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ABSTRACT 

The work is devoted to the development of a control system for a wind generator with the use of a switched reluctance motor. 

The search for new structures for the construction of the power unit and control system of electromechanical systems of wind power 

complexes is an urgent task of today. The most common construction options for such systems include double-fed induction motors 

and permanent magnet synchronous generators. In the first case there is no possibility of full control of the flow of power transmitted 

to the network, and in the second case the main disadvantage is the high cost of such an electric machine, which is explained by the 

use of rare earth materials in its design. The use of a switched reluctance motor as a generator has significant differences compared to 

similar use of electric machines based on torque generation due to the Lorentz force. A mathematical model of the electromechanical 

system of a wind generator with a switched reluctance motor  in the Matlab / Simulink environment was developed. It was shown by 

mathematical modeling that when changing the sign of load torque, the machine does not go into braking mode independently, as is 

the case with other electric machines. This creates considerable difficulties in the operation of such a system, since the transition to 

brake mode requires a change in control effects on the switched reluctance motor. Features of functioning of the switched reluctance 

motor in the mode of regenerative braking have been stated. The limits of change of control angles which allow to receive the 

maximum amount of the generated electric energy and reduction of pulsations of brake torque of the machine have been defined. The 

structure of the control system of a switched reluctance motor has been developed, which involves the use of a modified speed 

controller, which divides its output signal into a sign function, which is subsequently used to select the converter control angles, as 

well as the absolute value used in the operation of the modulation algorithm of the required current magnitude . 
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INTRODUCTION. FORMULATION OF 

RESEARCH OBJECTIVES 

The development of technologies has helped to 

reduce the cost of developing and implementing 

wind turbines, which has created conditions for 

making this area more competitive with respect to 

the use of fossil fuels. Offshore wind energy is 

currently more competitive per kilowatt compared to 

new coal / gas plants across most of the EU, 

Australia, Brazil, Chile, Mexico, New Zealand, also 

in some Indian and US territories. This trend results 

in a high proportion of energy generated by wind 

installations (> 30 %) that are integrated into the 

grid. At the same time, the main tasks and problems 

that need to be addressed relate to the efficient and 

reliable use of the existing grid, provided that it is 

integrated into its structure of renewable energy 

sources. As wind energy increases, the structure and 

dynamics of the grid will change significantly in the 

coming decades. At the same time, the structure of 

wind turbines is also undergoing 

significantdevelopment as new types of electric
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machines emerge, with some advantages over 

existing ones. Typical wind turbines include the use 

of double-fed induction machines or permanent 

magnet synchronous machines. The paper proposes 

to consider the structure and principle of control of 

an electromechanical system of a wind turbine with 

switched reluctance motors. 
The purpose of this work is to investigate 

ways of constructing the structure of a control 
system for a switched reluctance motor in the 
structure of a wind generator and to study the means 
of optimal calculation of control angles in order to 
obtain the maximum amount of electrical energy. 

To achieve this goal in the work, we must solve 
the following tasks: 

– to analyze the mathematical description of the
switched reluctance motor in order to obtain an 
analytical relationship between its state variables 
and the input electrical power; 

– to develop a mathematical model of a
switched reluctance motor that would allow to study 
energy performance in the motor and generator 
mode of operation; 

– synthesize an approach to the optimum choice
of converter control angles in order to maximize the 
amount of electricity received. 

This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/deed.uk
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ANALYSIS OF EXISTING STRUCTURES 

OF WIND TURBINES 

Recent trends indicate that wind energy will 
play an important role in meeting future energy 
needs in order to reduce dependency on produced 
fuels and minimize the adverse effects of climate 
change. The use of wind energy is the technology 
that is most actively developed among renewable 
energy technologies. In the last two decades, wind 
energy use has been the most promising renewable 
energy technology through the development of wind 
turbines, aerodynamics, variable speed generators, 
power electronics, and microprocessor technology 
used in control. 

