ... Ak are the harmonics of the output signal.  
To calculate the CGS, the first 7 harmonics were 

taken, by analogy with formula (9). 
The computer model shown in Fig. 1, contains a 

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

 
Table 2  

THD at the output of the PWM element for different frequencies 
of transformation 

Parameters THD, % 

fc = 1 kHz 0.033 

fc = 2 kHz 0.05 

fc = 100 kHz 0.012 

fc = 400 kHz 0.01 
 

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

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

 
Fig. 3. Dependence of THD on the value of inductance of the  

output choke 
 

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

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

 

 
Fig. 4. Dependence of THD on the value of the inductance of 
the output choke for the conversion frequencies of 100 and 

400 kHz 
 

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

Additional factors that affect the THD at low supply 
voltages may be the voltage jumps on the diodes of the 
transistors in the mode when the current sign does not 
change during the switching period. The fact that both 
transistors are closed and the choke current flows twice 
through the diode of one of the transistors can increase the 
THD. The voltage drop across the diode Ud is added to 
the supply voltage (Fig. 5,a) and changes the amplitude of 
the current I0(t) through the choke. Reducing the duration 
of «dead time» reduces the impact of output voltage U0(t) 
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jumps on the THD. The effect of voltage drop across 
diodes on THD requires further research. 

Figure 5,b shows the shape of the output pulses for a 
switching frequency of 400 kHz (solid line), when the 
sign of the output current I0(t) does not change. When the 
input voltage Uin(t) changes to zero, there is a process of 
delaying the output voltage drop U0(t) due to the charge 
of the output capacitance of the transistor in the interval 
of «dead time». In the next «dead time» interval, the 
current flows through the diode and creates a delay in 
switching the output voltage compared to the input signal 
(line with triangles). 

 

 
                          a                                                   b 

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

the shape of the output pulses (b) 
 

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

 

 
Fig. 6. Dependence of THD on the value of  for the inductance 

of the choke 22 mH 
 

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

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

 

 
Fig. 7. Dependence of THD on the value of  for the inductance 

of the choke 470 μH 
 

The greatest interest is the effect of load inductance 
on the THD at switching frequencies from 100 kHz, on 
which the sound amplifiers of class D operate. The 
dependencies of the THD on the duration of the «dead 
time» are shown in Fig. 8 for an inductance of 47 μH. The 
use of GaN transistors in this case provides a switching 
frequency of 400 kHz and higher. 

 

 
Fig. 8. Dependence of THD on the value of  for the inductance 

of the choke 47 μH 
 

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

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

Conclusions. 
The paper evaluates the influence of the load 

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

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

The next stage of research is to create a 
mathematical model of the PWM signal at the output of 
the class D amplifier, which takes into account the effect 
of load inductance on the THD, and its experimental 
verification. 
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NORMALIZATION OF DOUBLE-CIRCUIT OVERHEAD LINE MAGNETIC FIELD 
INSIDE KHRUSHCHEV BUILDING 
 
This paper deals with the mitigation of 110 kV double-circuit overhead line magnetic field inside five-story Khrushchev buildings. 
We show that the magnetic field can exceed the reference level 0.5 μT in 90 % part of living space. To mitigate the magnetic field, we 
propose the inverted L-shaped grid shield with conductors on the wall and in the attic of the building. Using the analytical model of 
the grid shield and the numerical simulation, we determine the parameters of the L-shaped grid shield which provides the magnetic 
field normalization in 97 % part of living space. Further improvement of the grid shield profile, in particular, the placement of some 
conductors in the basement, allows to reduce the quantity of metal of the shield by 15 % while maintaining the shielding efficiency. 
Also we consider the magnetic field normalization for the overhead line with a rated current of 500 A. In this case, the quantity of 
metal of the grid shield increases 2.74 times. References 19, table 1, figures 5. 
Key words: magnetic field, overhead line, grid shield, reference level, quantity of metal. 
 
У роботі показано, що в п’ятиповерхових будинках хрущовської споруди, розташованих на границях охоронних зон 
двоколових повітряних ліній електропередачі 110 кВ, величина магнітного поля промислової частоти може перевищувати 
гранично допустимий рівень 0,5 мкТл в 90 % житлового простору. Для зменшення магнітного поля запропоновано 
використовувати Г-подібний ґратчастий екран, проводи якого розташовуються на стіні та на горищі будинку. Шляхом 
аналітичного та чисельного моделювання визначено параметри Г-подібного ґратчастого екрана, застосування якого дає 
змогу нормалізувати рівень магнітного поля в 97 % житлового простору. Подальше вдосконалення профілю ґратчастого 
екрана, зокрема, розміщення частини проводів у підвалі, дало змогу зменшити металоємність конструкції на 15 % при 
збереженні ефективності екранування. Також досліджено можливість нормалізації магнітного поля повітряної лінії з 
номінальним струмом 500 А. У цьому випадку металоємність ґратчастого екрана збільшується у 2,74 рази. Бібл. 19, 
рис. 5, табл. 1. 
Ключові слова: магнітне поле, повітряна лінія електропередачі, ґратчастий екран, гранично допустимий рівень, 
металоємність. 
 
В работе показано, что в пятиэтажных домах хрущевской постройки, расположенных на границах охранных зон 
двухцепных воздушных линий электропередачи 110 кВ, величина магнитного поля промышленной частоты может 
превышать предельно допустимый уровень 0,5 мкТл в 90 % жилого пространства. Для уменьшения магнитного поля 
предложено использовать Г-образный решетчатый экран, провода которого располагаются на стене и чердаке дома. 
Путем аналитического и численного моделирования определены параметры Г-образного решетчатого экрана, применение 
которого позволяет нормализовать уровень магнитного поля в 97 % жилого пространства. Дальнейшее 
совершенствование профиля решетчатого экрана, в частности, размещение части проводов в подвале, позволило 
уменьшить металлоемкость конструкции на 15 % при сохранении эффективности экранирования. Также исследована 
возможность нормализации магнитного поля воздушной линии с номинальным током 500 А. В этом случае 
металлоемкость решетчатого экрана увеличивается в 2,74 раза. Библ. 19, рис. 5, табл. 1. 
Ключевые слова: магнитное поле, воздушная линия электропередачи, решетчатый экран, предельно допустимый 
уровень, металлоемкость. 
 

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

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

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

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

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

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

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

Within this research we consider the double-circuit 
overhead line magnetic field. In [16] we analyzed towers 
and found that geometric sizes of P110-4V tower 
(transliterated from П110-4В) are close to average ones. 
So, we assume the following values for the distances ak 
from the tower to conductors and for the heights hk of 
conductors: a1=a6=2.1 m, h1=h6=19 m, a2=a5=4.2 m, 
h2=h5=23 m, a3=a4=2.1 m, h3=h4=27 m, where subscripts 
correspond to numbers of overhead line conductors 
(Fig. 1). As mentioned before, the distance between the 
conductor no. 2 and the building is 20 m [2]. 

The overhead line magnetic field strongly depends 
on the configuration of initial phases of conductor 
currents and the current amplitude. We consider the case 
when the magnetic field is the highest. So, the initial 
phases are the following: φ1=φ6= –2π/3, φ2=φ5=0, 
φ3=φ4=2π/3. The RMS value of current in conductors is 
262 A, which corresponds to the 110 kV double-circuit 
overhead line with transmission capacity 100 MW. 

To find the overhead line magnetic field distribution, 
we use traditional assumptions, that conductors are 
infinitely long, parallel to each other and to the ground. 
So, we consider the overhead line magnetic field in the 
plane-parallel approach. This allows applying analytical 
expressions from [16] to find the magnetic field 
distribution inside the Khrushchev building. As well we 
can use the calculation technique from [18]. Fig. 1 shows 
that the magnetic field exceeds the reference level 0.5 μT 
in most part of the building. For quantitative assessment 
we use the normalization index η. It is defined as a ratio 
of the space, in which the magnetic field does not exceed 
the reference level, to the entire living space. As the 
magnetic field is plane-parallel, the normalization index η 
is the ratio of corresponding cross-sections S and S0 [16].  

 
Fig. 1. Double-circuit overhead line magnetic field 
inside Khrushchev building (its contour is marked 

by dotted line) 
 
According to [2], the areas closer than 0.5 m to walls 

are not considered. Also we do not consider the attic and 
the basement which are 1 m height. So, the cross-section 
of the building is S0=154 m2. Fig. 1 shows that the cross-
section of space with permissible magnetic field is 
S=16.8 m2. Correspondently, the normalization index 
η=10.9%. 

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

In the first step we consider grid shields with 
conductors on the wall faced to the overhead line and in 
the attic. The electrical conductivity of the grid shield is 
equal to 3.5·107 S/m. The distance between conductors is 
0.5 m. The axe of the corner conductor has coordinates 
x=0, y=16 m. We vary the number of conductors on the 
wall up to 33. In the end case the conductors fill the 
whole wall and correspondently the extreme conductor 
has coordinates x=0, y=0. Also we vary the number of 
conductors in the attic up to 24. In this end case the 
extreme conductor has coordinates x=12 m, y=16 m. We 
use the following nomenclature when varying the cross-
section of conductors: 5, 6, 8, 10, 16, 25, 35 and 50 mm2. 
To analyze shielding efficiency in each case, we use both 
the finite-element model from [15] and the semi-
analytical model from [19].  

As the result we obtain the inverted L-shaped grid 
shield made of conductors with the cross-section of 
25 mm2. The total number of conductors is 53: the attic is 
covered by 24 conductors, and 29 conductors are on the 
wall. Correspondently the extreme conductor has 
coordinates x=0, y=2 m. The profile of conductor 
placement is shown in Fig. 2 by the solid line. 

