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Abstract: - This study explores the suitability of Switched Reluctance generators (SRGs) for domestic wind
energy applications, focusing on design considerations and electromagnetic performance factors. The design
aspects encompass rotor and stator configurations, integration with wind turbines, and material selection for
durability and cost-effectiveness. Electromagnetic performance factors such as torque density, efficiency,
power factor, and control system integration are crucial for optimizing energy conversion and system stability.
Our goal is to enhance torque performance by carefully selecting the number of phases and varying
combinations of stator and rotor pole numbers (specifically, 6/4, 8/6, and 12/8). To ensure a fair comparison,
we maintain the same main dimensions across all topologies. This involves key parameters such as the inner
and outer diameters of the stator, the height of the rotor poles, the air gap length, the stator pole height, the
stack length, and the width of the stator yoke. Our analysis has revealed that increasing the extinction angle has
a significant impact on the system's behavior. These observations highlight the intricate nature of the system's
dynamics and stress the need for careful optimization of these parameters to achieve superior performance. By
addressing these factors, SRGs can serve as a dependable and efficient solution for producing wind energy in
residential areas, thereby promoting Greater access to renewable and sustainable energy sources for
households.
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1 Introduction the implemented control system, and the power
Renewable energies (wind, solar, geothermal, etc.) converter that connects iF to the grid. Currently, two
offer an alternative that ensures pollution-free types of generators dominate this category of wind
production, no greenhouse gas emissions, and low turblI}CSi the perma‘nent. magnet- synchronous
costs. These advantages have made wind energy, in machine, known for its high efficiency, and the
particular, one of the most competitive energy doub-ly-fed.mductlon generator, appr§c1ated for its
sources. The efficiency of wind turbines primarily relatively simple electromagnetic design. However,
depends on the performance and output of the both remain rela‘Flvely expensive and challenging to
integrated electric generator, the effectiveness of manufacture. Still, other types of generators are

currently under development.

E-ISSN: 2224-2678 377 Volume 24, 2025



WSEAS TRANSACTIONS on SYSTEMS
DOI: 10.37394/23202.2025.24.33

To reduce costs and improve the autonomy of
Wind Energy Conversion Systems, manufacturers
have explored a competitive solution through the
Switched Reluctance Generators (SRG). This
generator offers control flexibility, a wide speed
range without the need for a gearbox, which is
often the source of frequent breakdowns and
requires periodic preventive maintenance, and high
power density, [1], [2], [3], [4], [5]- Nevertheless, a
notable drawback of SRGs lies in the dependency
of phase inductance on both current and rotor
positions in the active phase, presenting challenges
in modeling, control, and characterization. To
address these hurdles, the finite element method
(FEM) is commonly utilized as a pivotal tool for
comprehending various critical aspects in the
design and effective implementation of SRGs.
Operating in motor and generator modes, SRMs
exhibit increased appeal in applications requiring
variable speed operations, whether as a motor or
generator. SRMs find extensive applications across
a spectrum of domains, including domestic
appliances, compressors, turbochargers, wind
power generation, electric vehicles, and oil pumps,
among others, [6], [7], [8], [9].

The design process for SRMs necessitates a

multidisciplinary approach encompassing
considerations such as acoustic, thermal,
mechanical, and electromagnetic aspects. In

industrial applications, cost and technological
factors hold significant weight in decision-making.
The design process strives to identify the optimal
combination of topology, geometry, and materials
that align with specific application requirements
like weight, size, fault tolerance, and minimal
torque ripple, [10], [11], [12], [13], [14]. The
selection of the appropriate topology for a given
application stands out as a complex challenge
during the design phase. While implementing an
optimization design procedure for topology
selection remains challenging, experience-based
methods persist as the most frequently employed
approach. Design optimization efforts aimed at
enhancing SRG performance have sparked interest,
[15], [16], [17], [18].

This  paper delves into  comparative
investigations among doubly salient synchronous
reluctance  machines  stemming from the
aforementioned SRMs, encompassing three distinct
topologies and winding configurations, as depicted
in Figure 1. Different numbers of phases and
different combinations of rotor and stator pole
numbers will be considered, keeping the same main
dimensions (outer and inner stator diameter, stator
pole height, air gap length, stator yoke width, rotor
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pole height stack length) and the same winding per
phase (wire diameter and number of turns).