Fig. 1 presents a structure of a wind turbine for 

a constant speed that uses an induction generator 

with a squirrel-cage rotor connected directly to the 

grid through a matching transformer. Capacitors are 

needed to compensate for the reactive power 

consumed by the induction generator. The main 

disadvantages of using induction generators with a 

constant speed of rotation are the consumption of 

reactive power, considerable mechanical loads and 

poor quality of the generated electricity. In a wind 

turbine with a constant speed of rotation, 

fluctuations in wind speed lead to mechanical torque 

oscillations and lead to fluctuations in electrical 

power. Thus, power fluctuation data can lead to 

significant voltage fluctuations in a weak power 

system. This system does not provide any speed 

stabilization, it requires considerable power to the 

power supply, and its mechanical design must be 

able to withstand high mechanical loads. 

 

Gear

Wind 

turbine
Induction generator 

with squirrel-cage 

rotor

Capacitor 

battery

Power 

grid

Transformer

 
Fig. 1. Structure of a wind generator with a constant speed 

Source: compiled by the author 

Currently, wind turbine structures with variable 

speed are quite popular due to their numerous 

advantages such as: increasing the amount of 

electricity generated, maximizing power output, 

improving efficiency and improving the quality of 

electricity. Most modern installed turbines use a 

double-fed induction generator as a variable-speed 

wind turbine using a gearbox, as shown in Fig. 2. 

The advantage of this technology is that a reduced 

power converter (30 % of full power) can be 

connected to the rotor circuit instead of the stator 

circuit. 
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Fig. 2. Structure of variable speed wind turbine based on double-fed induction machine 
Source: compiled by the author 

In this configuration, the stator is directly 

connected to the power grid and the rotor is 

connected to it through a semiconductor converter to 

control the rotor speed and electrical frequency. 

Depending on the size of the frequency converter 

(which is typically rated at 30% of the rated power 
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of the generator), this circuit is capable of operating 

over a wide range of speeds. As a rule, the angular 

velocity range is ± 30 % of the synchronous speed, 

which makes this concept attractive and 

economically popular. When the generator is 

operating at supersynchronous speed, electrical 

power is transmitted to the power grid through the 

stator and rotor. When the generator is running at 

sub-synchronous speed, electricity is transferred to 

the rotor from the grid. 

Consider a gearless wind turbine based on a 

permanent magnet synchronous generator with 

variable speed. In this configuration, the generator’s 

rotor is directly connected to the turbine’s rotor 

without the use of gearbox, and the generator is 

connected to the power grid / load via a power 

converter that is rated at full power, as shown in 

Fig. 3. 

 

Wind 

turbine Permanent magnet 

synchronous generator

Power 

grid

Transformer
Bi-directional 

power converter

 
Fig. 3. Direct-drive gearless generator based on permanent magnet synchronous generator 

Source: compiled by the author 

This configuration is most suitable for full 

power control since it connects to the power grid 

through a power converter. The permanent magnet 

synchronous generator used in this scheme is a low-

speed generator with a corresponding number of 

pole pairs capable of producing high torque at low 

speed. The power converter is designed for the full 

power of the generator and can transmit power to the 

electrical power grid throughout the speed range. 

The power semiconductor converter used in this 

scheme has two main tasks: to operate as an energy 

buffer (DC link) for power fluctuations caused by 

the wind installation, and to smooth transients 

coming from the power grid. This structure enables 

the synthesis of active and reactive power control 

systems. 

The main properties of wind turbines based on 

a permanent magnet synchronous generator: 

• gearless operation and increased reliability; 

• simple structure, smaller size and cost; 

• low mechanical and electrical losses; 

• higher power factor and efficiency; 

• absence of any requirements for the supply of 

reactive power; 

• higher cost and higher power converter losses; 

• there is no need for any external excitation. 

This type of wind turbine has better reliability 

than the system based on double-fed induction 

generator, has better efficiency and is simpler. At the 

same time, the requirements for generating reactive 

power can be met by appropriate control of the 

power converter, both for the double-fed induction 

generator and for the direct drive wind turbine with 

the full-rated power converter. 
As already mentioned, the most popular types 

of electric machines used in the structure of wind 
turbines are double-fed induction machines and 
permanent magnet synchronous generators. 
However, switched reluctance motor can also be 
considered as a good alternative because they have 
high energy efficiency when changing angular speed 
over a wide range. However, it is important to note 
the significant advantages of such a generator, which 
are the majority of mechanical strength and 
reliability, high efficiency, low cost of manufacture 
due to the absence of permanent magnets in the 
structure of the machine. The disadvantages of such 
a system can be attributed to the presence of torque 
oscillations, acoustic noise, the need to install a 
position sensor, as well as the development of a 
system that is able to provide high efficiency and 
reliability of the wind generator in a wide range of 
changes in its angular speed. This is the solution to 
the last question. 