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

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

when using inverted L-shaped grid shield 
 

 
Fig. 3. Magnetic field distribution  
when using optimized grid shield 

 

The section in the attic has 22 conductors arranged 
in the interval 1.5 m ≤ x ≤ 12 m when y=16 m. The section 
on the wall has 21 conductors in the interval 
2 m ≤ y ≤ 12 m when x=0. Also there are two conductors 
in the basement. Their coordinates are x=0.5 m, y=0 and 
x=1 m, y=0. The total number of conductors is 45. The 
cross-section of each conductor is 25 mm2. The quantity 
of metal of the optimized grid shield we appoint as V1. 
The analysis of the magnetic field distribution from Fig. 3 
gives the normalization index η=97.1%. So, the optimized 
grid shield allows reducing the quantity of metal by 15 
percent in comparison with inverted L-shaped grid shield. 

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

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

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

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

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

Table 1 
Normalization index η for Khrushchev building found near 

double-circuit overhead line when using grid shield with 
quantity of metal equaled V 

η, % 
V/V1 

a b c d e 

0.25 25.4 20.6 21.5 22.2 19.4 

0.5 70.7 46.9 54.8 43.7 36.2 

0.75 92.8 60.7 85.2 72.6 58.8 

1 97.1 68.4 95.2 89.2 82.8 

1.25 98.5 73.8 98.1 95.5 92.2 

 
As grid shields a-e contain different number of 

conductors, we consider different conductor cross-
sections to achieve the equality of total quantities of 
metal. 

The obtained results show that efficiencies of the 
optimized shield and the grid shield type c are 
comparable. However, the practical implementation of the 
grid shield type c is difficult as it uses conductors with 
off-standard cross-section 19.7 mm2. So, the usage of the 
optimized grid shield is recommended. Table 1 shows that 
the increase or the decrease of its quantity of metal is 
impractical. 

Overhead line with increased conductor current. 
Additionally, we consider the overhead line magnetic 
field normalization when the conductor current is 500 A 
[5, 11]. In this case the magnetic field exceeds the 
reference level 0.5 μT in the whole building (Fig. 4). 
Moreover, the fourfold magnetic field mitigation is needed 
in apartments faced to the overhead line. To normalize the 
magnetic field, we develop the grid shield made of 62 
conductors (Fig. 5). The cross-section of each conductor 
is 50 mm2. Correspondently the quantity of metal of the 
shield is 2.74·V1. The distance between conductors is 
0.5 m. The arrangement of conductors is the following: 

– 27 conductors cover the wall faced to the overhead 
line (their coordinates lay within the interval 
1 m ≤ y ≤ 14 m when x=0); 

– 11 conductors are arranged on the back wall (within 
the interval 11 m ≤ y ≤ 16 m when x=12 m); 

– 22 conductors cover the attic (within the interval 
0.5 m ≤ x ≤ 11 m when y=16 m); 

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

 
Fig. 4. Double-circuit overhead line magnetic field 

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

field when conductor current is 500 A 
 

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

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

Conclusions. 
1. Using the analytical model of the shield and the 

numerical simulation, we show that the inverted L-shaped 
grid shield made of aluminum conductors with a cross-
section of 25 mm2 and mounted on the wall and in the attic 
of the Khrushchev building normalizes inside it the magnetic 
field produced by the 110 kV double-circuit overhead line. 

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

3. To normalize the 110 kV double-circuit overhead 
line magnetic field with increased conductor current, we 
modify the arrangement of conductors on the wall faced 
to the line and in the attic, we add the extra section of 
conductors to the back wall and increase the cross-section 
of all conductors to 50 mm2. 
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EXPANSION OF CYLINDRICAL TUBULAR WORKPIECES ON HIGH-VOLTAGE 
MAGNETIC-PULSE INSTALLATION WITH CONTROLLED VACUUM DISCHARGER 
 
Purpose. An experimental verification of the existence of a range of values for the parameters of the capacitive energy storage of 
the magnetic-pulse installations with controlled vacuum discharger, in which, with a high probability, there is a «cut» of the 
discharge current pulses and the expansion of cylindrical thin-walled tubular workpieces using an external coil. Methodology. 
High voltage magnetic-pulse installation of NTU «KhPI» with controlled vacuum discharger, multiturn coil with inside 
dielectrical die and inside aluminum alloy workpiece are used. The capacitance and charge voltage of capacitive energy storage 
are changed. Discharge current pulses are measured by Rogowski coil and the oscillograph. Results. Parts of complicated shape 
are made by expansion of cylindrical tubular workpieces with help of external coil. Pressed metallic tubular part is removable 
from inner dielectric rod. Originality. The frequency of «cut» pulse is defined by negative magnetic field pressure amplitude. It is 
shown that we must coordinate this frequency and charge voltage with capacitive storage parameters by high probability of pulse 
«cut». Practical value. It is shown how to use installations with controlled vacuum dischargers in magnetic forming technology 
based on «cut» pulses. References 17, tables 2, figures 5.  
Key words: high-voltage magnetic-pulse installations, capacitive energy storage, controlled vacuum discharger, current pulse 
«cut», probability of «cut», external coil, expansion of cylindrical tubular workpiece, part of complicated shape. 
 
Мета. Метою роботи є експериментальна перевірка існування зони параметрів ємнісного нагромаджувача енергії 
магнітно-імпульсної устатковини з керованим вакуумним розрядником, в котрій з високою імовірністю відбувається 
«зріз» імпульсів розрядного струму та розширення циліндричних тонких трубчастих заготівок за допомогою 
зовнішнього індуктора. Методика. Використано високовольтну магнітно-імпульсну устатковину НТУ «ХПІ» з 
керованим вакуумним розрядником та багатовитковий індуктор, усередині котрого було розміщено діелектричну 
матрицю і заготівку з алюмінієвого стопу. Змінювали ємність та зарядну напругу нагромаджувача енергії. Імпульси 
розрядного струму вимірювали за допомогою поясу Роговського та реєстрували осцилографом. Результати. Магнітно-
імпульсним розширенням циліндричних заготівок за допомогою зовнішнього індуктора отримано деталі складної форми 
та здійснено зняття металевої деталі, що була напресована на діелектричний стрижень. Наукова новизна. Показано, 
що частоту імпульсу, що «зрізається», при котрій амплітуда від’ємного тиску магнітного поля наближається до 
максимальної, а також зарядну напругу необхідно узгоджувати з параметрами ємнісного нагромаджувача енергії, при 
яких з високою імовірністю відбувається «зріз» імпульсу. Практичне значення. Результати та рекомендації, що 
отримано, можуть бути використано у магнітно-імпульсних технологіях на устатковинах з керованими вакуумними 
розрядниками. Бібл. 17, табл. 2, рис. 5. 
Ключові слова: високовольтна магнітно-імпульсна устатковина, ємнісний нагромаджувач енергії, керований 
вакуумний розрядник, «зріз» імпульсу струму, імовірність «зрізу», зовнішній індуктор, розширення циліндричної 
трубчатої заготівки, деталь складної форми. 
 
Цель. Целью работы является экспериментальная проверка существования области значений параметров емкостного 
накопителя энергии магнитно-импульсной установки с управляемым вакуумным разрядником, в которой с высокой 
вероятностью происходит «срез» импульсов разрядного тока и расширение цилиндрических тонкостенных трубчатых 
заготовок при помощи внешнего индуктора. Методика. Эксперименты были проведены на высоковольтной магнитно-
импульсной установке НТУ «ХПИ», оснащенной управляемым вакуумным разрядником. Использовали многовитковый 
индуктор, внутрь которого помещалась диэлектрическая матрица и заготовка из алюминиевого сплава. Изменяли емкость 
и зарядное напряжение накопителя энергии. Импульсы разрядного тока измеряли при помощи пояса Роговского и 
регистрировали на осциллографе. Результаты. Магнитно-импульсным расширением цилиндрических заготовок при 
помощи внешнего индуктора получены детали сложной формы и осуществлено снятие металлической детали, 
напрессованной на диэлектрический стержень. Научная новизна. Показано, что частоту «срезаемого» импульса, при 
которой амплитуда отрицательного давления магнитного поля близка к максимальной, а также зарядное напряжение 
необходимо согласовывать с параметрами емкостного накопителя энергии, при которых с высокой вероятностью 
происходит «срез» импульса. Практическое значение. Получены рекомендации для использования в магнитно-импульсных 
технологиях, основанных на применении «срезанных» импульсов, установок с управляемыми вакуумными разрядниками. 
Библ. 17, табл. 2, рис. 5. 
Ключевые слова: высоковольтная магнитно-импульсная установка, емкостной накопитель энергии, управляемый 
вакуумный разрядник, «срез» импульса тока, вероятность «среза», внешний индуктор, расширение цилиндрической 
трубчатой заготовки, деталь сложной формы. 
 

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

well as ones inaccessible from the inside. In such cases, 
the use of an internal coil is difficult or impossible. 

