
Citation: Touati, Z.; Pereira, M.;

Araújo, R.E.; Khedher, A. Integration

of Switched Reluctance Generator in

a Wind Energy Conversion System:

An Overview of the State of the Art

and Challenges. Energies 2022, 15,

4743. https://doi.org/10.3390/

en15134743

Academic Editors: Maarten J.

Kamper and Nkosinathi Gule

Received: 6 June 2022

Accepted: 27 June 2022

Published: 28 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Integration of Switched Reluctance Generator in a Wind Energy
Conversion System: An Overview of the State of the Art
and Challenges
Zeineb Touati 1 , Manuel Pereira 2 , Rui Esteves Araújo 2,* and Adel Khedher 1

1 LATIS-Laboratory of Advanced Technology and Intelligent Systems, Ecole Nationale d’Ingénieurs de Sousse,
Université de Sousse, Sousse 4023, Tunisia; zeineb.touati@eniso.u-sousse.tn (Z.T.);
adel.khedher@eniso.u-sousse.tn (A.K.)

2 Institute for Systems and Computer Engineering, Technology and Science (INESC TEC),
Faculty of Engineering, University of Porto, 4200-465 Porto, Portugal; up201205052@edu.fe.up.pt

* Correspondence: raraujo@fe.up.pt

Abstract: This paper presents a technical overview for Switched Reluctance Generators (SRG) in
Wind Energy Conversion System (WECS) applications. Several topics are discussed, such as the main
structures and topologies for SRG converters in WECS, and the optimization control methods to
improve the operational efficiency of SRGs in wind power generation systems. A comprehensive
overview including the main characteristics of each SRG converter topology and control techniques
were discussed. The analysis presented can also serve as a foundation for more advanced versions
of SRG control techniques, providing a necessary basis to spur more and, above all, motivate the
younger researchers to study magnetless electric machines, and pave the way for higher growth of
wind generators based on SRGs.

Keywords: wind energy conversion system; switched reluctance generator; magnetless; power
converters; control; optimization

1. Introduction

Since prehistoric times, energy has related to our comfort and well-being, as well as
being the main driver for progress in various sectors of human activity, such as transporta-
tion, production, and industrial development, just to cite a few. Nowadays, fossil fuels
are the main energy resource of the world economy, but this must be changed due to their
increasingly harmful impact on our planet. Reducing dependence on fossil energy sources
is a central objective for many countries in the world. In addition, it is consensual that the
trend now is to ensure that the energy we use is renewable. In other words, the worldwide
energy production has been shifting to renewable energy sources to avoid collateral dam-
ages such as climate change. In this framework, wind energy conversion systems (WECS)
are becoming in fact the most rapidly growing renewable energy source in the world, and
have gained interest among key academic and industry research communities [1,2]. The
rated power of commercial wind turbines have increased exponentially during the last
decades [1], as presented in Figure 1. We highlight the availability of a 16 MW rated wind
turbine at the end of 2021. In the future, it can be expected to reach 20 MW of capacity,
which is a real milestone for the industrial development of wind turbines. Therefore,
the electrical machines are the main components in the production of energy. Thus, it is
necessary to develop more energy-efficient machines by addressing both their design and
control, in order to increase their efficiency, minimize their cost, enhance their reliability,
flexibility, and controllability.

In the early stages, Induction Generators (IG) were widely accepted candidates for
the convenience of the energy system [3], due to their simple control and good reliability.

Energies 2022, 15, 4743. https://doi.org/10.3390/en15134743 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15134743
https://doi.org/10.3390/en15134743
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6061-7051
https://orcid.org/0000-0002-6734-257X
https://orcid.org/0000-0002-7866-9068
https://doi.org/10.3390/en15134743
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15134743?type=check_update&version=2


Energies 2022, 15, 4743 2 of 25

However, the main drawbacks of IG are the complexity and the requirement for regular
maintenance [4,5]. The WECS applications are increasingly popular with Doubly Fed
Induction Generator (DFIG), which demonstrated an interesting performance [6,7]. The
main disadvantages of these type of generator are the complexity of power control and
high cost [8,9]. The Permanent Magnet Synchronous Generator (PMSG) have interesting
performance in wind applications [10,11], but their cost is still very high and difficult to
manufacture [12,13]. Therefore, the voltage regulation performance of PMSG is limited
under harsh operating conditions. The choice of a converter for WECS is dependent on
the type of generator that is being used, the power demand, and the requirements of the
grid. The DFIG is connected to the grid through partial-scale power converters in the
WECS, which decrease the system cost. Moreover, PMSG has required full-scale power
converters in wind power systems [14,15], which increases the system cost and complicates
the practical implementation.
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Figure 1. Wind power evolution.