SYNTHESIS OF MATHEMATICAL 
MODEL OF ELECTROMECHANICAL 

SYSTEM WITH SWITCHED RELUCTANCE 
MOTOR 

The difficulty of solving this question is that the 
switched reluctance motor is a significantly 
nonlinear object, and therefore it is impossible to 
obtain an analytical equation that would link the 
power generated by the machine to the parameters of 
motion of the mechanical part, as well as the signals 
of the control system. 

in energy engineering and automation
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In [5], mathematical modeling was performed 
using a number of design parameters of the 
generator and control system signals to determine 
the output power. The authors formulated 
requirements for the operation of the maximum 
power tracking system, which allows optimizing the 
operation of the generator. 

In [6] authors investigated the influence of 

control angles in order to stabilize the voltage in the 

DC link of the converter. An algorithm for 

optimizing generator power when operating at high 

angular speeds is presented in [7]. In [8], a study of 

this question was performed when the voltage in the 

DC link was changed. Changes in efficiency, copper 

losses of the machine and generator power output 

are presented. 

The system of optimization of operation of the 

switched reluctance generator at low and high 

speeds, which allows to obtain angles of turning on 

and off the phases of the machine, was presented in 

[9, 10]. However, the practical implementation of 

such an algorithm requires the presence of a very 

powerful digital signal processor in the control 

system structure to determine the on and off angles 

in real time. However, the study of generator 

efficiency at variable wind speed has not been 

addressed in this paper. 

In [11] authors presents a system for controlling 

the power of a switched reluctance generator at low 

speeds by changing the values of control angles. 

All of the presented research combines the fact 

that the switched reluctance machine in them is 

considered as a source of alternating voltage with 

constant amplitude without taking into account the 

influence of the characteristics of the wind generator 

and changes in wind speed. It is known that for each 

operating wind speed there is a certain maximum 

value of power that can be obtained by the 

generator. And that should be a tactic in developing 

a control system for a switched reluctance machine. 

Therefore, the task of the control system is to 

calculate the control angles of the inverter that feeds 

the machine, both in the case of operation at low and 

at high angular speed, to maintain its operation at the 

point of maximum power generated. 

A mathematical model in the Matlab / Simulink 

environment was developed to investigate the modes 

of regenerative braking of a valve jet engine. The 

general appearance of the model is presented in 

Fig. 4. 

Its main components are: 

• switched reluctance motor – model of 

switched reluctance motor with 6/4 stator and rotor 

pole configuration; 

• power converter – a subsystem of the power 

semiconductor converter that feeds the motor  

(Fig. 5); 

• current Reg – motor current control subsystem 

that controls a semiconductor converter in order to 

maintain a given current value in the winding of a 

switched reluctance motor during its active state 

(Fig. 6); 

• CPUg S-Function – a switched reluctance 

motor control subsystem implemented in the form of 

an S-file and generates, in accordance with the set 

angles, the active state signals of the corresponding 

phase of the engine. 

 
Fig. 4. General view of mathematical model of electromechanical system with switched reluctance 

motor in Matlab / Simulink environment 
Source: compiled by the author 
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Fig. 5. A subsystem of a semiconductor converter for powering a 

switched reluctance motor 
Source: compiled by the author 

 
Fig. 6. The current control system of the phases of the switched reluctance motor 

Source: compiled by the author 

INVESTIGATION OF REGENERATIVE 

BRAKING MODES WHEN CHANGING 

CONTROL ANGLES 

We perform simulation of transition to 
regenerative braking mode without changing the 
power parameters. As is known, any electric 
machine based on the use of Lorentz force is able to 
enter the mode of regenerative braking automatically 
when the sign of the load torque is changed due to 
the fact that the value of the EMF generated by the 
motor becomes greater than the magnitude of the 
applied voltage. However, the functioning of the 

switched reluctance motor is based on other 
principles, which leads to differences in the 
implementation of the transition to brake mode. 