In 1965, H. Furth received a patent for devices that 
allows magnetic-pulse processing of cylindrical and flat-
sheet workpieces by the forces of attraction to the coil [9]. 
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The principle of operation of these devices is based on a 
controlled «cut» of current pulses in the discharge circuit 
of a capacitive energy storage (CES). In this case, eddy 
currents are induced in the workpiece, causing it to be 
attracted to the coil. For the «cut» it is proposed to use a 
fusible element or an additional capacitive storage, and to 
enhance the effect – an additional conductor. The «cut» of 
the current pulses allows the cylindrical workpieces to be 
expanded by the magnetic field of an external coil. In one 
of the first works [10], the authors registered the 
expansion of the workpiece using an external coil. In this 
case, both the oscillatory and the aperiodic discharge of 
the CES were used [10, Fig. 4], and compression of the 
workpiece was prevented by an inner cylindrical mandrel. 
In the works of recent years, the use of a system of two 
coils has been proposed, through which various current 
pulses are passed [6], as well as the effect of two pulses of 
different durations, passed through one coil [7]. 

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

 

 

a 

b c  
Fig. 1. «Cut» (a) and full (b) discharge current pulses 

(50 μs/div), as well as workpieces 1 and 2, respectively (c), 
deformed by them 

 
On the other hand, the parameters of the «cut» pulse 

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

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

The purpose of this work is an experimental 
verification of the existence of a range of values for the 
parameters of the capacitive energy storage of the 
magnetic-pulse installations with controlled vacuum 
discharger, in which, with a high probability, there is a 
«cut» of the discharge current pulses and the expansion of 
cylindrical thin-walled tubular workpieces using an 
external coil. 

Equipment used in experiments. The CES of the 
MPI designed at NTU «KhPI» consisted of capacitors 
IK6-150 and allowed to change the capacitance 
С = 6001200 μF. The CES charging voltage U0 = 1,56 kV. 
The CES was discharged to the coil (Fig. 2) through the 
RVU–63–20–UHL4 type CVD produced by the 
Minusinsk Electrotechnical Institute. The winding of the 
coil 1, which has the shape of a cylindrical spiral made of 
a copper bus, was connected to the MPI using leads 2 and 
contact nodes 3. The position of the processed metal 
workpiece 4 inside the coil was fixed by a dielectric die 5 
and a dielectric rod 6, which also prevents compression of 
the workpiece. Tubular cylindrical billets of AMg2M 
aluminum alloy with specific electrical conductivity 
γ = 0.27108 S/m had an inner radius R = 8 mm and a 
thickness d = 0.5 mm. 

 

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

workpieces 
 

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

CES parameters providing a high probability of 
current pulses «cut». To determine С, U0, at which there 
is a «cut» of the discharge current pulses, instead of die 5 
(Fig. 2) a dielectric sleeve was used to prevent expansion 
of the workpiece. The probability of the appearance of 
«cut» pulses was characterized by the probabilistic 
frequency Nс/N (Nс is the number of «cut» pulses, N is the 
total number of pulses). Table 1 shows more detailed than 
in work [13], the results of tests of the CVD (Im1 is the 
amplitude value of the current). After that these data were 
used to determine the parameters of the CES when 
performing technological operations. 
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Table 1 
Amplitude values and probabilistic frequency of the «cut» of the discharge current pulses 

С, µF 

600 750 900 1200 U0, kV 
Im1, 
kA 

N Nс/N Im1, 
kA 

N Nс/N Im1, 
kA 

N Nс/N Im1, 
kA 

N Nс/N 

1,5 18 6 1 21 7 1 25 6 1 30 6 1 

2 24 6 1 28 6 1 32 6 1 36 6 1 

2,34 29 7 1 32 6 1 38 6 1 42 6 1 

2,7 32 18 0,94 37 6 1 43 6 0,83 50 6 1 

3,4 42 30 0,8 46 6 0,83 50 6 0,83 56 6 0,5 

3,8 47 32 0,8 51 6 0,83 54 6 0,83 62 6 0 

4,25 52 27 0,78 57 12 0,5 60 6 0,5 67 6 0 

4,65 57 10 0,2 61 6 0 64 8 0 – – – 

 
Determination of the frequency of the «cut» pulse 

of the discharge current. The frequency of the «cut» 
pulse, which can be provided by the MPI, must be 
matched with the electrophysical characteristics and 
dimensions of the workpiece. For this we use the 
generalized similarity criterion τ* = ωτ [15], where ω is 
the circular frequency, τ is the time constant of the first 
approximation, τ = μ0γRd/2, μ0 is the magnetic constant. 
The generalized criterion τ* comprehensively takes into 
account the electrophysical characteristics (μ0, γ) and 
dimensions (R, d) of a thin workpiece, and also replaces 
two criterions d*= d/Δ and dR

* = d/R (Δ is the penetration 
depth of the electromagnetic field [17]). In a wide range 
of values of the damping coefficient of an exponentially 
damped sinusoid, the optimal value of the generalized 
criterion τ*, at which the amplitude of the negative 
pressure Pm2, acting on the workpiece, is maximum, is 
τ0

*= 0,8. Here, in the range 
0,5 ≤τ*≤1,4                                  (1) 

the value of Pm2 changes insignificantly [15, Fig. 4, 
curves 5–8]. 

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

7368 ≤ ω ≤ 20631,                        (2) 
1,173 ≤ f ≤ 3,284,                         (3) 

and also the criterion d* 
0,1768 ≤ d* ≤ 0,2958.                       (4) 

Values ω, f, d*, corresponding to τ0
*, equal to 

ω0 = 11789 1/s,   f0 = 1,876 kHz,  d0
* = 0,2236. 

Table 2 shows the values of the half-period duration 
T/2, ω, f obtained from the oscillograms of the current in 
the discharge circuit of the MPI, as well as of the criteria 
τ* and d*. 

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

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

 

Table 2 
Time and frequency parameters of the «cut» pulses of the 

discharge current and the values of the criteria τ*, d* 

С, µF 
Т/2, 
µs 

ω/103, 
1/s 

f, kHz τ* d* 

600 130 24,17 3,846 1,638 0,32 
750 150 20,94 3,333 1,44 0,30 
900 160 19,63 3,124 1,346 0,29 

1200 200 15,71 2,500 1,082 0,26 
 

Technological operations based on the expansion 
of tubular workpieces by «cut» pulses. When 
performing the described technological operations, it was 
taken C = 900 μF, U0 = 3.2 kV. The value of U0 was 
selected experimentally from the condition of achieving 
sufficient deformation of the workpiece. These 
parameters of the CES provide both a high probability of 
«cut» pulses (Table 1), and the recommended frequency 
of the «cut» pulse (Table 2, conditions (2), (3)). 

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

 

 

a 

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

parts of the die) 
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                           a                                                 b 

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

 

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

 

 
                         a                                                  b 

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

 

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

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

Conclusions. 
1. With the help of technological operations based on 

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

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

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

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

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

5. Magnetic-pulse pressing of tubular and solid 
cylindrical parts made of powder materials and then 
removing the technological conductive shell can be 
carried out with one «cut» current pulse. 
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A CALCULATION MODEL FOR DETERMINATION OF IMPEDANCE OF POWER 
HIGH VOLTAGE SINGLE-CORE CABLES WITH POLYMER INSULATION 
 
Introduction. The wave parameters of power cables with polymer insulation differ significantly from the parameters of overhead 
lines and power transformers. As a result, there are more and more objects in electrical networks for which the occurrence of 
complex multi frequency transients, accompanied by dangerous overvoltages, should be expected. Purpose. To develop a 
computational model of the complex impedance of high-voltage single-core power cables of coaxial design required to determine the 
frequency dependencies of the active resistance and inductance of the conductive core and metal shield, taking into account the 
surface effect and proximity effect. Methodology. The method is based on solving a system of linear algebraic Kirchhoff equations 
(SLAE) for magnetically coupled contours. SLAE can be used to calculate conductors taking into account the skin effect and 
proximity effect. Practical value. The developed model is the basis for determining the characteristic impedance of high-voltage 
single-core power cables in a wide range of frequencies required to establish adequate criteria for evaluating the parameters of 
high-frequency effects critical for cross linked polyethylene insulation. References 16, table 1, figures 7. 
Key words: power cables, complex resistance, magnetically coupled circuits, system of linear algebraic equations, conductor, 
screen, coefficient of irregularity of current distribution. 
 
Запропонована чисельна розрахункова модель визначення активного опору та індуктивності струмопровідної жили й 
металевого екрану силових одножильних кабелів коаксіальної конструкції з урахуванням поверхневого ефекту та ефекту 
близькості в широкому діапазоні частоти. Виконано в залежності від частоти порівняння коефіцієнтів нерівномірності 
розподілу струму по перетину струмопровідної жили кабелю. Показано, що збільшення товщини мідного екрану 
призводить до збільшення коефіцієнта нерівномірності розподілу струму по перерізу екрану та активного опору кабелю 
для частоти 100 кГц при незмінному перерізі струмопровідної жили. Розроблена модель є основою для визначення 
характеристичного імпедансу силових високовольтних одножильних кабелів в широкому діапазоні частоти, необхідного 
для встановлення адекватних критеріїв оцінки параметрів високочастотних впливів, критичних для зшитої поліетиленової 
ізоляції. Бібл. 16, табл. 1, рис. 7. 
Ключові слова: силові кабелі, комплексний опір, магнітозв’язані контури, система лінійних алгебраїчних рівнянь, 
струмопровід, екран, коефіцієнт нерівності розподілу струму. 
 
