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Abstract: Minimizing torque ripple in electrical machines for a given application is not a straightfor-
ward task, especially when the application imposes certain constraints. There are many techniques
to improve torque ripple, either design-based or control-based. In this paper, a new geometry for
switched reluctance machines based on rotor poles skewing is proposed to minimize torque ripple.
This paper describes a methodology to design an asymmetrical skew rotor—switched reluctance
machine using a multi-objective differential evolutionary algorithm. The main parameters of the
optimization process are defined, as is the optimization methodology to obtain an improved design
with less torque ripple than a conventional one. Moreover, the analytical formulas used in the
optimization method, as well as the optimization technique, are deduced and explained in detail.
The mathematical model used to simulate the electrical machine and the power converter are also
described. Two-dimensional and three-dimensional finite element analyses were also conducted to
assess whether 3D effects (end-effect and axial fringing field) affected the results. Finally, a particular
case of a high-voltage direct current-controlled generator in the base of the More Electric Aircraft
(MEA) concept or an energy storage system as an electrical machine was analyzed, and the results
for the improved configuration were compared with those for the conventional one.

Keywords: switched reluctance machine; torque ripple; skewed rotor; differential evolution opti-
mization; multi-objective optimization

1. Introduction

Torque ripple in electrical machines consists of variations of the instantaneous torque
provided by the machine as it turns (as rotor position changes) while providing a constant
average torque. Under an ideal supply (i.e., perfect current waveforms), these oscillations
are periodic and are caused by factors such as cogging torque or mechanical imbalances.
However, when accounting for real currents, current harmonics also contribute to generate
torque ripple. The most common way to express torque ripple Tripple is by the difference
between the maximum and the minimum instantaneous torque during one electrical
revolution (TMAX and TMIN) with respect to the average torque TAVG; see Equation (1).

Torque ripple is generally an undesired effect in electrical machines due to its negative
consequences, including mechanical vibrations, which in turn generate acoustic noise, and
higher radial forces, which imply a higher load in the bearings [1–3]. All these effects can
reduce the lifetime of a machine.

Switched reluctance machines (SRMs) are becoming increasingly popular as a feasible
alternative to induction machines (IMs) and synchronous reluctance machines (SynRMs),
especially at medium and high speeds [4]. All these machines share common advantages:
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they are intrinsically sturdy and relatively insensitive to temperature due to the mechanical
resiliency of their rotors thanks to the absence of windings and permanent magnets. This
sturdiness is achieved by cutting torque density and energy efficiency, two of the main
advantages of permanent magnet machines [5,6].

Tripple[%] =
TMAX − TMIN

TAVG
·100 (1)

where Tripple: torque ripple per cent; TMAX : maximum instantaneous torque during one
electrical revolution; TMIN : minimum instantaneous torque during one electrical revolution;
and TAVG: average torque.

However, there are some important differences between SRMs and IMs/SynRMs.
While the former have salient poles in both the stator and rotor and use concentrated
windings, the latter have cylindrical rotors and mostly use distributed windings. The shape
of the rotor implies higher windage losses in SRMs [7,8], while the type of winding has
consequences on the performance and robustness of the machine, arguably making SRMs
the sturdiest alternative [4,5,9–15]. Additionally, SRMs can operate with just (m− 1) or
(m− 2) phases providing (m− 1)/m or (m− 2)/m of power, respectively; maintaining the
current reference; or even operating with a short circuit in one phase, which is not possible
in IMs [16–19].

Concentrated windings make SRMs more robust, but they are also partially responsi-
ble for their main disadvantage: high torque ripple. Torque ripple in SRMs is unusually
high when compared to other machine types [6]. Consequently, researchers and engineers
working on SRMs have focused on torque ripple reduction for decades, obtaining many
technical solutions to improve torque ripple in these machines.

There are two main approaches to reduce torque ripple in SRMs (which can be
complementary): machine design and machine control. Design solutions, such as ro-
tor skewing and machine oversizing, imply performance loss (torque density will always
be lower) [20–27]. Control solutions such as current profiling (CP, also known as current
shaping) [28–32] and torque sharing functions (TSF) focus on adapting the shape of the
real current pulses so that torque dips/peaks are minimized [33–40]. Other proposals use
special power electronics topologies with a second DC source to increase available voltage
under certain operating conditions, thus allowing for higher di/dt [33].