The simulation of the generator has been 
conducted with load increasing at t = 0.25 s and change 
the sign of the load torque at time t = 0.5 s. As it can be 
seen from the graphs (Fig. 7), when switching to 
regenerative braking, the motor speed starts to increase 
infinitely. This is due to the fact that the torque created 
by the machine drops to zero, and under the action of 
static torque created by the load, there is an increase in 
the speed. Consider the principle of current control of a 
switched reluctance motor. 

in energy engineering and automation
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Fig. 7. Graph of switched reluctance machine speed at load increasing at t = 0.25 s and change of sign 

of load torque at time t = 0,5 s 
Source: compiled by the author 
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Fig. 8. Graph of switched reluctance machine current at load increasing at t = 0,25 s and change 

of sign of load torque at time t = 0,5 s 
Source: compiled by the author 

From the graph of current (Fig. 8) it is visible 

that when the torque sign changes, the current in the 

windings of the switched reluctance motor drops to 

zero, despite the connection to the windings of the 

corresponding voltage. At the same time there is a 

fall of the motor torque to zero (Fig. 9).

in energy engineering and automation
Applied information technologies 



Applied Aspects of Information Technology                           2019; Vol.2  No.3: 230–242               

236  ISSN 2617-4316 (Print) 

ISSN 2663-7723 (Online) 
 

M, N·m

t, s
0.15 0.2 0.3 0.4 0.5

0

0.25 0.35 0.45 0.55

5

10

15

 
 

Fig. 9. Graph of switched reluctance motor torque at load increasing at t = 0,25 s and change of 

sign of load torque at time t = 0,5 s 
 Source: compiled by the author 

For the phase of the switched reluctance 

motor, the equation made by Kirchhoff's second 

law has the following form [12]: 

𝑖(𝜃𝑚)𝑅 +
𝑑𝜓

𝑑𝑡
= 𝑢, 

where: R – active winding resistance, 𝜓 =
𝑓(𝑖, 𝜃𝑚) – the flux of the winding, which depends 

on the current flowing through it and the angle of 

rotation of the rotor by the so-called magnetization 

curve of the machine. 

Consider the processes of energy conversion 

in switched reluctance motor. In view of such a 

simple design, it may seem that the processes of 

torque generation and energy conversion are also 

quite simple, but unfortunately this is not true. 

Energy conversion processes are analyzed using a 

single-phase machine to establish the connection 

between the power source, the magnetic field 

energy in the air gap, and the mechanical energy 

on the shaft of the machine. It is necessary to take 

into account the saturation of the magnetic system 

at the desired level. At the same time, losses in 

copper and steel can be neglected, as they will, 

although they affect the overall efficiency of 

energy conversion processes, but do not make a 

significant impact on the principles of torque 

generation and energy conversion. 

When neglecting losses in copper machines, 

the previous equation can be written in the 

following form [13]: 

𝑑𝜓

𝑑𝑡
= 𝑢. 

Analyzing the derived equation, we obtain: 

 

𝑑𝜓

𝑑𝑡
= 𝜔

𝑑𝜓

𝑑𝜃
= 𝜔

𝑑(𝐿𝑖)

𝑑𝜃
= 𝐿

𝑑𝑖

𝑑𝑡
+ 𝜔𝑖

𝑑𝐿

𝑑𝜃
. 

 
The last component can be referred to as the 

engine's EPC [14]: 

𝑒 = 𝜔𝑖
𝑑𝐿

𝑑𝜃
. 

Multiplying both parts of the equation by 

Kirchhoff's second law by the amount of current 

yields instantaneous electrical power at the input of 

the circuit: 

𝑢𝑖 = 𝑖2𝑅 + 𝐿𝑖
𝑑𝑖

𝑑𝑡
+ 𝜔𝑖2

𝑑𝐿

𝑑𝜃
. 

 

The rate of change of energy stored in the 

machine can be estimated as follows [15]: 
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𝑑𝑊𝑚

𝑑𝑡
=

𝑑

𝑑𝑡
(
𝐿𝑖2

2
) =

𝑖2

2

𝑑𝐿

𝑑𝑡
+ 𝐿𝑖

𝑑𝑖

𝑑𝑡
= 

=
𝑖2𝜔

2

𝑑𝐿

𝑑𝜃
+ 𝐿𝑖

𝑑𝑖

𝑑𝑡
. 