To reduce the cost and increase the reliability of WECS, the manufacturers may con-
sider using Switched Reluctance Generators (SRG) as a competitive solution. Compared
to existing generators, the SRG is an excellent candidate for wind power applications.
Table 1 summarizes a qualitative comparison among various generators for WECS. The
SR machine is a reversible machine that can operate as a motor or as a generator, in all
four quadrants of the torque-speed plane. The SRG is more applicable to direct driving
WECS due to its simple structure [16,17]. The absence of permanent magnets and coils in
the rotor pole makes it more robust with a low cost. Their integration into the WECS is
an appropriate solution due to their robustness, reliability, flexible control, and good fault
tolerance performance [18,19]. For the low-speed wind energy systems based on SRGs,
we can remove the gearbox in the turbine by using a direct-drive SRG [20,21]. However,
the gearbox represents a significant cost which reduces the reliability of the system and its
overall efficiency. Consequently, with this modification, direct-drive energy systems have
reduced manufacturing cost and gear noise, while increasing the efficiency of the turbine
and simplifying the maintenance process [22]. Despite excellent performance, the use of
the SRG in the industrial environment remains limited. Two main factors are responsible:
the high acoustic noise due to machine vibrations and the torque ripples.

Recently, several researchers attempted to introduce new topologies for SRG converters
or propose new control algorithms to improve machine performance in WECS. The wide
control techniques are identified and classified based on their principles of operation and
implementation framework. It is our objective to provide guidance in this paper to improve
the performance of SRGs in WECS applications. Some examples of SRGs in WECS are
presented, such as grid system, and power storage for domestic and industrial electricity
providers. In light of the above discussion, in this paper, an effort is made to provide a
comprehensive literature review of the SRG control strategies, including several aspects
of multiphysics fields, such as performance enhancement based in different control and
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optimization algorithms of WECS. It ensures researchers and engineers in the industry
have up-to-date knowledge of the advances and developments of SRGs in WECS. In this
way, this review will open new avenues for new innovations and applications of SRGs in
wind-based electricity generation.

Table 1. Comparison of generators in WECS.

Generator Type Advantage Disadvantage

Induction Generators (IG) Suitable for use in DC energy storage
Good reliability

Brush structure
A lot of maintenance
Low efficiency

Doubly Fed Induction
Generator (DFIG)

High power quality
Convenient maintenance
Partial-scale power converters

Low reliability
Complicate practical implementation

Permanent Magnet Synchronous
Generator (PMSG)

High Efficiency
Small volume
High power density

Poor fault tolerance
Poor voltage regulation performance
High cost of the full-scale power converters

Switched Reluctance Generator (SRG)

Good fault tolerance performance
Simple manufacture
Flexible control
High torque density
Low cost
Low maintenance requirement

Torque ripple
Acoustic noise
Need special converter topology

The rest of the paper is organized as follows. Section 2 provides a detailed overview
of the modeling of the WECS and SRG systems. Section 3 presents different topologies of
SRG converters used in WECS. Section 4 discusses advanced control methods of SRGs in
WECS. In Section 5, recent approaches of SRG optimization are presented. Section 6 deals
with the conclusion and outlook.

2. Modelling of Wind Energy Conversion System
2.1. Modelling of the Wind Turbine

One of the most important challenges in the integration of wind energy into the
electricity grid is to achieve maximum power production. The turbine capacity for power
generation versus wind speed is often presented in Figure 2. The power curve of wind
turbines is devised in three regions. In region I, the wind speed is very low, and below
a certain limit, called the cut-on in speed, the wind turbine does not produce any power.
On the other hand, region II represents a transition region. The electrical power increases
rapidly and relatively according to the wind speed and reaches its maximum. The third
region, or power limitation region, is characterized by a very high wind speed and a wind
power theoretically higher than the nominal power of the wind turbine. If a certain speed
is exceeded, the wind turbine must be stopped to avoid material damage.
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The turbines produce electrical power from the kinetic energy of the wind. The
mechanical energy production (PM) is related to wind speed, power coefficient (Cp), and
air density, as described below [23]:

PM =
1
2

Cp(β, λ)ρπR2v3 (1)

where R is the radius of the blade area, v is the speed of the wind, and ρ is the air density.
The coefficient of power depends on the blade pitch angle (β) and ratio of wind speed
(λ) [23], which is determined as follows:

λ =
ωwindR

v
(2)

where ωwind is the turbine speed. The coefficient of power Cp is a non-linear function,
which obtained by the blades of a wind turbine. This coefficient is a particular factor for
each turbine and it has an essential part in the control [24].