This work exclusively focuses on rotor skewing, which belongs to the design approach.
It is the authors’ opinion that control approaches should generally be favored in SRMs, as
they manage to reduce torque ripple without jeopardizing machine performance. However,
in those cases in which further measures are required or control approaches are not eligible,
this paper proposes an asymmetrical skew method that can be optimized to improve
performance compared to conventional skewing.

The skew technique is a method widely used in electric machines, especially in
induction motors and permanent magnet machines. In the case of SRMs, this technique
has been used and proved in many research studies [41–46], as well as in patents [47–55].
It produces benefits in the performance of the SRM, especially in relation to torque ripple,
unwanted vibration (reducing the loads on the bearings), and acoustic noise. The skewed
structure allows for the minimization of the radial forces suffered by the stator, thus
reducing the vibrations on the structure and, indirectly, the acoustic noise developed by
the machine [3,41]. Moreover, a skewed structure causes a modification of the air gap (non-
uniform air gap) since the magnetic circuit in each position of the rotor is different from
the conventional configuration without skew. That provokes a reduction of the tangential
forces and, indirectly, a reduction of the torque ripple and average torque (shown in the
paper), thereby improving the performance of the machine in relation to the vibrations and
acoustic noise [3,41]. Most of the existing methods to improve the performance of SRMs
were classified according to their typologies and effects on SRM performance [3].

There are different ways to skew the rotor of an electrical machine, as depicted in
Figure 1. Continuously skewed rotors such as that in Figure 1b are very common in induc-
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tion machines. On the other hand, step-skewed rotors (discretely skewed rotors) are the
preferred solution in permanent magnet machines because they allow for shorter straight
magnets instead of longer skewed magnets. Step-skewed rotors are usually symmetrical
or V-shaped, such as those in Figure 1c,d, respectively. From the electromagnetic point of
view, both the symmetrical and V-shaped configurations are practically equivalent in most
cases, since any lamination configuration can be rearranged to obtain the other. Moreover,
the steps of the laminations are fixed and equal, i.e., each package of amination has the
same length. However, their mechanical and aerodynamic behavior is rather different.
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odology to optimize this configuration. The differences with respect to conventional 
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Figure 1. Different types of 4-pole SRM rotors: (a) non-skewed rotor, (b) continuously skewed rotor, (c) symmetrical
step-skewed rotor, and (d) V-shaped step-skewed rotor.

All these skewing methods are not suitable for SRMs, as they are not optimized to
reduce torque ripple while minimizing the loss of average torque (and thus of torque
density and power density). In this work, an asymmetrical step-skewed rotor for SRMs
(ASR-SRM; see Figure 2) is proposed in an attempt to improve this aspect, along with a
methodology to optimize this configuration. The differences with respect to conventional
skewing methods are the dissimilar lengths of the packages and skew angles. This new
configuration is explained in Section 2.1.
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Figure 2. Proposed asymmetrical step-skewed rotor of an SRM (ASR-SRM): layout and main parameters.

The topology used in this paper was a 6/4 SRM, the most common one used in
research papers and industrial products. However, the proposed methodology could be
applied to other SRM topologies such as 8/6, 4/2, and 10/8.

The paper presents a design methodology for an asymmetrical skew rotor-switched
reluctance machine (ASR-SRM) using a multi-objective differential evolutionary (DE) algo-
rithm in order to reduce torque ripple. This methodology, which includes the calculation
of the phase activation or switching angles, was applied to a study case that compared
the results with a conventional SRM rotor design. The study case was related to two of



Energies 2021, 14, 3194 4 of 25

the applications more studied for an SRM in last decade: the first, the use of an SRM in
an energy storage system as electrical machine and, the second, the use of an SRM gen-
erator as high-voltage direct current-controlled generator (HVGEN) applied to the More
Electric Aircraft (MEA) concept. Both applications require a high-speed machine with
high-performance configuration and robustness, as well as the possibility to work in harsh
environments (high temperature, low pressure, overload, etc.). This paper describes the
methodology of the ASR-SRM process design for an R&D prototype, thus the maximum
performance of the machine is a goal and their cost is in a second place.