In accordance with the law of energy 

conservation, the mechanical power on the motor 

shaft 𝑀𝑒𝜔 is equal to the power consumed by the 

network minus the power losses on the active 

resistance 𝑖2𝑅 and the energy stored in the 

magnetic system of the machine. So, 

𝑀𝑒 =
𝑝

𝜔
=
𝑢𝑖 − 𝑖2𝑅 −

𝑑
𝑑𝑡

(
𝐿𝑖2

2
)

𝜔
= 

=
(𝑖2𝑅 + 𝐿𝑖

𝑑𝑖
𝑑𝑡

+ 𝜔𝑖2
𝑑𝐿
𝑑𝜃

) − 𝑖2𝑅 − (
𝑖2𝜔
2

𝑑𝐿
𝑑𝜃

+ 𝐿𝑖
𝑑𝑖
𝑑𝑡
)

𝜔
 

=
𝑖2

2

𝑑𝐿

𝑑𝜃
. 

Therefore, the switched reluctance motor 

torque moment is proportional to the square of the 

current and the rate of change of the inductance 

profile 
𝑑𝐿

𝑑𝜃
. From the same equation we can 

conclude that the torque sign does not depend on 

the direction of current flow, since the value 𝑖2 is 

always positive. Nevertheless, a reversal of the 

winding voltage is still necessary in order to return 

the coupling level to zero at the end of each pulse. 

To implement this, a back voltage must be applied 

to the winding to ensure dψ / dt < 0. Therefore, the 

possibility of reversing the direction of torque 

exists if the current is supplied at the stage of 

reducing the value of inductance. 

Let's change the control angles of the 

switched reluctance motor in the mathematical 

model under study. To do this, we will make some 

changes to the structure of the control system (Fig. 

10) so that, depending on the output signal of the 

speed controller, the operating mode of the motor 

is determined: motor or generator. In the future, the 

system will use the absolute value of this signal to 

perform the functions of receiving key control 

signals in order to modulate the required current 

value.

 
 

Fig. 10. Modified mathematical model of the current control of a switched reluctance motor 
Source: compiled by the author

 
The complex of mathematical modeling 

allowed to develop an algorithm that calculates the 

angles of turning on and turning off the 

corresponding phases of the switched reluctance 

motor in order to optimize the amount of generated 

electricity (Fig. 11).  

The conducted researches made it possible to 

establish the relationship between the angle of 

turning on and turning off the corresponding 

phases of the switched reluctance motor and the 

speed of rotation of its shaft (Fig. 12 and 
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Fig. 11. Structure of the algorithm of optimization of the angles of turning on and turning off the 

corresponding phases of the switched reluctance motor during its operation in the mode of 

regenerative braking 
Source: compiled by the author 

Fig.13), which ensures maximization of the 

amount of electricity received, and is an important 

scientific and technical result for the functioning of 

such systems. 

ω, rad/s

θon, degrees

 
 

Fig. 12. The relationship between the angle of 

turning on the corresponding phases of the 

switched reluctance motor and the speed of 

rotation of its shaft 
Source: compiled by the author 

ω, rad/s

θoff, degrees

 
Fig. 13. The relationship between the angle of 

turning off the corresponding phases of the 

switched reluctance motor and the speed of 

rotation of its shaft 
Source: compiled by the author 

CONCLUSIONS 

In this work, a theoretical generalization and 

solution of the actual scientific and technical 

problem of synthesis of a control system of a 
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switched reluctance motor in the composition of a 

wind turbine installation has been made. 

The most significant scientific and applied 

results, conclusions and recommendations are as 

follows: 

1. Features of functioning of the switched 

reluctance motor in the mode of regenerative 

braking are stated. The limits of change of control 

angles which allow to receive the maximum 

amount of the generated electric energy at 

reduction of pulsations of brake moment of the 

machine has been defined. 