®) ©

Fig. 1: SRG topology

A preliminary sizing of the machine will be
taken on, giving the initial geometric, [19]. The key
dimensions will be calculated and the winding will
be dimensioned. The phase winding of the machine
is energized by a rotor fixed to a certain position by
a stepping motor and with a pulsed DC voltage.
Then the flux-linkage characteristics are indirectly
calculated based on the phase current, voltage, and
resistance. The torque characteristics are obtained
directly by the static torque transducer. A
numerical-based performance analysis (flux-
linkage, static torque characteristics...) will be
performed for each case to provide a preliminary
evaluation of their suitability for meeting the
stringent requirements of embedded machines in
aerospace applications. The comparison of the
results will give a good solution for the SRM
topology.

2 Preliminary Sizing of SRG
The preliminary sizing process involves selecting
the optimal number of phases and determining the
stator and rotor pole numbers. Additionally, the
dimensions of the stator and rotor, such as their
diameters, pole heights, and stack length, are
established. These parameters are crucial in
achieving the desired performance characteristics
and ensuring the proper operation of the SRG, [20].
The choice of a number of stator poles Ns and a
number of rotor poles Nr is important since they
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have significant implications on the torque.
Usually, Ns is selected greater than Nr with the
following relation: Least-Common-Multiple (N,
Nr) = qNr. The speed is related to the frequency of
the power supply according to the mode of supply
(f=Nr.N/m). With unidirectional (m=1) or
alternative (m=2).

B (Tesla)

T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
H (Amps/m)

Fig. 2: Magnetic curve of sheets of iron N020

We used a ferromagnetic material N020 with
€=0.20mm thickness for the different structures
SRGs (Figure 2), due a magnetic, thermal,
mechanical properties and manufacturing cost. The
B-H characteristics of this material, which will be
used in the stator and rotor stampings, have to be
examined, Figure 2. Figure 3 illustrates all the
dimensions that must be determined for the
construction of an SRG, where g is the length of the
air gap, Ds is the outer diameter, Dr is the inner
diameter, Do is the shaft diameter, fr is the rotor
pole arc, fs is the stator pole arc, Hs is the stator
pole height, Hr is the rotor pole height, Ys is the
stator back iron thickness, and Yr is the rotor back
iron thickness.

Doy
[m]

Fig. 3: Diagram of the SY(G

The important factor in motor design
optimization, torque ripple, duration of output
torque, and winding space is the choice of Bs and
Br. We choose the angles of two teeth through the
three following conditions, [21], [22], [23]:
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Bsm :[2—”]:30°sﬁs$45°:(7z/Nr) (D
gNr
prm= Bsm=30° < fr<60° = (a, — fsm) (2)
(Bs+pr)<a, :(%):900 3)

The machine dimensions and their impact on
performance are characterized by implicit
relationships and made available in a form to enable
machine design. Further, the standard design
procedure begins with the power output equation
relating to the machine dimensions. The output
power for an electrical machine is proportional to
the product of specific electric and magnetic
loadings, air gap diameter, and effective stack
length, [24].

The estimations prompting the selection of the
conductor and the winding design are as per the
following. Expecting a wedge of Huedge 1s required
to hold the windings in place, the stator slot arc
length Ls at the closest point of the winding to the
center of the shaft is given by:

=[5 Huss | )

The minimum area of conductor As assuming a
maximum value of allowable current density J in
the windings is given by [25],

I
A= (5)

Presently a standard size conductor is picked in
light of the estimation of ass computed previously.
The wire diameter Dyir including insulation is
given by [25]

As

— +0.1mm (6)
T

Representing the wedges that hold the windings in
place leads to the calculation of a modified stator
pole pitch 4 as,

T
yl =E(2Rr + 2hyeqge ) = Ls +S

Dyjire =2.

wire

(7

The maximum height of the winding Hwedge Which
can be accommodated inclusive of the space
required to place wedges that hold the windings in
place is given by

szHs_Hwedge )]

Two important aspects to be considered in the
SRM design are the number of vertical and
horizontal layers, [25].

The number of vertical layers that can be suited
to this available winding height is given by:
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)

With F; represents the field factor and is
approximately equal to 0.95. The value of ny is
rounded off to the nearest lower integer. And the
number of horizontal layers Ny required for winding

is given by:
Nt

= 10

Ny 2N, (10)

The value of n, is rounded off to the nearest

higher integer. It is desirable that the width of the
rotor and stator pole should be equal or almost
equal. The optimum pole widths must be chosen
considering the maximization of the aligned phase
inductance, high inductance ratio, and mechanical
stiffness. Presently, the width of the winding for
stator W, is given by:
WL — Dwire~nH (11)
Fy

In order to determine the winding size, it is
necessary to obtain an available winding area in the
interval of two stator poles and a clearance C
between the two adjacent coils (Figure 3). The
maximum stator coil area for a rectangular shape is:
C=L,-(2W) (12)

The machine parameters are assembled in Table 1.