Предложена численная расчетная модель определения активного сопротивления и индуктивности токопроводящей жилы 
и экрана силовых одножильных кабелей коаксиальной конструкции с учетом поверхностного эффекта и эффекта 
близости в широком диапазоне частоты. Выполнено в зависимости от частоты сравнение коэффициентов 
неравномерности распределения тока по сечению токопровода. Показано, что увеличение толщины медного экрана 
приводит к увеличению коэффициента неравномерности распределения тока по сечению экрана и активного 
сопротивления кабеля для частоты 100 кГц при неизменном сечении токопроводящей жилы. Разработанная модель 
является основой для определения характеристического импеданса силовых высоковольтных одножильных кабелей в 
широком диапазоне частоты, необходимого для установления адекватных критериев оценки параметров 
высокочастотных воздействий, критичных для сшитой полиэтиленовой изоляции. Библ. 16, табл. 1, рис. 7. 
Ключевые слова: силовые кабели, комплексное сопротивление, магнитосвязанные контуры, система линейных 
алгебраических уравнений, токопровод, экран, коэффициент неравномерности распределения тока. 
 

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

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

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

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

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

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

Numerical determination of the active resistance 
and inductance of the current line, taking into account 
the skin effect and the proximity effect. Divide the 
conductor into a number of parallel branches (Fig. 1) –
current filaments. Each i-th branch has an active 
resistance Ri and an inductance Li, and due to the 
magnetic field is connected to the j-th branch. The mutual 
inductance between the i-th and the j-th branches is 
denoted as Mij. 
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Fig. 1. Layout of nodes along the cross section of the current 

line. The first node is in the center of the current line, the others 
are located radially. The line connecting the nodes determines 

the numbering order – counterclockwise 
 

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

    i

N

ij
jijiii E=IMj+ILj+R  




1
 , (1) 

where the first term   iii ILjR    determines the 

voltage drop on the active resistance and the intrinsic 
inductance of the i-th branch, and all other components 

 



1N

ij
jij IMj   are the voltage drops on the mutual 

inductance of the i-th branch with all other branches. 
Equation (1) contains N1 terms with unknown 

currents of parallel branches: I1, I2, ... Ii, ... Ij, ... IN. For 
each of N1 branches we write an equation similar to (1). 
We obtain a system of linear algebraic Kirchhoff 
equations (SLAE): 
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Write SLAE (2) in matrix form: 
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.(3) 

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

In some cases, the values of EMF acting in the 

branches of the current line are the same – sE . Then 

SLAE (3) takes the form: 
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.(4) 

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

The mutual inductance M12 between two coaxial ring 
contours with currents is calculated based on the 
analytical formula [16]: 
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where r1, r2 are the radii of the current lines (for single-
phase power cable of coaxial design r1 is the radius of the 
current-carrying core; r2 is the inner radius of the metal 

cable screen, respectively);
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is the distance between the planes of the current lines 
along the axis of symmetry; K(k) and E(k) are functions of 
complete elliptic integrals of the first and second kind: 
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The intrinsic inductance of a circular conductor of 
massive cross-section is calculated as the mutual 
inductance between two filamentary conductors of the 
same radius, located at a distance G from each other. 

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

4 e

r
G ,                                      (6) 

where е = 2.71828... is the basis of natural logarithms. 
As a result of solution (4), the currents in the 

branches I and the total current I∑ of all parallel branches 
of the current line are determined. 

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

v

s

rI
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LX
L    (7) 

where rv is the bending radius of the current line.  
Results of numerical modelling. The axis of 

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

Figures 2–4 show the effect of frequency on the 
distribution of currents I in branches N (Fig. 2), active 
resistance Rc (Fig. 3), equivalent inductance Lc (Fig. 4) of 
a copper conductive core of a power cable with a cross 
section of 240 mm2 (Fig. 2,a; curves 1 in Fig. 3, 4) and 
800 mm2 (Fig. 2,b; curves 2 in Fig. 3, 4), respectively. 

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

Figure 5 shows a layout of the location of the nodes 
at the intersection of the conductive core and the screen of 
the power single-core cable of coaxial structure. The 
results of numerical calculation of frequency-dependent 
active resistance and inductance L of the power cable with 
voltage of 110 kV with a cross section of a copper 
conductive core of 240 mm2 and a copper screen with 
thickness of 1 mm are shown in Fig. 6, 7, respectively. 
The active resistance of the cable R consists of the 
resistance of the conductive core Rc and the metal screen 
Rs: R = Rc + Rs. The equivalent inductance of the cable L 
includes the equivalent inductance of the conductive core 
Lс, the equivalent screen inductance Ls and the mutual 
inductance between core and screen. 
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Fig. 2. Influence of frequency on current distribution on 
branches N of the power current line (curve 1 – frequency 50 
Hz, curve 2 – 1 kHz, curve 3 – 10 kHz, curve 4 – 100 kHz, 

curve 5 – 1 MHz) 
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Fig. 3. Frequency dependencies of active resistance of copper 

power current line 
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                         a                                                  b 
Fig. 5. Layout of the nodes at the intersection of the conductive 
core and the screen with thickness of 1 mm (a) and 3 mm (b) 
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Fig. 6. Frequency dependence of the active resistance of a power 

cable of single-core design of voltage of 110 kV 
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Fig. 7. Frequency dependence of the equivalent inductance 
of a power cable of single-core design of voltage of 110 kV 

 

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

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

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

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

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

 
Table 1 

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

Cross section of the 
copper current line  

240 mm2 

Cross section of the 
copper current line 

800 mm2 

Frequency, 
Hz 

Kf KR Kf KR 

50 1,0156 1,0156 1,1546 1,1545 

100 1,0605 1,0605 1,4598 1,4598 

1000 2,3581 2,3581 3,9658 3,9655 

10000 6,5865 6,5865 9,2692 9,2686 

100000 14,3079 14,3079 19,4337 19,4337 

1000000 19,4332 19,4332 22,2853 22,2836 

 
Conclusions. 
For the first time, a computational numerical model 

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

The developed model is the basis for determining 
the characteristic impedance of high-voltage single-core 
power cables in a wide range of frequencies required to 
establish adequate criteria for evaluating the parameters 
of high-frequency effects critical for cross-linked 
polyethylene insulation. 

Based on the proposed computational numerical 
model, an appropriate technique can be developed to 
determine the frequency dependencies of the active 
resistance and inductance of a single-core power cable of 
coaxial design, which can be the basis for improving the 
accuracy of mathematical modelling of transients in cable 
lines arising at single-phase short circuits to the earth and 
other switchings in electric networks at bilateral 
grounding of the screen. 
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SIMULTANEOUS OPTIMAL INTEGRATION OF PHOTOVOLTAIC DISTRIBUTED 
GENERATION AND BATTERY ENERGY STORAGE SYSTEM IN ACTIVE 
DISTRIBUTION NETWORK USING CHAOTIC GREY WOLF OPTIMIZATION  
 
Goal. The integration of photovoltaic distributed generations in the active distribution network has raised quickly due to their 
importance in delivering clean energy, hence, participating in solving various problems as climate change and pollution. Adding the 
battery energy storage systems would be considered as one of the best choices in giving solutions to the mentioned issues due to its 
characteristics of quick charging and discharging, managing the quality of power, and fulfilling the peak of energy demand. The 
novelty of the proposed work is the development of new multi-objective functions based on the sum of the three technical parameters 
of total active power loss, total voltage deviation, and total operation time of the overcurrent protection relay. Purpose. This paper is 
dedicated for solving the allocation problem of hybrid photovoltaic distributed generation and battery energy storage systems 
integration in the standard IEEE 33-bus and IEEE 69-bus active distribution networks. Methodology. The optimal integration of the 
hybrid systems is formulated as minimizing the proposed multi-objective functions by applying a newly developed metaheuristic 
technique based on various chaotic grey wolf optimization algorithms. The applied optimization algorithms are becoming 
increasingly popular due to their simplicity, lack of gradient information needed, ability to bypass local optima, and versatility in 
power system applications. Results. The simulation results of both test systems confirm the robustness and efficiency of the chaotic 
logistic grey wolf optimization algorithm compared to the rest of the algorithms in terms of convergence to the global optimal 
solution and in terms of providing the best and minimum multi-objective functions-based power losses, voltage deviation and relay 
operation time values. Practical significance. Recommendations have been developed for the use of optimal allocation of hybrid 
systems for practical industrial distribution power systems with the renewable energy sources presence. References 32, tables 4, 
figures 9. 
Key words: photovoltaic distributed generation, battery energy storage system, active distribution network, optimal 
integration, multi-objective functions, chaotic grey wolf optimization algorithm.  
 
Мета. Інтеграція фотоелектричної розподіленої генерації в активну розподільчу мережу швидко зросла завдяки її 
важливості для доставки чистої енергії, отже, участі у вирішенні різних проблем, таких як зміна клімату та забруднення. 
Додавання акумуляторних систем накопичення енергії може бути розглянуто як один з найкращих варіантів вирішення 
зазначених питань завдяки своїм характеристикам швидкої зарядки та розрядки, управління якістю енергії та задоволення 
піку енергетичних потреб. Новизна запропонованої роботи полягає у розробці нових багатоцільових функцій на основі суми 
трьох технічних параметрів сумарних втрат активної потужності, загальних відхилень напруги та загального часу 
спрацьовування реле захисту від перевантаження по струму. Мета. Стаття присвячена вирішенню проблеми розподілу 
гібридних фотоелектричних розподілених систем генерації та інтеграції систем накопичення енергії в стандартні активні 
розподільчі мережі з 33-шинами IEEE та 69-шинами IEEE. Методологія. Оптимальна інтеграція гібридних систем 
сформульована як мінімізація запропонованих багатоцільових функцій шляхом застосування нещодавно розробленої 
метаевристичної методики, заснованої на різних хаотичних алгоритмах оптимізації сірого вовка. Застосовані алгоритми 
оптимізації стають дедалі популярнішими завдяки своїй простоті, відсутності необхідної інформації щодо градієнту, 
можливості обходу локальних оптимумів та універсальності в застосуваннях щодо енергосистеми. Результати. 
Результати моделювання обох тестових систем підтверджують надійність та ефективність хаотичного логістичного 
алгоритму оптимізації сірого вовка в порівнянні з іншими алгоритмами з точки зору збіжності до глобального 
оптимального розв‘язання та з точки зору забезпечення найкращих і мінімальних багатоцільових функцій на основі втрат 
потужності, відхилення напруги та значень часу спрацювання реле. Практичне значення. Розроблено рекомендації щодо 
використання оптимального розподілу гібридних систем для реальних промислових розподільчих енергосистем із наявністю 
відновлюваних джерел енергії. Бібл. 32, табл. 4, рис. 9. 
Ключові слова: фотоелектрична розподілена генерація, акумуляторна система накопичення енергії, активна 
розподільна мережа, оптимальна інтеграція, багатоцільові функції, хаотичний алгоритм оптимізації сірого вовка. 
 