The rest of the paper is organized as follows: In Section 2, the hypotheses and simpli-
fying assumptions are presented and assessed by finite element method (FEM) simulations.
The model implemented for the study is described in Section 3. The optimization method-
ology and a particular case are proposed in Section 4. Moreover, the simulation results are
presented and compared with the conventional configuration. A study case comparing
the results of both configurations is described in Section 5. Finally, some conclusions are
provided in Section 6.

2. Asymmetrical Skew in Switched Reluctance Machines
2.1. Description

The proposed skewing method consists of using N packages of magnetic laminations
of lengths l1, l2, . . . ln and skewing angles α1, α2, . . . αn, as shown in Figure 2. These angles
are defined with respect to the original position of a non-skewed rotor, α = 0◦, which is
the angle reference for the control system and therefore the one used to activate machines
phases [34,56]. This skewing method is actually a generalization of the conventional
step-skewed approach, in which all the lengths are the same (l1 = l2 = . . . = ln) and in
which the absolute value of the difference between two consecutive angles is constant
(|α1 − α2| = . . . = |αn−1 − αn|). This implies that the skew angle step is fixed for a specific
rotor configuration.

Using variable lengths (l1, l2, . . . , ln) and variable angles (α1, α2, . . . , αn−1, αn) allows
for the further optimization of rotor geometry, which is why the proposed skewing method
might provide better performance than classical alternatives. The comparison results for
both skewing methods are presented in Section 3.

The typical control strategy for an SRM is an advanced hysteresis-band based strategy,
explained in Section 3. This control improves the performance of the machine (higher
average torque and ripple reduction by means of phases overlapping). In this work, current
profiling (CP) and torque sharing functions (TSF) were not considered. This study focused
on the effects of skewing on torque ripple without interactions with the CP and TSF
techniques. Additionally, these techniques are difficult to apply to high-speed high-power
applications [36,38].

2.2. Lengths and Angles Optimization: 2D Approach

This section presents an optimization procedure for maximizing the average torque
while reducing the torque ripple. The proposed solution would lack practical interest if the
optimization process was burdensome and complicated. Therefore, a simplified approach
was adopted in the paper: end-effects and 3D-effects were neglected. This means that
the torque-angle characteristic of the SRM could be decomposed into N different curves
or components corresponding to the N packages of rotor laminations. This hypothesis
is tested in Section 2. Under this assumption, the length of each package (li) defines the
amplitude of the corresponding torque component (Ti(θ)), while the phase difference
between the original torque-angle characteristic (Tre f (θ)) and each torque component curve
(Ti(θ)) is given by the skewing angle (αi).

The reference torque curve (Tre f ) was obtained from a multi-static FEM simulation
analysis (base case configuration) in which the current reference was fixed (IN = 260 A)
and the angular position was changed, thus completing an electrical revolution, to calculate
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the torque value at each position. The result was the torque curve shown in blue in Figure 3
(base case).
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The case of decomposition in two packages (see Figure 3) was based on Equations (2)–(8).
The boundary constraints of the optimization process for two packages (the optimization
process and methodology for N packages is described in detail in Section 3) are defined in
Equation (8). The range of skewing angles is a designer selection that should be defined based
on analysis experience. Notice that increasing skewing angles beyond a certain point makes
little sense, since skewing angles provide diminishing returns with respect to torque ripple
while the average torque reduction becomes more pronounced. Based on experience with
previous optimizations, it is convenient to define a limited range to avoid exploring a large
area of solutions during the optimization process. The maximum and minimum physical
skewing angles for an SRM are calculated using Equation (9). In this case, the range for
skewing angles was set within [−20◦, 20◦].

l1 + l2 = l (2)

l1
l
+

l2
l
= s1 + s2 = 1 (3)

T1(θ) = Tre f (θ + α1)·s1 (4)

T2(θ) = Tre f (θ + α2)·s2 (5)

Tj(θ) = T1(θ) + T2(θ) (6)

T(θ) =
m

∑
j=1

Tj(θ) (7)

α1, α2 ε [−20◦, 20◦] (8)

αmax = ±360◦

2·Nr
(9)

where l1: length of the first skewing package; l2: length of the second skewing package; s1:
length coefficient (length per unit with respect to the total rotor length) of the first skewing
package; s2: length coefficient (length per unit with respect to the total rotor length) of the
second skewing package; T1(θ): torque component of the first skewing package; T2(θ):
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torque component of the second skewing package; Tre f : torque amplitude for an SRM
without skewing, i.e., torque curve for a phase of an SRM without skewing (blue curve
of Figure 3); Tj(θ): total torque amplitude of a machine phase; T(θ): total torque of an
SRM; m: number of phases in the SRM device; α1: skewing angle for the first skewing
package; α2: skewing angle for the second skewing package; αmax: maximum physical
angle for an SRM; and Nr: number of rotor poles.