Table 1. Motors mechanical parameters

Parameters unit | 8/6 SRM 12/8 6/4 SRM
SRM
Rotor pole angle Br 24.5° 17° 32°
Stator pole angle Bs 22.5° 15° 30°
Stator external Ds 160mm 160mm 160mm
diameter Dr 91.1mm 91.1mm 91.1mm
Rotor diameter g 0.3mm 0.3mm 0.3mm
Air gap length Hr 13mm 13mm 13mm
Stator pole height Hs 22mm 22mm 22mm
Rotor pole height Ys 1245mm | 12.45mm 12.45mm
Rotor yoke Yr 15mm 15mm 15mm
Stator yoke DO 34.5mm 34.5mm 34.5mm

Shaft diameter

2 Electromagnetic Performances of
SRG

Motor design is subjected to FE-based magnetic
field analysis, and torque ripple is suppressed by
providing teeth on the stator/rotor poles [26], The
FE method is a powerful electromagnetic simulation
technique based on numerical analysis. The phases
in SRG are identical to each other, so only one
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phase is selected for measurements from an aligned
position to an unaligned position, and the
characteristics of other phases can be obtained with
appropriate phase shifts. The initial rotor position is
the aligned position, which can be easily found by
energizing one phase.

To understand the electromagnetic
characteristics of a switched reluctance generator
(SRG), it is essential to conduct an in-depth

analysis of field lines, meshing techniques,
magnetic field distribution, and induction vectors.
These  evaluations are  fundamental  for

understanding the behavior and performance of
SRGs, thereby enabling improvements in design
and optimization of overall efficiency.

Magnetic field lines clearly illustrate the
magnetic flux patterns within an SRG, facilitating
the analysis of the field’s direction, strength, and
distribution. By carefully examining these field
lines, Figure 4, Figure 6 and Figure 8, it is possible
to identify areas with variable flux intensity, which
influence torque generation and the overall
efficiency of the system. This understanding forms
the foundation for optimizing geometric structures,
winding configurations, and control strategies,
contributing to enhanced performance.

Analyzing meshed designs makes it possible to
identify issues such as magnetic saturation, flux
leakage, and excessive losses, Figure 4, Figure 6
and Figure 8. This detailed feedback supports
design improvements, ensuring better performance,
efficiency, and reliability. A thorough investigation
of the magnetic field distribution also provides
critical insights into flux density, flux coupling, and
the forces acting within the machine. Detecting flux
imbalances or saturation zones allows for specific
design adjustments to minimize losses and improve

both  torque  efficiency and  operational
effectiveness.

Electromagnetic induction, represented by
induction vectors, also plays a key role in

evaluating SRGs, Figure 5, Figure 7 and Figure 9.
These vectors highlight the interactions between the
stator and rotor poles, which directly influence the
torque and efficiency of the machine.

Fig. 4: Configuration of magnetic flux lines and
mesh concentration at the two extreme positions for
SRG 8/6
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Fig. 5: Variation of the magnetic field and
induction vector at the two outer positions for SRG
8/6

Fig. 6: Configuration of magnetic flux lines and
mesh concentration at the two extreme positions for

SRG 6/4

o ive

Fig. 7: Variation of the magnetic field and
induction vector at the two outer positions for SRG
6/4

Fig. 8: Configuration of magnetic flux lines and
mesh concentration at the two extreme positions for
SRG 12/8
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Fig. 9: Variation of the magnetic field and
induction vector at the two outer positions for SRG
12/8

Finite Element analysis has been used to
investigate the behavior of the SRG over a range of
25 phase current values, covering three different
SRG configurations.

The maximum current analyzed is set at 25A,
with increments of 1A. The results are shown in the

accompanying figures. 2
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Figure 10 shows the FE results showing the
linkage flux for varying phase currents and
rotor positions in SRG configurations of
6/4, 8/6, and 12/8. Figure 10(a): The flux
linkage patterns for the 6/4 SRG design (six
stator poles and four rotor poles) are shown,
illustrating how the flux behavior changes
with phase current and rotor position.
Figure 10(b): The results for the 8/6 SRG
configuration highlight the relationship
between linkage flux and phase currents,
showing  how  the  electromagnetic
characteristics change with changes in rotor
position. This design has eight stator poles
and six rotor poles.