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

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

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

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

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

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

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

2. Mathematical problem formulation.  
2.1. Multi-objective functions. In this paper, aim to 

optimally locate and size the hybrid PVDG and BESS 
sources into ADN, by minimizing simultaneously the 
technical parameters of Total Active Power Loss (TAPL), 

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

,
1 2 1

bus bus RN N N

i j j i
i j i

MOF Minimize TAPL TVD TOT
  

     .  (1) 

Starting by, the TAPL of the distribution line, that 
can be expressed by [26, 27] 
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where Rij is the line resistance; Nbus is the bus number; (δi, δj) 
and (Vi, Vj) are angles and voltages, respectively; (Pi, Pj) 
and (Qi, Qj) demonstrate active and reactive powers, 
respectively. 

The second term is the TVD, which is defined as 
[28, 29] 
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The final term, the TOT of NS-OCR, which is 
defined as [30] 
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where Ti is the operation time of relay; TDS is the time 
dial setting; M is the multiple of pickup current and VFM 
represent the fault voltage magnitude; IF and IP represent 
the fault and the pickup current, respectively; A, B, and K 
are the constants of relay, set to 0.14, 0.02, and 1.5, 
respectively; NR is the number of overcurrent relays. 

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

G PVDG BESS DP P P P APL    ,             (10) 

G DQ Q RPL  ,                      (11) 

where (QG, PG) represent the total reactive and active 
power from the generator; (QD, PD) represent the total 
reactive and active power of the load; (RPL, APL) are the 
reactive and active power loss, respectively; PPVDG and 
PBESS are the output powers generated from PVDG and 
BESS, respectively. 

2.3. Distribution line constraints would be given as 
inequality constraints 

min maxiV V V  ,                         (12) 

max1 jV V  ,                            (13) 

maxijS S ,                               (14) 
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where Vmin, Vmax are minimum and maximum of bus 
voltage limits; ΔVmax is the maximum of voltage drop 
limits; Sij is the apparent power in the distribution line and 
Smax is the maximum of apparent power. 

2.4. PVDG-BESS units constraints can be 
expressed as follow 

min max
PVDG PVDG PVDGP P P  ,                   (15)   

min max
BESS BESS BESSP P P  ,                   (16) 

1 1

( ) ( )
PVDG busN N

PVDG D
i i

P i P i
 

  ,                 (17)       

1 1

( ) ( )
BESS busN N

BESS D
i i

P i P i
 

  ,                 (18) 

2 Position busPVDG N  ,                 (19) 

2 Position busBESS N  ,                 (20)                                                                                                                          

.maxPVDG PVDGN N ,                   (21)  

.maxBESS BESSN N ,                   (22)   

, / 1PVDG in Location ,                 (23)  

, / 1BESS in Location ,                  (24)                                                                                      

where min
PVDGP , min

BESSP  are the minimum of output power 

injected by PVDG and BESS, respectively; max
PVDGP , 

max
BESSP  are the maximum of output power injected by 

PVDG, and BESS, respectively; NPVDG, NBESS are the 
PVDG and BESS units’ number, respectively; nBESS, 
nPVDG are the locations of PVDG and BESS units at bus i. 

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

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

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

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

   . pD C X t X t 
  

,                    (25) 

   1 .pX t X t A D  
  

,                   (26) 

where A


 and C


 designate the coefficient vectors; 

t designates the current iteration; pX


 is the best 

solution’s position vector obtained so far; X


 is the vector 
of position. 

The vectors A


 and C


 can be calculated using these 
equations 

2. .A a r a 
   

,                           (27) 

2.C r
 

,                               (28) 
where a is the decreased linearly from 2 to 0 over the 
iterations course (in exploration and exploitation phases); 
r


 is the vector randomly initiated with uniform 
distribution between 0 and 1. 

Hunting: in GWO, it is supposed that alpha (α), beta 
(β), and gamma (δ) have better knowledge about the 
prey’s potential location, the three best solutions obtained 
firstly so far are saved and obligate the other search 
agents (including the omegas) to update their positions 
according to the best search agent’s position 
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3.2. Chaotic maps. The various chaotic maps [32] 
used are represented by their mathematical equations:  
a. Chaotic Gauss: 
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b. Chaotic Singer: 

 2 3 4
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c. Chaotic Tent:  
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d. Chaotic Sine: 

 1 sin , 4
4k k

a
x x a   .              (39) 

e. Chaotic Logistic:  

 1 1 , 4k k kx ax x a    .          (40) 

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

Fig. 1. Single diagram of test systems:  a – IEEE 33-bus;   b – IEEE 69-bus 
 

Figures 2, 3 demonstrate the curves of convergence 
of the applied CGWO algorithms for both cases of 

optimal PVDG and hybrid PVDG-BESS installation in 
both test systems ADNs. 

 

      
                                                      a                                                                                                        b 

Fig. 2. Convergence curves of different CGWO algorithms for the IEEE 33-bus: 
a – PVDG;   b – PVDG-BESS 

 

      
                                                      a                                                                                                        b 

Fig. 3. Convergence curves of different CGWO algorithms for the IEEE 69-bus: 
a – PVDG;   b – PVDG-BESS 

 
By doing the analysis of both convergence curves, 

also for a maximum iterations’ number equal to 150, it 
can be noted that the CGWO_Logistic delivered the best 
minimization of MOF results for both cases of PVDG and 
hybrid PVDG-BESS presence in both test system ADNs, 

comparing to the other algorithms. 
For the case of only PVDG integration, the MOF got 

minimized by the CGWO_Logistic algorithm until 20.670 
for the first test system ADN, and until 39.043 for the 
second system ADN.  
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For the case of hybrid PVDG-BESS, the MOF got 
minimized by the CGWO_Logistic algorithm until 20.668 
for the first system, while for the second system it got 
minimized until 39.037, with noticing a late convergence 
characteristic in both cases studies for the two test 
systems which were in general, more than 100 iterations 
for all cases studies, except for the case of PVDG 
integration in second test system, where the 

CGWO_Logistic algorithm converges around 85 
iterations to attain the best solution. 

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

 

 

      
                                                      a                                                                                                        b 

Fig. 4. Boxplot of CGWO algorithms for the IEEE 33-bus: 
a – PVDG;   b – PVDG-BESS 

 

      
                                                     a                                                                                                        b 

Fig. 5. Boxplot of CGWO algorithms for the IEEE 69-bus: 
a – PVDG;   b – PVDG-BESS 

 

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

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

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

test systems ADNs.  
Tables 2, 4 show the optimized parameters and the 

results obtained when optimally locate and size all cases 
studies (PVDG and hybrid PVDG-BESS) by various 
CGWO algorithms in both test systems ADNs. 

From Tables 1–4 also when based on the 
comparison, it is clear among all the applied CGWO 
algorithms, that the best results and the minimum of 
MOF, was obtained by the CGWO_Logistic algorithm 
which provided the best values for the first test system 
ADN until 20.670 for the case of PVDG and until 20.668 
for the case of hybrid PVDG-BESS. Meanwhile, for the 
IEEE 69-bus ADN the CGWO_Logistic algorithm 
provided the best MOF value of 39.043 for the case of 
PVDG and a value until 39.037 for the case of hybrid 
PVDG-BESS.  
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Table 1 
Optimal location and sizing of all cases for the IEEE 33-bus 

Algorithms 
applied 

Cases 
Optimal 

buses 
Sizes 

(kW) 
PVDG 5-16-30 1446, 388.2, 405.4 

GWO 
Basic PVDG 

BESS 
5-14-24 
20-21-31 

327.8, 492.4, 1001 
-498.1, 516.8, 570.1 

PVDG 5-15-33 1242, 430.7, 408.7 
CGWO 
Gauss 

PVDG 
BESS 

5-13-27 
13-21-31 

2091, 300.0, 458.1 
5.7, 58.8, 477.6 

PVDG 5-14-32 1579, 401.6, 421.8 
CGWO 
Singer PVDG 

BESS 
3-5-33 

13-21-22 
1140, 859.9, 480.7 

457.7, -190.7, 239.7 
PVDG 4-13-32 1935, 470.4, 406.1 

CGWO 
Tent PVDG 

BESS 
13-24-30 
2-5-10 

585.0, 761.7, 601.8 
196.7, 5.5, 4.3 

PVDG 5-15-33 1605, 392.6, 350.1 
CGWO 
Sine 

PVDG 
BESS 

3-25-33 
5-16-25 

361.2, 300.0, 405.4 
1300.3, 372.2, 

319.8 
PVDG 5-16-30 1503, 370.4, 400.2 

CGWO 
Logistic 

PVDG 
BESS 

5-24-30 
3-15-26 

1346, 882.3, 488.9 
-270, 477.5, -353.6 

 

Table 2 
Optimal results of all cases integration for the IEEE 33-bus 

Algorithms 
applied 

Cases 
TAPL 
(kW) 

TVD 
(p.u.) 