2.3. Asymmetrical Skew Hypothesis Validation with FEM Simulations

This section focuses on the validation of the three considered hypotheses: three-
dimensional (3D) effects are negligible, the superposition principle is applicable, and the
torque/flux tables of a skewed package are lagged with respect to those of an un-skewed
package by an angle equal to the skewing angle. All of them are presented and validated
in the next paragraphs.

Relevant aspect of FEM simulations are 3D effects (end-effect and axial fringing field)
and how considering them increases model complexity, computation time, and memory
and CPU requirements [57–60]; see Appendix A. It is therefore very convenient to neglect
3D effects. Generally, an SRM design should be performed using 3D simulations, unless
the predominant effects of a 3D simulation are negligible [60]. This occurs in most standard
machines when the ratio between the active length and the radius of the rotor is larger than
1. In cases where most packages are less than 5% of the axial length, the 3D effects could be
relevant since their lengths are smaller than the total length.

In order to verify this first hypothesis, 2D and 3D simulations were carried out using
an FEM program (ANSYS Maxwell [61]). Both simulations had the same characteristics:
design parameters, boundary conditions, and equivalent mesh sizes. In this sense, in
both cases, the mesh refinement was performed until the results were mesh-invariant; see
Appendix A. The machine parameters are collected in Table 1 and shown in Figure 4a,b.
The materials used to make the machine were selected by considering the application
requirements (maximum performance, high speed, and low losses). Therefore, Litz wire
and high performance electrical steel (NO10) were set in order to have low losses at high
frequencies. The FEM models are shown in Figure 4c,d.

Types of materials other than coil wire and electrical steel could be used since the
designed process is not limited to a specific material. Conventional materials such as
aluminum wire, copper bars, and copper wire for coil wire or M270-35A, M250-50A, and
M400-50A for electrical steel could be used in order to reduce manufacturing costs.

The simulation results were the torque-angle characteristics, which were sufficiently
similar. Table 2 collects the results for the average torque, torque ripple, and relative error
between both simulations.

Table 1. SRM design parameters.

Type Switched Reluctance Machine (SRM)

Topology 6/4
Number of phases (m) 3 (A,B,C)

Phase current (IN) 260 A
Rated power (PN) 20 kW

Operational speed range [0–12,000] rpm
DC-link voltage (VDC) 270 V
Outer rotor diameter 79 mm

Air gap 0.5 mm
Outer stator diameter 150 mm

Active length (l) 53 mm
Number of coil turns 12

Rotor and stator material NO10
Steel laminations thickness 0.1 mm

Coil wire Litz wire
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Table 2. Mean torque, torque ripple, and relative errors between 2D and 3D simulations.

Skewing Type Mean Torque (Nm) Torque Ripple (%)

No
2D simulation 15.56 74.70
3D simulation 14.59 78.17

- Relative error (%) +6.65% −4.43%

The results suggested that, for the particular machine used in this work, 2D simu-
lations could be used in the rotor skew design and the optimization process instead of
cumbersome 3D simulations.

Regarding the superposition theorem, the objective was to apply it to an ASR-SRM.
This effect was carried out by multiplying each curve by the length factor (si) and then
adding the torque components for all packages (see Equations (4) and (5)). The application
of the superposition principle implied neglecting 3D effects between the different rotor
step packages and the effects described before. Notice that the higher number of skewing
packages, the more important 3D effects between packages and, consequently, the bigger
error. The third hypothesis was related to the possibility of applying an angular offset to the
torque and flux curves. This process is widely used in SRMs [62,63] to model and calculate
the magnetic and mechanical characteristics of each phase of the machines without the
need to analyze all the machine phases.