Cp(β, λ) = p1

(
p2

(
1

λ + 0.08β −
0.035
β3+1

)
− p3β− p4

)
e
−p5(

1
λ + 0.08β−

0.035
β3+1

)
+ p6λ (3)

where
p1 = 0.5176, p2 = 116, p3 = 0.4, p4 = 5, p5 = 21, p6 = 0.0068

The main goal is to extract the maximum power through a Maximum Power Point
Tracking (MPPT) algorithm on region II. Figure 3 shows the evolution of Cp through β and λ.
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To access MPPT in the different speed of wind, the Cp(λ, β) must be controlled based
on the turbine power equation [25]. The maximum wind turbine power is determined by
the below equation:

PM
opt =

1
2

Cp
max(βopt, λopt)ρπR2v3 (4)

In order to provide maximum power, the wind turbine must be operated at the
optimum speed. Figure 4 shows the optimal speed as a function of the turbine power for
different wind speeds.
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2.2. Modelling of Switched Reluctance Generator

The most important benefit of the SRG for a wind turbine is their ability to operate in
a wide speed range. The SRG has simple structure. The rotor has no winding and both the
rotor and stator have salient poles. The SRG inductance, torque, and flux linkage are totally
dependent on the phase current and the position of rotor. In the generator operation mode,
the phase excites in the negative slope of the inductance profile, as illustrated in Figure 5,
where θon and θoff are the control parameters. The rotor moves from an aligned position
(Figure 6a) to an unaligned position (Figure 6c). During this stage, the energy is delivered
to the winding phase through a converter from the DC power source.
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The voltage equation VDC-ph of each SRG phase is given by [26,27]:

VDC−ph = Lph(θ, iph)
diph

dt
+ Riph + eph (5)

eph = iphω
∂Lph(θ, iph)

∂θ
(6)

where θ is the position of rotor, i is the phase current, Lj is the inductance, R is the phase
resistance, and e represents the back-emf.
The instantaneous electromagnetic torque is given by [28–31]:

Tj(θ, iph) =
dW′(θ, iph)

dθ
=

1
2

iph
2 dLph(θ, iph)

dθ
(7)

where W′ represents the coenergy. The total of electromagnetic torque T(θ, i) is determined
from the sum of the electromagnetic torques of each phase Tj(θ, iph), as follows:

T(θ, i) =
n

∑
j=1

Tj(θ, iph) (8)

The basic formula for SRGs coupled with mechanical analysis is given by:

J
dωm

dt
= Tm − TSRG − Bωm (9)

∫
ωmdt = θ (10)

where Tm is the mechanical torque generated by the turbine (Nm), TSRG(=T(θ, i)) is the
electromagnetic torque of the SRG (Nm), ωm is the mechanical speed (rad/sec), J is the
moment of inertia (Kgm2), and B is the coefficient of viscous friction. The average power
〈P〉 of the SRG is defined as follows:

〈P〉 = 〈T〉ωm

= 1
2 iph

2 dLph(θ,iph)

dθ ωm
(11)

The operating principle of the SRG is based on the rotor position. To describe this
reliance, it is sufficient to focus just on one phase. Each phase is controlled independently.
The SRG structure has three particular positions [30].
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Figure 6a shows the aligned position on the horizontal axis phase for a SRG 8/6.
The magnetic circuit has a maximum inductance (Figure 5), maximum flux linkage, and
minimum reluctance. The current in this position is not able to create torque because the
magnetic reluctance has reached its minimum. In addition, the iron is sensitive to saturation,
particularly in the rotor and stator yokes. For these reasons, the aligned inductance will
be decreased.

The unaligned rotor position illustrated in Figure 6b for the same SRG is 8/6. At this
position, due to the large air gap, the magnetic reluctance is at the maximum. The machine
has a minimum inductance (Figure 5) and minimum flux linkage. The magnetic circuit
is difficult to saturate. When the phase is excited, the unaligned position is unstable. In
fact, in this position, there is no torque (Figure 5), but if the rotor is moved to either side, a
torque is created which tends to move the rotor further into the next aligned position.

If the system is in an intermediate position (Figure 6c), in the presence of a current, the
rotor moves to maximize its flux linkage, thus returning the machine to a stable position.
The torque drive is required to allow movement to the non-aligned position. It is opposed to
counter-clockwise rotation. Therefore, this area is relevant to the generator mode (Figure 5).

3. Converter Topologies of SRGs in WECS

The SRG power converter is related to both the performance and the cost of the system,
since numerous research studies have been carried out on the topology of the SRG converter
in the WECS to enhance the SRG performance. A general review of several types of power
converters is presented in the literature [32]. The conventional SRG power converters in
WECS are characterized mainly by providing two stages of voltage for the magnetization
or generation of the machine winding. Among the SRG converter topologies in WECS,
there is the traditional Asymmetric Half Bridge Converter (AHBC) topology, as shown in
Figure 7 [33,34]. This uses 2n switches, where n is the SRG phase number. It is possible to
operate in both hard and soft switching modes. In hard switching, there are two modes of
operation: excitation and generation. In soft switching, there are three modes of operation:
excitation, fly-wheeling, and generation [35]. This last commutation strategy is one of the
most used, with applications in different fields, such as in WECS, the automotive industry,
and aerospace, due to the high flexibility and the independence of phase control [36]. The
main disadvantages are:

• Lower demagnetization voltage at high rotational speed due to constant voltage
power supply.