TOT 
(sec) 

MOF 

Basic Case 210.987 1.812 20.574 – 
PVDG 95.612 1.088 19.495 20.674 

GWO 
Basic PVDG 

BESS 
83.020 1.077 19.516 20.673 

PVDG 128.474 1.364 19.257 20.677 
CGWO 
Gauss PVDG 

BESS 
104.813 1.079 19.524 20.677 

PVDG 92.112 1.062 19.523 20.674 
CGWO 
Singer PVDG 

BESS 
87.252 1.046 19.541 20.672 

PVDG 93.014 1.060 19.525 20.676 
CGWO 
Tent PVDG 

BESS 
87.510 1.103 19.491 20.671 

PVDG 124.961 1.318 19.293 20.675 
CGWO 
Sine PVDG 

BESS 
86.372 1.058 19.525 20.670 

PVDG 96.115 1.090 19.493 20.670 
CGWO 
Logistic PVDG 

BESS 
87.397 1.066 19.521 20.668 

 

 

Table 3 
Optimal location and sizing of all cases for the IEEE 69-bus 

Algorithms 
applied 

Cases 
Optimal 

buses 
Sizes 

(kW) 
PVDG 47-63-69 448.8, 946.4, 389.2 

GWO 
Basic PVDG 

BESS 
4-12-61 
13-64-68 

1755, 581.5, 691.5 
-143.0, 225.6, 151.0 

PVDG 4-60-69 1410, 1073, 459.7 
CGWO 
Gauss 

PVDG 
BESS 

5-63-69 
3-5-62 

670.5, 433.5, 300.0 
272.1, -1301, 540.2 

PVDG 12-38-62 388.8, 408.6, 974.4 
CGWO 
Singer PVDG 

BESS 
14-49-61 
4-8-56 

315.3, 477.4, 1192 
241.5, 69.8, -444.3 

PVDG 57-61-69 349.4, 772.7, 381.9 
CGWO 
Tent PVDG 

BESS 
12-56-69 
2-52-61 

453.0, 444.8, 326.9 
-550.1, -1200, 959.6 

PVDG 5-61-69 443.2, 982.9, 355.6 
CGWO 
Sine 

PVDG 
BESS 

49-61-69 
8-53-69 

434.1, 1097, 326.9 
2.7, -690.6, 704.7 

PVDG 4-61-69 707.2, 996.8, 348.9 
CGWO 
Logistic 

PVDG 
BESS 

16-50-61 
10-36-59 

320.5, 349.3,1256 
-147.0, 228.8, 280.4 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4 
Optimal results of all cases integration for the IEEE 69-bus 

Algorithms 
applied 

Cases 
TAPL 
(kW) 

TVD 
(p.u.) 

TOT 
(sec) 

MOF 

Basic case 224.945 1.870 38.772 --- 
PVDG 104.063 1.304 37.647 39.045 

GWO 
Basic PVDG 

BESS 
100.870 1.263 37.690 39.044 

PVDG 102.901 1.257 37.697 39.048 
CGWO 
Gauss PVDG 

BESS 
104.972 1.330 37.620 39.045 

PVDG 101.424 1.296 37.657 39.045 
CGWO 
Singer PVDG 

BESS 
98.993 1.280 37.667 39.047 

PVDG 100.252 1.274 37.681 39.046 
CGWO 
Tent PVDG 

BESS 
108.550 1.271 37.675 39.046 

PVDG 101.633 1.304 37.648 39.045 
CGWO 
Sine PVDG 

BESS 
102.082 1.264 37.678 39.045 

PVDG 101.078 1.303 37.649 39.043 
CGWO 
Logistic PVDG 

BESS 
78.497 1.137 37.821 39.037 

 

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

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

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

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

Also, this comparison could be improved when 
basing on the TAPL value, where it is reduced at the first 
system IEEE 33-bus ADN, from value of 210.987 kW at 
the basic case to 96.115 kW for the case of PVDG, and 
until 87.397 kW for the case of hybrid PVDG-BESS. 
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For the second system ADN, the TAPL got reduced 
from 224.947 kW to 101.078 kW for the case of PVDG 

and reduced until 78.497 kW for the case of hybrid 
PVDG-BESS installation. 

 

       
                                                   a                                                                                                           b 

Fig. 6. Active power losses in branches: 
a – IEEE 33-bus;   b – IEEE 69-bus 

 

Figure 7 represents the voltage deviation for all 
cases studies of the optimal integration of PVDG and 

hybrid PVDG-BESS units in the two standards test 
systems ADNs. 

 

      
                                                   a                                                                                                           b 

Fig. 7. Bus voltage deviation: 
a – IEEE 33-bus;   b – IEEE 69-bus 

 

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

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

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

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

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

As mentioned previously in Fig. 7, the minimization 
of the voltage deviation, consequently led to the 
enhancement of the voltage profiles, due to the fact that 
the voltage deviation is represented as the difference 
between the nominal voltage of 1 p.u., and the voltage 
value at the basic case. 
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a 

 
b 

Fig. 8. Voltage profiles of buses: 
a – IEEE 33-bus;   b – IEEE 69-bus 

 

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

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

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

 

 
a 

 

 
b 

Fig. 9. Overcurrent relay operation time: 
a – IEEE 33-bus;   b – IEEE 69-bus 

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

5. Conclusion. 
In this paper, a study of comparison was carried out 

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

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

Based on the previous discussion, the future work 
will focus on implementing the Distributed Static Var 
Compensator in addition to the battery energy storage 
systems to improve the performance of the studies 
systems, while considering new technical indices, also the 
distributed generation power outputs and the load demand 
variation at the different sessions of the year. 
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INVESTIGATION OF ORIENTATION IMPACT ON ELECTRICAL POWER OF 
BIFACIAL SOLAR ELEMENTS 
 
Purpose. To develop the integrated mathematical model for definition of bifacial solar element rational power operation in the 
various operation conditions caused by orientation of solar panels and power influence. Methodology. We have proposed the method 
of definition of bifacial solar elements irradiation and temperature mode and also electric power production at various orientation of 
panels. Results. We have made analytical investigations of temperature operation conditions of solar elements and their influence on 
electrical power for various panels orientation in space. Features of irradiation of the forward and back parts of solar panels, 
conditions of a temperature operating mode and its influence on electric power production are shown. Possibilities of rational 
conditions of spatial panels orientation are considered. Originality. We have suggested and proved the model of definition bifacial 
irradiation solar panels and thermal conditions of electric power production and also rational conditions of spatial orientation of 
panels. Practical value. The developed by us methodology as well as results of its application, allows to choose rational architecture 
of a solar power station with high efficiency. References 13, figures 5.  
Key words: bifacial solar photo panels, irradiation of solar panels, orientation of solar cells, power generation. 
 
Розроблений метод аналітичного визначення опромінення, температурного режиму, а також вироблення електроенергії 
двосторонніх сонячних елементів при різній орієнтації панелей. Створено інтегральну математичну модель для оцінки 
енергетичного режиму роботи сонячних елементів при змінних кліматичних умовах і просторових настановних 
характеристик. Проведені аналітичні дослідження роботи сонячних елементів. Показані особливості опромінення 
передньої й тильної сторін сонячних панелей, умови формування температурного режиму роботи і його впливу на 
вироблення електроенергії. Розглянуто можливості формування раціональних умов просторової орієнтації панелей за 
фактором електричної продуктивності. Використання запропонованої методики й результатів аналізу, проведених на її 
основі, дозволяє вибрати раціональну архітектуру сонячної електростанції високої ефективності. Бібл. 13, рис. 5. 
Ключові слова: двосторонні сонячні фотопанелі, опромінення сонячних панелей, орієнтація сонячних елементів, 
виробництво електроенергії. 
 
Разработан метод аналитического определения облучения, температурного режима, а также выработки электроэнергии 
двухсторонних солнечных элементов при различной ориентации панелей. Создана интегральная математическая модель 
для оценки энергетического режима работы солнечных элементов при переменных климатических условиях и 
пространственных установочных характеристиках. Проведены аналитические исследования работы солнечных 
элементов. Показаны особенности облучения передней и тыльной сторон солнечных панелей, условия формирования 
температурного режима работы и его влияния на выработку электроэнергии. Рассмотрены возможности формирования 
рациональных условий пространственной ориентации панелей по фактору электрической производительности. 
Использование предложенной методики и результатов анализа, проведенных на ее основе, позволяет выбрать 
рациональную архитектуру солнечной электростанции высокой эффективности. Библ. 13, рис. 5. 
Ключевые слова: двухсторонние солнечные фотопанели, облучение солнечных панелей, ориентация солнечных 
элементов, производство электроэнергии. 
 

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

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

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

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

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

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

The method [10] developed for the conditions of 
Ukraine can be used for the analytical description of 
surface irradiation. According to it, the intensity of the 
radiation flux is determined for the horizontal surface as a 
function of geographical parameters, seasonality and time 
of day. Correction R, which specifies the slope and 
orientation of the surface, which is represented as the ratio 
of the flux of direct solar radiation, which flows normally 
on the inclined surface, to the radiation flux on the 
horizontal surface, is defined as: 
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where Hd is the arrival of diffusion radiation on the 
horizontal surface as part of the integrated radiation on 
the horizontal surface H; Rb is the ratio of direct solar 
radiation on the inclined and horizontal surface; β is the 
angle of inclination of the surface; ρ is the reflectivity of 
the soil. 