2. The structure of the control system of a 

switched reluctance motor has been developed, 

which involves the use of a modified speed  

controller, which divides its output signal into a 

sign function, which is subsequently used to select 

the control angles of the converter, as well as the 

absolute value used in the operation of the 

modulation algorithm required magnitudes of 

current. 
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АНОТАЦІЯ 
 

Робота присвячена розробці системи керування вітрогенератором з використанням вентильного реактивного 

двигуна. Пошук нових структур побудови силової частини та системи керування електромеханічних систем 

вітрогенераторних комплексів є актуальною задачею сьогодення. До найбільш розповсюджених варіантів побудови 

таких систем відносяться вітрогенератори на базі асинхронної машини з подвійним живленням і синхронні генератори з 

постійними магнітами. У першому випадку відсутня можливість повного керування потоком потужності, що 

передається до мережі, а у другому випадку основним недоліком є висока вартість такої електричної машини, що 

пояснюється використанням рідкоземельних матеріалів у її конструкції. Використання вентильної реактивної машини у 

якості генератора має суттєві відмінності у порівнянні з аналогічним використанням електричних машин, що базуються 

на створенні крутного моменту за рахунок сили Лоренца. Було розроблено математичну модель електромеханічної 

системи вітрогенератора з вентильним реактивним двигуном у середовищі Matlab/Simulink. Шляхом математичного 

моделювання було показано, що при зміні знаку момента навантаження машина не переходить самостійно в гальмівний 

режим, як це відбується у випадку інших електричних машин. Це створює значні складнощі у функціонування такої 

системи, оскільки перехід у гальмівний режим вимагає зміни керуючих впливів на вентильний реактивний двигун. 

Встановлено особливості функціонування вентильного реактивного двигуна в режимі рекуперативного гальмування. 

Визначено межі зміни кутів керування, що дозволяють отримувати максимальну кількість генерованої електричної 

енергії при зменшенні пульсацій гальмівного моменту машини. Розроблено структуру системи керування вентильним 

реактивним двигуном, що передбачає використання модифікованого регулятора швидкості, що виконує розділення 

свого вихідного сигналу на знакову функцію, що в подальшому використовується для вибору кутів керування 

перетворювачем, а також на абсолютну величину, що використовується при роботі алгоритму модуляції необхідної 

величини струму. 

Keywords: вентильний реактивний двигун; вітрогенератор; струмове керування; система керування; 

електромеханічна система; перехідний процес 
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АННОТАЦИЯ 

Работа посвящена разработке системы управления ветрогенератором с использованием вентильного реактивного 

двигателя. Поиск новых структур построения силовой части и системы управления электромеханических систем 

ветрогенераторных комплексов является сегодня актуальной задачей. К наиболее распространенным вариантам 

построения таких систем относятся ветрогенераторы на базе асинхронной машины с двойным питанием и синхронные 

генераторы с постоянными магнитами. В первом случае отсутствует возможность полного управления потоком 

мощности, которая передается в сеть, а во втором случае основным недостатком является высокая стоимость такой 

электрической машины, что объясняется использованием редкоземельных материалов в ее конструкции. Использование 

вентильной реактивной машины в качестве генератора имеет существенные отличие в сравнении с аналогичным 

использованием электрических машин, которые базируются на создании крутящего момента за счет силы Лоренца. 

Было разработано математическую модель электромеханической системы ветрогенератора с вентильным реактивным 

двигателем в среде Matlab/Simulink. Путем математического моделирования было показано, что при изменении знака 

момента нагрузки машина не переходит самостоятельно в тормозной режим, как это происходит в случае других 

электрических машин. Это создает значительные трудности в функционировании такой системы, поскольку переход в 

тормозной режим требует изменения управляющих воздействий на вентильный реактивный двигатель. Определены 

особенности функционирования вентильного реактивного двигателя в режиме рекуперативного торможения. 

Определено пределы изменения углов управления, что позволяет получить максимальное количество генерируемой 

электрической энергии при уменьшении пульсаций тормозного момента машины. Разработано структуру системы 

управления вентильным реактивным двигателем, которая предусматривает использование модифицированного 

регулятора скорости, который выполняет разделение своего выходного сигнала на знаковую функцию, которая в 

дальнейшем используется для выбора углов управления преобразователем, а также на абсолютную величину, которая 

используется при работе алгоритма модуляции необходимой величины тока. 

Ключевые слова: вентильный реактивный двигатель; ветрогенератор; токовое управление; система управления; 

электромеханическая система; переходной процесс 
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