• Necessity of a large capacitor on the power supply to filter the ripple of the voltage.
• Conduction losses increase through the diodes in the generation mode due to the

higher peak currents.
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D1 to the power supply. The advantages of these converter topologies are that just one
switch per phase is required and each phase can be independently controlled. Their major
drawback is that two separate voltage sources are required [30].
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Figure 8. Buck and boost converters. (a) Topology of the boost converter. (b) Topology of the
buck converter.

The feature of boost converters is the requirement for the output voltage to be higher
than the input voltage, as shown in Figure 8a. In contrast, the output voltage of buck
converters is less than the input voltage [30], as shown in Figure 8b. The lower voltage
output causes a longer output period with slower flux extinction.

Figure 9 represents a Derishzadeh converter topology for SRGs in WECS [37]. It needs
only a switch, two inductors and two diodes for each phase of the machine [38]. When the
switch S is activated, the magnetization phase begins. During this period, the energy flows
from the source VDC to the phase winding, since the current increases in the phase winding.
When the switch is deactivated, the generation phase has started. As a result, the phase
winding current flows in the primary inductor (L1), thus D2 conducts. Then the current
starts to flow in the coupled secondary inductor (L2). Meanwhile, the demagnetization
energy is being returned to the VDC. The diode D2 is turned off, when the phase current
and the current in the magnetizing inductor are equal, and the current in the secondary
inductor becomes zero. Their major drawback is the complexity of control.
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The advantages of this converter are summarized as follows:

• Only one switch is used per phase with separate phase control.
• Fast demagnetization capability with one switch in each phase.
• Only one power supply is required for gate drive circuits.

Figure 10 shows Vujicic–Calasan SRG power converter topologies. There are two types
of Vujicic–Calasan converter, PCT 1 and PCT 2. These converter topologies are not using
any controlled switches such as the traditional converter or the Deriszhadeh converter
topologies [37,39]. Since it does not require the information from the position sensor, it
simplifies the SRG control. In fact, the SRG output power can be controlled easily by
adjusting the DC voltage. Figure 10a shows the PTC1 circuit, a separate inductance filter is
used on each winding phase and an independent voltage supply can be applied on each
phase to separately control their individual powers.
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However, Figure 10b shows the PTC2 circuit, which utilizes a separate inductance
filter for each phase winding. To control the SRG power, only one VDC voltage source is
used as excitation. The diode bridge assures the flow of current to the load Vdc-load, but
guarantees at the same time that the phase voltage Vph doesn’t exceed the ±Vdc-load value.
During the periods of magnetization, the phase current can be less than the idc current,
thus expanding the current loop. The two proposed converter topologies are both suitable
for low-cost applications as they do not contain controlled switches. They contain only
inductance filters and diodes. Furthermore, the output power of the SRG can be controlled
simply by varying the DC excitation voltage without the need for a hysteresis current
controller. Preferably, the SRG operation should be close to the highest speed in order to
minimize the need for inductance filters and to maximize the available power.

Figure 11 illustrates an active boost power converter for the SRG. It is composed of
the integration of an AHBC and a front-end circuit [40]. The front end is composed by a
diode, a switch, and two capacitors which are used in combination to achieve the different
modes of operation. When the S3 is switched off, the boost capacitor C1 is charged by
D8. In contrast, if S3 is switched on, the system supplies energy to the output of capacitor
C2. The active boost power converter is robust and efficient compared to conventional
topologies. It is more suitable for operations above applications with a wide speed range,
such as distributed wind energy systems or other generations that are connected to the
DC bus.
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Figure 11. Active boost power converter.

Figure 12 shows an accumulator capacitor converter (ACC). This converter has four
modes of operation for improved SRG performance, which are initial charging, magnetiza-
tion, freewheeling and generation [41,42]. At high speeds, it allows the SRG to generate
a considerable quantity of energy. This topology of converter is designed with a no-load
flyback and the coil is forced magnetically. Additionally, the filter circuit consists of a
capacitor and inductor. It can produce considerable energy at high speeds, and the energy
fed back to the power supply is reduced. The energy of magnetization is collected in a
storage capacitor. It is determined using no-load flyback operation. The energy is then
discharged through the capacitor into the coils forcibly.
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A Dong converter topology of SRG is shown in Figure 13. Compared to the traditional
topology, it provides a higher excitation current in order to guarantee the efficiency of the
generation capacity at low speed [43].
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Figure 14 shows a SRG converter using a variable DC link (VDC). The main operation
is explained in this figure. During the excitation mode, S1 is switched on and the current
flows to the SRG phase winding, S1 and C2. After the commutation of S1, the current
circulates in the phase winding of the SRG and D2. It also charges the capacitor C1.
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The main advantage of the CvDC is the higher voltage excitation capability. It is a
good candidate for SRGs with higher speed. Furthermore, the lower apparent power of
the pulse converter compared to the converter with discharge capacitor [44]. The main
disadvantage of the CvDC is the higher losses on the pulse converter components.