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

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

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

For the back side of the receiver oriented on the S-N 
axis, the direct component is absent, respectively, the 
component of the reflected radiation for the reverse side 
should not include direct radiation. Thus, for the back side 
of the surface oriented along the S-N axis, the ratio of 
radiation fluxes Rr is determined as 
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For surfaces oriented along the E-W axis, the 
calculation method is the same, but for the surface «east» 
orientation the azimuth angle γ = + 90°, for «west»           
γ = –90°. The straight component for the back side 
appears after noon at the zenith angle θZ ≥ 90 – β. 

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

The energy balance equation for bifacial SE can be 
represented as 
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where ηph is the coefficient of efficiency of conversion of 
solar energy into electricity (efficiency); U is the heat loss 
coefficient; Tab is the absorber temperature; Ta is the 
outside air temperature; indices: a – the obverse side of 
the SE; r – the reverse side of the CE.  

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

)](1[maxmax. STabpSTph TTαηη  ,           (4) 

where ηmaxST is the efficiency of the solar element at the 
point of maximum power under standard conditions; αp is 
the temperature power factor of the SE, K–1; TST is the 
temperature of the solar element under standard conditions. 

Under standard conditions they understand the 
following: the flux density of solar radiation HST = 1 kW/m2, 
the surface temperature of the SE TST = 25 С. 

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

The solution of the energy equation taking into 
account the presented dependencies on the temperature of 
the absorber of bifacial radiation has the form 
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The electric power of the SE should be found taking 
into account its temperature [12] 
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where Prat is the rated power of the SE under standard 
conditions; kr.e is the coefficient of reduction of efficiency 
of the SE. 

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

 

eraera ηRHRHηHHH  .          (7) 

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

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

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

 

 
Fig. 1. Daytime thermogram of the absorber in the summer for various orientations, angles of inclination and types of the SE  

(one-facial – 1s, bifacial – 2s): 
1 – S-N,90°,2s;   2 – E-W,90°,2s;   3 – S-N,45°,2s;   4 – E-W,45°,2s;   5 – S-N, 45°,1s;   6 – E-W,45°,1s 

 

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

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

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

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

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

 

 
Fig. 2. Radiation flux density on the SE at S-N orientation 

and angle of inclination 45°  
(direction of the sides: 1 – north; 2 – south; 3 – total) 

 
Irradiation of the eastern side at the E-W orientation 

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

 

 
Fig. 3. Radiation flux density on the SE at E-W orientation 

and angle of inclination 45°  
(direction of the sides: 1 – east; 2 – west; 3 – total) 

 

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

Figure 4 presents data on the daily development of 
panel performance in the two considered orientations in 
the summer. At the direction along the S-N axis, the main 
time of electricity production is the middle of the day, for 
E-W – the beginning and end of the day. The same 
dependencies are characteristic of other periods of the 
year. The integrated amount of power generation that can 
be produced in daylight at the S-N orientation is less than 
at the E-W. Regarding the data in Fig. 4, then in July its 
level is 1534 Wh/m2 and 1864 Wh/m2, respectively.  

 

 
Fig. 4. Power of electric generation of the SE in the 

development of the day for the summer period at an angle of 45° 
and orientation: 

1 – S-N;   2 – E-W;   3 – (S-N) + (E-W) 
 

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

These features can be opportunistically attractive in 
practice, and for some consumers this situation may be 
favorable. However, presented in Fig. 4 data allow to 
draw an important conclusion for practical application. 
The alignment of curves 1 and 2 shows that the 
simultaneous operation of panels with different 
orientations equalizes the performance of the station 
during daylight. The total production of electricity by 
panels of different orientation (curve 3) is characterized 
by increased uniformity and controlled integrated filling 
of the daily schedule. For example, the amount of daily 
total electricity production at the same ratio of the sizes of 
multidirectional panels for the data in Fig. 4 is 1699 
Wh/m2. Changing the ratio of the number of panels with 
different orientations allows to increase or decrease daily 
productivity in the range of levels of components of 
orientation and manage the noon decline in production. In 
this way, it is possible to adjust the schedules of 
production and consumption of energy. 
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From the analysis of the influence of the SE 
orientation on productivity it follows that the worst 
conditions of electricity generation are observed at the 
direction along the S-N axis and the angle of inclination 
of 90°. The E-W orientation is best at different angles. 
The effect of the slope on productivity in the summer is 
manifested to a large extent only for the installation of the 
SE on the S-N axis. Electrical performance increases with 
decreasing slope. In the period from September to April, 
the efficiency of the SE depends little on the installation 
angle. During this period, the main influence is the 
orientation of the SE. 

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

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

 

 
Fig. 5. Annual electricity production depending on the 

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

 
Conclusions.  
A method for determining the bifacial irradiation of 

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

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

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

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

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

3. Combining photo panels with different methods of 
spatial placement allows to manage the level of electricity 
production during daylight hours, adjusting the schedules 
of production and energy consumption. Changing the 
ratio of the number of panels with different orientations 
allows to increase or decrease the daily productivity in the 
range of levels of components of orientation and to 
manage the level of the noon decline in electricity 
production. 
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VALIDATION OF OPTIMAL ELECTRIC VEHICLE CHARGING STATION 
ALLOTMENT ON IEEE 15-BUS SYSTEM 
 
Introduction. The diminishing conventional energy resources and their adverse environmental impacts compelled the researchers and 
industries to move towards the nonconventional energy resources. Consequently, a drastic paradigm shift is observed in the power and 
transportation sectors from the traditional fossil fuel based to the renewable energy-based technologies. Considering the proliferation of 
electric vehicles, the energy companies have been working continuously to extend electric vehicle charging facilities. Problem. Down the 
line, the inclusion of electric vehicle charging stations to the electric grid upsurges the complication as charging demands are random in 
nature all over the grid, and in turn, an unplanned electric vehicle charging station installation may cause for the system profile 
degradation. Purpose. To mitigate the problem, optimum allocation of the charging stations in existing power distribution system in a 
strategic manner is a matter of pronounced importance in maintaining the system stability and power quality. In this paper, optimum 
allocation of electric vehicle charging stations in IEEE 15-bus system is studied in order to minimize the highest over and under voltage 
deviations. Methodology. Primarily, voltage stability analysis is carried out for identification of the suitable system nodes for the 
integration. Voltage sensitivity indices of all the system nodes are calculated by introducing an incremental change in reactive power 
injection and noting down the corresponding change in node voltage for all nodes. Henceforth, dynamic load-flow analysis is performed 
using a fast and efficient power flow analysis technique while using particle swarm optimization method in finding the optimal locations. 
Results. The results obtained by the application of the mentioned techniques on IEEE 15-bus system not only give the optimum feasible 
locations of the electric vehicle charging stations, but also provide the maximum number of such charging stations of stipulated sizes 
which can be incorporated while maintaining the voltage profile. Originality. The originality of the proposed work is the development of 
the objective function; voltage stability analysis; power flow analysis and optimization algorithms. Practical value. The proposed work 
demonstrates the detailed procedure of optimum electric vehicle charging station allotment. The experimental results can be used for the 
subsequent execution in real field. References 15, table 1, figures 4. 
Key words: electric vehicle charging station, optimal allotment, IEEE 15-bus system, voltage stability analysis, load-flow 
analysis, particle swarm optimization.  
 
Вступ. Зменшення традиційних енергетичних ресурсів та їх несприятливий вплив на навколишнє середовище змусили 
дослідників і галузі промисловості перейти до нетрадиційних енергетичних ресурсів. Отже, в енергетичному та 
транспортному секторах спостерігається кардинальна зміна парадигми від традиційного викопного палива до технологій, 
що базуються на відновлюваних джерелах енергії. Беручи до уваги розповсюдження електромобілів, енергетичні компанії 
постійно працюють над розширенням потужностей для зарядки електромобілів. Проблема. Включення зарядних станцій для 
електромобілів до електричної мережі викликає ускладнення, оскільки вимоги до зарядки мають випадковий характер по всій 
електромережі, і, в свою чергу, незапланована установка зарядної станції для електромобілів може призвести до погіршення 
профілю системи. Мета. Щоб полегшити проблему, оптимальне розміщення зарядних станцій в існуючій системі розподілу 
електроенергії стратегічним чином є питанням надзвичайно важливого значення для підтримки стабільності системи та 
якості електроенергії. У цій роботі вивчається оптимальне розміщення зарядних станцій для електричних транспортних 
засобів в 15-шинній системі IEEE з метою мінімізації найвищих відхилень напруги вгору та донизу. Методологія. В першу 
чергу, проводиться аналіз стабільності напруги для ідентифікації відповідних вузлів системи для інтеграції. Показники 
чутливості до напруги всіх вузлів системи обчислюються шляхом введення поступової зміни подачі реактивної потужності 
та відмітки відповідної зміни вузлової напруги для всіх вузлів. Надалі динамічний аналіз потоку навантаження виконується за 
допомогою швидкого та ефективного методу аналізу потоку потужності, використовуючи метод оптимізації рою частинок 
для пошуку оптимальних місць розташування. Результати. Результати, отримані при застосуванні зазначених методів на 
15-шинній системі IEEE, не тільки дають оптимально можливе розташування зарядних станцій електромобілів, але також 
забезпечують максимальну кількість таких зарядних станцій встановлених розмірів, які можна включити, зберігаючи профіль 
напруги. Оригінальність. Оригінальність запропонованої роботи полягає у розвитку цільової функції; у аналізі стабільності 
напруги; у алгоритмах аналізу та оптимізації потоку потужності. Практичне значення. Запропонована робота демонструє 
детальну процедуру оптимального розподілу станцій зарядки електромобілів. Результати експериментів можуть бути 
використані для подальшої реалізації в реальних умовах. Бібл. 15, табл. 1, рис. 4. 
Ключові слова: зарядна станція для електромобілів, оптимальний розподіл, 15-шинна система IEEE, аналіз 
стабільності напруги, аналіз потоку навантаження, оптимізація рою частинок. 
 