Figure 10(c): For the 12/8 SRG design
(twelve stator poles and eight rotor poles),
the flux linkage trends are plotted, showing
how variations in phase current affect the
magnetic flux at different rotor positions.

The maximum phase current analyzed for these
configurations is set at 25A, with
v measurements taken at mechanical angle increments
of 2.5°. These findings are crucial for understanding
and optimizing the electromagnetic behavior of
SRGs.

028

Flux [ Wb ]

©
Fig. 10: FE results of linkage flux versus phase
currents for different rotor positions:

SRG 6/4, b) SRG 8/6 and ¢) SRG 12/8.
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Figure 11 presents the finite element (FE)
results depicting the torque as a function of rotor
positions and different current values for three
different types of SRG 6/4, SRG 8/6, and SRG 12/8.

For domestic energy applications, the choice of
SRG topology should consider the following
criteria:

e Torque Requirements: If high starting
torque and efficiency are crucial, a higher
pole count like 12/8 may be suitable.
Energy Efficiency: Higher pole count
configurations often offer better efficiency
but come at a higher cost.

Cost Considerations: If cost is a
significant factor, the 6/4 or 8/6
configurations might be more appropriate.
Application Complexity: A  simpler
configuration like 6/4 may be easier to
control and maintain for domestic usage.

Torque [Nm]

(a)

Torque [Nm]

(b)

T |

T
0 10 20

Rotor position [°]

©
Fig. 11: FE results of torque versus positions and

different current values
a) SRG 6/4,b) SRG 8/6 and ¢) SRG 12/8.

E-ISSN: 2224-2678

382

Imed Mahmoud, Adel Khedher

Based on these criteria, for domestic energy
applications where cost is a significant factor and
moderate torque requirements are needed, the 6/4
SRG topology might be the most suitable choice. It
strikes a balance between cost-effectiveness and
performance, making it a practical option for
domestic energy systems.

3 Mathematical Model and

Operation modes of SRG

The main assumption for the study (machine-
converter) is a total decoupling of the phases: no
magnetic coupling (no mutual) or electrical
coupling (no electrical connection between
windings of two different phases). A switched
reluctance machine is a double salient machine. It
operates as a generator if each phase is excited
when the phase inductance decreases, as shown in
Figure 12. The SRG phase-k voltage Ux can be
expressed as Equations (13), (14) and (15). Where
ik is the phase-k current, r is the windings
resistance, € is the rotor position, Lk( &, i) is the
phase inductance, g«( &, ix) is the flux-linkage, w is
the rotor angular velocity, and ex represents the
back-emf, [24], [25], [26], [27]:

o, =ri, + 9290 | (153

13
i (13)
U, =ri, +L (6, )Z—It“+ek,k ~(1,2,3) (14)
With
. dedL(6,i,) do
_j 40dL(0) - do 15
=k de a @ (15)

The mechanical behavior of the SRG is described
by Equation 16.

JZ—?’:Te(e,il,iz,is)_TL_fa) (16)
Where J is the inertia of the machine, f is the

friction coefficient, and T_ is the load torque.
T.(6.i,,i,,i,) is the global electromagnetic torque of

the machine.

Under the assumptions of no magnetic
saturation and no mutual coupling between the
phases, the elementary torque can be expressed as:

T(0i) = i o) (17)

We can see from Equation 17 that SRG torque

production depends on the current amplitude and
inductance variation with the rotor position. This
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equation also shows that the torque sign only
depends on the inductance slope. Therefore, to
produce a negative torque, the phase winding
should be excited when the inductance decreases.
Figure 12 shows the relationship between the phase
inductance and rotor position.