Furthermore, the previous converter topologies are compared in terms of diode num-
bers, switch numbers, control complexity, fault tolerance and the utilization of the sensor
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position. The above comparisons are outlined in Table 2. A large number of switch ele-
ments are required for the active power converter, the dong converter and the variable
DC link converter (CvDC). Thus, the loss in switching is higher compared to the losses of
the switching of the converter of Derishzadeh. The converters PCT1 and PCT2 require the
highest number of diodes and therefore have the largest diode losses compared to diode
losses in AHBC and Derishzadeh converters. Moreover, the Vujicic-Calasan converters
have no switching elements and thus do not need any control logic or information from
position sensors. Therefore, they are a cheaper and more efficient solution than other
power converters.

Table 2. Comparison of different converter topologies.

Topology Switch
Numbers

Diode
Numbers

Sensor
Position

Fault
Tolerance

Control
Complexity Reference

Asymmetric half
bridge converter 2n 2n Yes High Low [33,45]

Buck and boost converters n n Yes Medium Low [30]

Derishzadeh
converter topology n 2n Yes High Medium [37]

PTC1/ PTC2 0 4n No Medium High [37,39]

Active boost
power converter 2n + 1 2n + 2 Yes High Low [40]

Accumulator capacitor
converter (ACC) n + 1 n + 1 Yes Medium Medium [41,42]

Dong converter 2n + 1 2n Yes High Low [43]

Converter with
variable DC link (CvDC) 2n + 1 2n + 1 Yes Medium High [44]

4. Advanced Control Techniques Overview

The torque ripple and the acoustic noise are inherent drawbacks of SRGs [46]. They
are mainly caused by radial vibrations [47]. Furthermore, the voltage ripple is the major
limitation of the SRG in the WECS. It reduces the life of the load or the battery. Therefore,
an improvement of the SRG system is urgently needed to solve the problems of torque and
voltage ripple. To offer clear and simple solutions to the problems of SRGs, the present
section aims to review the state-of-the-art developments to reduce these problems, mainly
through control strategy design. Moreover, these SRG control methods will be described
and compared in terms of their benefits and limitations.

4.1. Control Strategy
4.1.1. Power Control Strategies

Due to the operating principle of SR machines, the gradients of inductance in the
area of the minimum and maximum inductance are both extremely small, which causes
a drop in torque of the phase switching region, leading to torque and voltage ripple [48].
Direct Power Control (DPC) techniques are proposed in [49,50]. DPC has been employed
and designed to allow the performance of the SRG over a wide range of speed variations,
as shown in Figure 15. Two forms of DPC have been applied: DPC by hysteresis during
low speed operation, and DPC by a single current pulse during high speed operation.
To enhance the SRG performance, the DPC was tested with Proportional-Integral (PI)
controllers and Sliding Mode (SM) controllers. A detailed discussion of the SM control
principle used can be seen in [51,52]. The basic concept of the control method is to control
the state from its original condition to the desired state through a switching surface. Based
on the experimental results, the authors confirm that the SM controller achieved better
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performance than the PI controller. The Proportional Resonant (PR) regulator can also
provide better performance than the PI controller in WECS, as presented in [53].
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In [54], a proportional resonant controller is proposed, which is applied for direct
power control of the SRG. Figure 16 illustrates the block diagram of the scheme. The PR
controller handles the error between the measured power (P) and the reference (Pref).
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The proposed scheme allows the control of the power injected into the DC link using
the turn-off angle. The authors demonstrate that the PR controller decreases the power
ripple compared to the PI controller. A method of Modified Angular Position Control
(MAPC) is described in [55]. The MAPC method has several advantages such as high
dynamic response over a wide range of speeds and simplicity of implementation. In
addition, the torque setting range is large. It is also possible to conduct several phases at
the same time.

In [56], the authors presented a simple, innovative and more efficient control strategy
for SRGs, which operate in continuous conduction mode (CCM) for WECS. They described a
method for the determination of optimal control parameters, which provides the maximum
SRG output power. The advantages of CCM are very effective, robust, and ensure good
tracking of the maximum output power point when the characteristics of the SRG change.
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4.1.2. Voltage Control Strategies

The SRG system under PI controller is proposed in [33,57]. This approach provides a
fast start-up response and provides the stability of the system. Consequently, this method
of PI control has a good ability to respond to varying wind speeds and loading conditions,
which makes the system even more attractive for wind generation systems. A control of
SRGs for low voltage Dc micro-grid was presented in [35]. The analysis of the energy con-
version to achieve the maximum drive performance is presented taking into consideration
the electrical machine, power converter losses, and the external excitation source. The
control of DC bus voltage based on PI regulator despite load variations or any external
disturbance are highlighted.