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

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

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

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

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

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

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

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

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

To objective function is defined as 
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The voltage of the (j + 1)th node of the ith path is 
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where i = 1, ..., TN and j = 1, ..., N(i) – 1; i represents the 
main feeder, lateral or sublateral number of the 
distribution network; ith path signifies the paths associated 
with main feeder, laterals, and sub-laterals; TN is the total 
number of paths of the network; j is the index for 
representing the nodes and branches of the ith path; N(i) is 
the maximum number of nodes present in the ith path. As 
number of branches present in a path is exactly 1 less than 
the number of nodes, the total number of branches of the 
ith path is N(i) – 1. Henceforth, [FB (i, j)] presents the 
branches of the ith path and for j = N(i) – 1, [FB (i, j)] 
denotes the last branch of the associated ith path. [FN(i, j)] 
indicates the nodes of the allied ith path. For j = N(i) – 1, 
[FN (i, j)] presents the node just before the last node. 
[FN(i, j+1)] presents the last node of the ith path. Edevihighest 
is the highest voltage (over and under voltage) errors 
among the node voltages of the distribution system; Vref is 
the reference bus voltage, which is taken as (1 + j0) pu. 
The voltage of main feeder first node V [FN (1,1)] = (1 + 
+ j0) pu. V[FN(i,1)] denotes the first node voltage of the 
ith path. V[FN(i, j)] is the jth node voltage of the ith path. 
Z[FB(i, j)] represents the jth branch impedance of the 
ith path. PS[FB(i, j)] and QS[FB(i, j)] are the active and 
reactive power flows of the [FB(i, j)] branch. 

Decision variables. EVCS locations. 
An array named EVCSLOCS is assigned to store the 

decision variables of the proposed optimization problem, 
i.e., the randomly generated EVCS locations 

],,...,

,...,,...,[ 1

n

i

EVCSLOCS

EVCSLOCSEVCSLOCSEVCSLOCS 
   (3) 

where EVCSLOCSi denotes the ith EVCS location among 
total n number of EVCS locations. 

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

Maximum powers of the EVCSs. 
Two arrays named PEVstn and QEVstn are assigned to 

hold the active and reactive power capacities of the 
EVCSs 
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],...,,...,[ 1 EVstnnEVstniEVstnEVstn PPPP  ;           (4) 

],...,,...,[ 1 EVstnnEVstniEVstnEVstn QQQQ  ,        (5) 

where n is the numbers of EVCSs are to be allocated; 
PEVstni and QEVstni are an active and reactive power 
capacities of ith EVCS (EVCSi) respectively.  

Bus voltage constraints. 

maxmin )],([ VjiFNVV                     (6) 

where V[FN(i, j)] represents the node voltages of the 
distribution network. 

The Vmin and Vmax are taken as 0.9 pu and 1.1 pu 
respectively for primary distribution. 

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

n

n
n Q

V
VSI
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where Qn and Vn represent the incremental changes in 
nth node reactive power Qn and voltage Vn respectively. 
The term (Qn/Vn) represents the ratio of the two 
incremental changes. Vn/Qn is the reciprocal of the 
aforesaid ratio. It denotes the incremental change in node 
voltage Vn subjected to a corresponding incremental 
change in reactive power Qn and is called the VSI of the 
nth node.  

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

4. Power flow analysis. An efficient power flow 
analysis method [15] is utilized along with the PSO 
optimization technique for dynamic power flow and node 
voltage calculation. The governing equations of this 
method are 
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where, i = 1, ..., TN and j = 1, ..., N(i) – 1. The notations 
used in this section are like the notations mentioned in 
«objective function» section. V[FN(i, j)], I[FB(i, j)], 
LP[FB(i, j)] and LQ[FB(i, j)] are the relevant node 
voltage, line current, line active and reactive power losses 
respectively. The active and reactive power flows from 
the branch [FB(i, j)] are PS[FB(i, j)] and QS[FB(i, j)] 
respectively, which are dependent upon the values of 

LP[FB(i, j)], LQ[FB(i, j)], PL[FN(i, j)], QL[FN(i, j)] and 
the system configuration. PL[FN(i, j)] and QL[FN(i, j)] are 
the load active and reactive powers connected to the 
[FN(i, j)] node. The subscript «new» represents the 
running iteration of power flow, whereas subscript «old» 
denotes the previous iteration. 

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

The governing equations for PSO algorithm are 
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and  
)()1()( tVtXtX iii  ,                    (13)  

where Xi and Vi symbolize the position and velocity of the 
ith particle, and are denoted by Xi = [xi1, ..., xin] and 
Vi = [vi1, ..., vin]. These are the arrays, which contain the 
position and velocity of the ith particle. Pi and G are the 
arrays containing the local best position of the ith particle 
and global best position of all the particles of the swarm 
ever visited in each iteration. Symbol «t» represents the 
current iteration number and (t – 1) signifies the previous 
iteration number, 1 ≤ t ≤ ITmax, where ITmax is the 
maximum iteration number. 

When t = 1 the Vi(t – 1), Xi(t – 1), Pi(t – 1) and 
G(t – 1) present Vi(0), Xi(0), Pi(0) and G(0) respectively. 
These are the 0th iteration (initial) values of velocity, 
position, best position of ith particle and global best 
position of the entire swarm. Before starting the iteration 
process, initialization of all the particles’ position, 
velocity, particles’ best position and global best position 
of the entire swarm is accomplished. The entire swarm 
size or population of all the particles is denoted by npop. 
Therefore, 1 ≤ i ≤ npop. At first, xi1 to xin (the positions of n 
numbers of decision variables) of all the particles are 
initialized by generating random values in n dimensional 
search space. Velocities (Vi) of all the particles are 
initialized by storing zeros. After initialization of 
particles’ position and velocity arrays, the objective 
function is calculated. Particle’s best position Pi is 
initialized by assigning the same initial random values 
stored inside the Xi array for all particles. Particle’s initial 
objective function value is stored inside the particle’s best 
objective function array for initialization. Global best 
objective function is initialized by taking (0) or (inf) for 
the maximization and minimization problems 
respectively. Gradually, with the initialization of each 
particle’s best values; continuous updating of global best 
values (global best position G along with global best 
objective function value) for the entire swarm is 
completed to achieve the final initialized global best 
values.  is the inertia coefficient. At first iteration, 
usually its value is taken as 1 for the entire swarm and 
gradually at successive iterations, its value decreases to 
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almost zero if damping inertia coefficient, damp is 
introduced. (t) = (T – 1)damp. c1, c2 are the cognitive 
and social parameters respectively, and r1, r2 denote 
random numbers. 

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

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

 

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

 

 
Fig. 2. IEEE 15-bus system 

 
Fig. 3. Normalized voltage sensitivity indices of 15-bus system 

 
It is observed that node number 13 is inappropriate 

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

of this node is very high. The other two nodes, i.e. nodes 
4 and 5, can be considered for EVCS integration. After 
sensitivity analysis, gradually augmented numbers of 
identical EVCSs are approached to investigate the effect 
of newly integrated EVCSs upon the system voltage 
profile. The motive is to find out the maximum number of 
such EVCSs that the network can accommodate without 
compromising the voltage profile. The proposed power 
flow collaborated PSO technique is utilized for this 
purpose. For the execution of the PSO algorithm, the 
value of damp is taken as 0.99. c1 and c2 are set to 0.5 
each. r1 and r2 are taken from the uniform distribution 
interval [0 1]. For deciding the capacity of each EVCS, 
maximum 2 EV charging requirement per EVCS is 
considered. Considering 8 kW DC charger, the total 
power consumed by 2 EVs are 16(2×8) kW DC. Rectifier 
efficiency is 90 %. Henceforth, the rectifier input power is 
17.78 (16×100/90) kVA AC. Taking grid load power 
factor as 0.7, the active and reactive powers drawn from 
the grid by each EVCS are 12.446 (17.78×0.7) kW and 
12.7 (17.78×0.7141) kVAR correspondingly. The per unit 
values of these powers are 0.00012446 pu and 0.000127 pu. 
Four trials are carried out considering 2, 3, 4 and 5 EVCS 
allocation. In each trial, the global best values i.e. 
optimum values of highest over and under voltage 
deviations (Eovervol–h and Eundervol–h) along with the 
optimum EVCS locations are captured. The results are 
illustrated in Table 1. 

Table 1 
Optimum feasible EVCS locations for gradually augmented 

EVCS numbers along with the optimum voltage errors 

No. of 
EVCSs 

↓ 

Optimum feasible 
EVCS Locations → 

Eovervol–h 
(in pu) 

Eundervol–h 
(in pu) 

2 9 10    0.0472 0 

3 8 9 10   0.0475 0 

4 7 8 9 10  0.0478 0 

5 3 8 9 10 10 0.483 0 

 

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

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

EVCS for 15-bus system 
 

8. Conclusions. 
Optimal allocation of electric vehicle charging 

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