Motor Generator

»

Aligned position

L/i 4

T «+—— Midway position

b Unaligned position

o

on eoff
Fig. 12: Inductance and current variation versus
rotor position

Many converter topologies can be used to
ensure the operation of SRG, Figure 13. One such
converter is the asymmetric half-bridge converter
(AHBC). The AHB converter is widely used due to
its robustness and simplicity of control. It provides
unidirectional phase currents and operates each
phase independently. The AHB converter consists
of two transistors and two freewheeling diodes in
each phase.

| — Al
=
N K1 ZXDl >
U_——
/o2 K2 ﬁ
—
- irvll

Fig. 13: Power supply of an SRG phase

In order to operate as a generator, the required
steps to activate the AHBC are shown in Figure 14.
In the excitation step, Figure 14(a), both switches
S1 and S, are activated and the excitation voltage
DC is supplied. In the generation step, Figure 14(b),
S; and S; are both turned off and the electric current
flows through the diodes D; and D; through the
SRG winding and then back to the DC source.
Finally, when S; is deactivated, the current flows
through the diode D; in freewheel mode. In this
stage, the voltage is zero and there is no power flow
between the machine and the source, Figure 14(c).
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Fig. 14: AHBC connected to SRG
(a)- Excitation stage (b)- Generation stage (c)-
Freewheeling stage

4 Effect of Varying the Extinction
Angle on SRG Dynamic

Performance
Figure 15 shows the Simulink model of the SRG.
This model consists of the block GRVDS, power
converter, power and position sensor block, and
current hysteresis controller). The scope is used to
view the variation of main parameters.

Drive torque

Flux(Web)

Iref 1A

W(radls) n

Cem(Nm)”

V(v)

Teta(rd)

SRG

Sig alfa+— Teta On (deg)
Betde— Teta Off (deg)

To workspace

L[ courant]

To workspacel

To workspace2

To workspace3

To workspace4

To workspace5

Fig. 15: Bloc diagram of SRG 6/4

The SRG will be driven by a load torque of
100Nm at a DC bus voltage of 230 V, to magnetize
the generator, O©,=74° and O.r =[20° and 28°].
Figure 16 show the simulation results.
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Fig. 16: SRG dynamic performance, Oon=74° and Oos
=20°
In our investigation, the impact of increasing the
angle of extinction on the system dynamics has been
notably observed, Figure 17. As the angle of
extinction is augmented, a discernible decrease in
speed is noted, indicating a direct relationship
between this parameter and the rotational velocity of
E-ISSN: 2224-2678 384
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the system. This reduction in speed correlates with a
convergence of the average torque towards the load
torque value, signaling a shift in the balance of
forces within the system.
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Fig. 17: SRG dynamic performance, ©,=74° and
Oofr =28°

Moreover, the system exhibits more pronounced
oscillations as the extinction angle increases,
indicating an enhanced responsiveness to variations
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in operating conditions. Simultaneously, a slight but
noticeable increase in the average current is
observed, reflecting a minimal rise in the electrical
load on the system components. This correlation
between the extinction angle and system
performance highlights the complex interactions
among operational parameters and the system's
behavior in various contexts. These observations
provide insight into the complex dynamics of the
system and underscore the importance of adjusting
parameters to achieve the desired performance.

5 Conclusion

Wind energy is currently one of the most exploited
renewable sources, given its feasibility for
conversion compared to other sources. However,
experimenting with new topologies and control
strategies for wind energy conversion systems poses
certain challenges that slow down the development
in this field. Electric machines play a significant
role in industrial energy consumption. It is therefore
essential to enhance their efficiency and reliability
by developing new high-performance control laws.
After conducting a thorough analysis of switched
reluctance generators (SRGs) within the realm of
residential wind turbines, valuable insights have
been gleaned regarding crucial design elements and
electromagnetic  performance standards. This
exploration is pivotal for enhancing energy
conversion efficiency and ensuring system stability.
Various configurations such as 6/4, 8/6, and 12/8
have been scrutinized while maintaining consistent
primary dimensions to establish a reliable
foundation for comparison. This approach has
enabled a comprehensive examination of system
behavior, encompassing the impact of adjusting the
turn-off angle.

While the 6/4 model boasts a simplistic design,
cost-effectiveness, and robust performance, it does
exhibit nonlinear electromagnetic characteristics and
a diminished power factor. Nonetheless, it remains a
formidable  contender  against  conventional
machines.

The findings underscore the intricate dynamics
of SRG systems and underscore the importance of
parameter optimization for achieving peak
performance. This underscores the reliability and
efficiency of switched reluctance machines (SRMs)
as a viable solution for residential wind power
generation, effectively meeting the escalating
demand for sustainable and cost-effective renewable
energy solutions in households. This study sets the
stage for future progressions, paving the way for the
advancement of more sophisticated and efficient
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approaches to harnessing wind energy in domestic
settings.
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