The traditional Proportional-Integral-Derivative (PID) controller has been combined
with a tracking technique, as proposed in [58], to improve the efficiency of the SRG output
voltage. The SRG was controlled at different output voltage set points and the efficiency
and torque ripple performance of the machine were evaluated. The classical PID control
system has a number of advantages, including its relative simplicity of design, its simple
structure and its low cost. However, this controller has some limitations, such as poor
performance when its parameters are not correctly adjusted, especially when the control
object is non-linear.

The Fly-Wheeling Pulse Train (FW-PT) drive system is suggested in [59]. In order
to eliminate the voltage ripple, the impact of the control parameters on voltage ripple
is analyzed. Compared to conventional control, the FW-PT control system regulates the
output voltage by two or more combinations of predefined control pulses. The block
diagram of the FW-PT drive is shown in Figure 17a. The FW-PT control chooses the high
and low duty cycle pulse trains based on a comparison between the output voltage V
and the reference value Vref. Therefore, their advantages are the simplicity of the circuit
implementation, the fast response time, and the absence of network compensation.

A SRG system based on the conventional control with Pulse Width Modulation (PWM),
and Current Chopping Control (CCC) has a limitation of low speed response [60]. To
provide a fast response, the Capacitor Current Pulse Train (CC-PT) control was modified
and adopted to regulate the output voltage of the SRG system, as present in [61]. Figure 17b
shows the CC-PT control of a one phase of a SRG. Compared to conventional control, the
CC-PT control offers the following main advantages:

• The CC-PT control approach can regulate the output voltage using two or more
predefined control pulse combinations. This method has advantages in terms of
simplicity of circuit structure and the elimination of a compensation network.

• The method of CC-PT control can achieve a fast start-up response without overshoot
• The current in the start-up is reduced, which makes the system more reliable and

economical. The output voltage ripple is lower than 5% of the nominal value.

In [62,63], a pulse control approach applied to a flyback converter which operates
in Discontinuous Conduction Mode (DCM) was introduced. This technique has many
advantages over conventional control, such as fast transient response, simplicity of design
and implementation, and accuracy. As proposed in [64], a Sliding Mode Control (SMC)
approach has been applied to the output voltage control of the SRG. Based on the error of
tracking, the SMC controller fixes the reference to a hysteresis controller, in order to set
the phase currents around their reference, as shown in Figure 18. In [65], the authors show
that when compared to the conventional PID controller, the SMC controller can achieve
significant enhancement in the dynamic characteristics of the switching process.

A new modulation-demodulation strategy to achieve efficient Power Line Commu-
nication (PLC) between SRGs and other converters is presented in [66]. The author’s
objectives are to maximize the SRG performance with stable and reliable communication of
the system. The modulation method regulates the SRG angular commutation to modulate
the voltage ripples.
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As proposed in [67], the SRG flux linkage model is developed based on a Fuzzy
Inference System (FIS). The FIS has been developed using different membership functions
such as trapezoidal, triangular, Gbell, psigmoid, and Gaussian. The triangular membership
function developed in FIS has the following advantages: fast computation speed, simple
structure and robustness characteristics. It performs well when applied to modelling,
prediction and control. As proposed in [68], a simplified current rise model allows the
estimation of the steady-state of SRG peak current for different operation conditions such
as DC-link voltage, speed, and turn-off current level. The drawbacks of this suggested
model are the following: The model circuit is applied just to a particular interval and when
the interval changes, the parameters of the model must be recalculated. In [69], the authors
proposed a Model Predictive Control (MPC) for SRGs driven in wind power generation
system. The MPC approach is applied to the phase winding through a z-source converter
to generate the desired voltage.

4.1.3. Torque Control Strategies

The switched reluctance machines have been mainly applied to drive motors, and
numerous studies on torque ripple reduction in the motor mode have been conducted
extensively [48,70]. Among the most practical control strategies is the Torque Sharing
Function (TSF) method. To reduce the ripple of SRM torque, the TSF approach controls the
torque output of individual phases to divide the torque reference between all phases, while
maintaining the total of phase’s torque references equal to the desired torque. The TFSs can
be classified on the basis of the functions used in their implementation. For example, some
widely used TSFs functions based on sinusoidal [71], linear [72] and exponential [73].

Though the above mentioned TSF functions are mainly developed for motor mode
operation, they can also be used in generator mode (SRG). However, the efficiency of the
SRG can be significantly enhanced. In contrast to motor mode, each phase of the SRG
begins to flow current when its phase inductance is close to its maximum value. This high
inductance ensures that the current does not build up quickly to the desired value. As
presented in [74], a non-unitary TSF control strategies for SRGs in WECS. Figure 19 presents
the TSF-based torque control scheme for a four-phase SRG. The authors demonstrated the
minimization of torque ripple in a wide range of operating speeds.

The comparisons of the different control methods mentioned are presented in Table 3.
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Table 3. Comparison of different SRG control methods.

Control Methods Advantage Disadvantage Reference

Proportional Integral (PI) Easy to implement and improves the
steady-state performance.

Long settling time and controller
parameters cannot be optimized with
different operating conditions

[33,35,57]

Sliding Mode (SM)
Enhance the dynamic characteristics
of SRG.
Rapid response.

High frequency vibrations of the
controlled system, which degrades the
performance and may lead to instability.

[49,64,65]

Proportional Resonant (PR)
Zero overshoot and fast transient response
in SRG power control.
Minimization of voltage ripples.

The difficulty of adjusting their
parameters due to the non-linearity
of SRG.

[53,54]

Modified Angle Position Control
(MAPC)

The optimal coupling turn-on and turn-off
angle improve the efficiency. Higher the torque ripple. [55]

Continuous Conduction Mode
(CCM)/Discontinuous (CM)

Fast transient response, simplicity of
design and implementation.

CCM is only effective at high speed.
The estimation error of the rotor position
may cause a significant reduction on
SRG performance.

[56,62,63]

Proportional, Integral and
Derivative (PID)

Improve the transient performance of
SRG control.

The difficulty of adjusting their
parameters due to the non-linearity
of SRG.

[58]

Fly-Wheeling Pulse Train (FW-PT)
Simple circuit implementation.
The absence of network compensation and
fast response time.

Reduction in SRG efficiency. [59]

Capacitor Current Pulse Train
(CC-PT)

Simple circuit structure.
Zero overshoot and excellent steady-state
and transient response characteristics.

Low frequency oscillation. [61]

Fuzzy Inference System (FIS) Used when the systems are
highly non-linear.

Unavoidable overshoot and larger
steady-state error. [67]

Peak-Current Estimation Improve the steady-state peak-current of
the SRG

The circuit model is applicable to a specific
interval. [68]

Model Predictive Control (MPC) Fast response with low ripple and very
low overshoot of the SRG phase current.

Complex control.
Cumbersome calculation.
Variable switching frequency.
Model dependent

[69]

Torque Sharing Function (TSF)
Reduce torque ripple.
Improve system efficiency.
Minimize copper losses.

The current is difficult to track at
high speed. [74]
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4.2. Control Strategy of SRG Connected to the Grid

In this section, we focus on the SRG connected to the grid for a WECS application. In
our literature review, we found few experimental studies on the connection of SRGs to a
power grid. In [75–77], a single-phase inverter was used to connect the SRG with the grid.
As shown in Figure 20, the block diagram of a SRG is connected to a DC-AC converter,
which maintains the DC bus voltage through a PI regulator. A resonant corrector is used
to follow the sinusoidal current setpoint, as proposed in [78]. The inverter must meet a
number of standards: the quality of the power supplied to the grid, the nominal voltage and
frequency of the grid, and the maintenance of DC-bus voltage. The SRG controller must
ensure maximum extraction of the mechanical power available and guarantee maximum
conversion efficiency.
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Figure 20. Complete system of SRG connected to single-phase network.

As mentioned in [76], a suggestion for the connection of a SRG to the electrical grid.
The objective of the work was to provide a strategy for supplying active power to the
electrical system by regulating the injected current. The generated SRG voltage was based
on the firing angle variation. A resonant compensator with current control was used. Some
articles deal with the connection of a SRG to the electrical grid in variable speed wind
power systems. The bloc diagram of a SRG connected to grid is present in Figure 21.
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synchronization between grid-interfaced converters and the utility network [83]. In [84], 
a speed-control system based on adaptive neural network current control has presented. 
The SRG has been connected to a power grid through the VSC control. To enhance the 
quality of SRG power, in-loop filtering approaches are presented in [85]. These methods 
are based on the elimination of voltage ripples in the DC link voltage due to the SRG 
switching operation. In [86], the authors address a DC micro-grid, they use an DC-DC 
interleaved converter to raise the output of the SRG voltage from 48 V to 400 V.  

Figure 21. A SRG connected to the grid in WECS.

A bidirectional DC-DC converter is applied as an interface between the SRG converter
and the grid VSC in the wind power system. Different literature review studies [49,79–82]
have shown that the bidirectional converter operates to maintain the SRG excitation volt-
age, while the Voltage Source Converter (VSC) maintains the DC-bus voltage regulated.
Figure 22 shows the VSC control. It regulates the VDC voltage and generates the flow of
energy from the SRG to the grid.
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Figure 22. The bloc diagram of voltage source converter (VSC) control.

The phase-locked loop (PLL) techniques have been used to ensure the synchronization
between grid-interfaced converters and the utility network [83]. In [84], a speed-control
system based on adaptive neural network current control has presented. The SRG has
been connected to a power grid through the VSC control. To enhance the quality of SRG
power, in-loop filtering approaches are presented in [85]. These methods are based on the
elimination of voltage ripples in the DC link voltage due to the SRG switching operation.
In [86], the authors address a DC micro-grid, they use an DC-DC interleaved converter to
raise the output of the SRG voltage from 48 V to 400 V.

A robust and slave control scheme is designed to generate sinusoidal output voltage
waveforms under non-linear and unbalanced loads. An analysis of a wireless control
system for SRG based WECS is proposed in [87,88], when a General Packet Radio Service
(GPRS)/Enhanced GPRS (EGPRS) data service is employed. The wireless power control
system is presented in Figure 23. The effectiveness of the system is studied by co-simulation,
including the dynamics of the wind generator and the effects of the wireless channel.

A small-scale wind based on SRGs in regions where the grid was weak or even not
covered was suggested in [89]. Figure 24 shows the generation unit process wind energy
into electrical power. Therefore, a power tracking control and a power balance control have
been developed. The proposed power balance controller combines three main systems:
the power generation system, the load, and the energy storage unit. As proposed in [90],
a microgrid (MG) based on a SRG with power support plug-in. A reconfigured boost
converter provides the voltage of the MG. The SRG and the common DC bus voltage of the
MG are regulated and experimentally validated.
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5. Multi-Objective Optimization of SRG in WECS

The power output profiles of the SRG are also influenced by a number of factors such as
load current, phase voltage, phase inductance, speed, and rotor position. Many researchers
have carried out extensive research into the optimization of control parameters [91–98].
Therefore, the challenge for researchers is to design an optimal control of the output power
of a SRG that takes into account all influencing factors.
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The literature [99] have proposed a control method to maximize the extraction of
wind power and the efficiency of a SRG by adjusting the turn on angle and the turn off
angle using a PSO algorithm. A method of optimization based on a fuzzy algorithm
and parameter scanning is proposed in [100]. The objective of authors is to enhance the
performance at low speeds of high efficiency generators. The optimization objectives are
the maximum power output, the system efficiency and the smoothing torque coefficient of
the SRG. The experimental results show that this method can improve the output power to
642.53 W and the system efficiency to 69.43%. Due to the substantial non-linearity of SRGs,
a strategy control method to estimate the optimal PI controller values of the SRG voltage
control using the grasshopper optimization algorithm has been presented in [101].

As presented in [102], two optimization techniques such as Particle Swarm Optimiza-
tion (PSO) and Gravitational Search Algorithm (GSA) have been used to obtain appropriate
combinations of activation and deactivation angles for the AHBC. The generator perfor-
mance has been analyzed in terms of its output voltage, power, current, and speed at
various wind speed conditions. The authors concluded that PSO performs better than GSA
in terms of efficiency, computation time, and torque ripple. A strategy proposed in [103]
to improve efficiency based on optimal angles of turn-on and turn-off. The authors have
eliminated the position sensor and improved the reliability of the SRG system.

6. Conclusions and Outlook

This paper presents a comprehensive review on the design of SRGs in WECS, including
the aspects of the mathematical modeling of the turbine and SRG. In the context of WECS,
this article has reviewed the power converter structures and dedicated controllers for SRGs
and aims to contribute to the technical discussion by exposing the state of the art, and help
to formulate open research questions, which can in future contribute to the development
of SRGs in the wind generator industry. As presented in Section 3, several topologies of
power converters were proposed in the last years, however, it is still not widely agreed
which of them could be chosen to promote their use by the wind power generators industry.
In order to comply with all the requirements of SRG-based WECS, such as high-dynamic
performance, efficient operation and compliance with grid codes, the control system of
SRG-based WECS must be separated into the control of the generator-side converter and
the control of the grid-side converter. In this way, the advances made in control systems
dedicated to the power electronic interfaces to power grid can be harnessed to foster the use
of the SRG. However, the need to integrate multiple generators and the need to respect grid
codes are challenges that drive research opportunities. However, many technical challenges
still remain for SR machines in wind power application, such as ripple of voltage, ripple of
torque, modelling and manufacturing difficulties, and sensorless control under abnormal
conditions. Meanwhile, new SRM and drive technologies will play a significant role in
making wind energy systems more cost-effective, reliable and efficient.

This paper provides researchers and engineers who are interested in switched re-
luctance machines and drives for wind power generation systems with a comprehensive
reference and blueprint. Looking at the state-of-the-art can be helpful and may well trigger
a generation of other innovative ideas in this fast-growing field.
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