Both hypotheses had to be verified using the results obtained in the 2D and 3D
simulations for the SRM in Figure 4. These results were compared with those obtained
from the simulation of a three ASR-SRM design packages, the parameters of which are
listed in Table 3 (skew angles are defined with respect to the original position shown in
Figure 2).

N

∑
i=1

li
l
=

N

∑
i=1

si = 1 (10)

Ti(θ) = Tre f (θ + αi)·si ∀i = 1 . . . N (11)

Tj(θ) =
N

∑
i=1

Ti(θ) (12)

T(θ) =
m

∑
j=1

Tj(θ) (13)

TAVG = T(θ) =
∑

p
1 T(θ)

p
(14)

αi ε [−20, 20◦] ∀i = 1 . . . N (15)
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where li: length of ith skewing package; si: length coefficient (length per unit with respect
to the total rotor length) of the ith skewing package; Ti(θ): torque component of the ith
skewing package; αi: skewing angle for the ith skewing package; and p: number of samples
of the torque vector in an electrical turn.

Table 3. Lengths and skew angles of the chosen ASR-SRM design.

s1 (%) 10% α1 18◦

s2 (%) 85% α2 2◦

s3 (%) 5% α3 19◦

The results of applying the second and third hypotheses (using Equations (10)–(13))
were compared with those obtained from the 3D FEM simulation of the ASR-SRM design,
shown in Figure 5. In this figure, three different curves are depicted.
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Figure 5. Torque-angle characteristics for the 2D analytical superposition (blue line), 3D analytical
superposition (red line), and 3D ASR-SRM (dashed black line).

• The blue line is the result obtained from the application of Equations (10)–(13) in the
case of three packages. The torque reference is the torque curve obtained from a 2D
FEM simulation in which the machine had a conventional configuration
without skewing.

• The red line is the result obtained from the application of Equations (10)–(13) in the
case of three packages. In this case, the torque reference is the torque curve obtained
from a 3D FEM simulation in which the machine had a conventional configuration
without skewing.

• The dashed black line is the result obtained from a 3D FEM simulation for an ASR-SRM.

The last step of the verification was to extract the relative error between the results
obtained from the use of the hypotheses and those from the ASR-SRM FEM simulation.
The results of calculating the relative error between the SR-SRM 3D simulation (dashed
black line in Figure 5) and the other two (2D and 3D analytical ones) are collected as a
summary in Table 4.



Energies 2021, 14, 3194 9 of 25

Table 4. Mean torque, torque ripple, and relative errors between for 2D and 3D superposition with
respect to ASR-SRM 3D simulations.

Skewing Calculation Method Mean Torque (Nm) Torque Ripple (%)

Yes
2D analytical 14.51 60.1
3D analytical 13.61 61.7
3D simulation 13.78 63.93

-
Relative error (%)

2D analytical 5.31% 5.98%

Relative error (%)
3D analytical 1.19% 3.49%

In view of the results from Table 4, the following conclusion can be drawn: using a
superposition-based analytical approach (Equations (10)–(13)) based on a torque curve
obtained by 2D FEM simulation can be considered a valid choice for the design process,
since its relative error was below 6% for this particular case of three packages. However,
it should be noticed that this error would increase with the number of rotor skewing
packages. For a higher number of packages, the 2D analytical approach should be replaced
by the 3D analytical approach.

3. Switched Reluctance Machine Modeling
3.1. Finite Element Method Analysis for SRM

The SRM from Table 1 was modelled in Simulink. Flux and torque look-up tables
(LUTs), calculated by means of 2D FEM analysis with ANSYS Maxwell [61], were used
when implementing the SRM model. The layout of the SRM model is depicted in Figure 4,
where letters A, B, and C represent each machine phase. The results obtained from FEM
simulations—torque and flux linkage maps—are depicted in Figure 6.
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3.2. Mathematical SRM Model

A MATLAB-Simulink model was implemented to do the optimization process and
analyze an SRM drive by simulation. The model included the power converter, the control
strategy, and the SRM, as shown in Figure 7. This mathematical model was experimentally
validated for a 25 kW, 13,000 rpm machine prototype, as shown in Figure 8.
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The model was divided into three main parts:

1. Power electronics: the power converter model [56,64,65] had to satisfy two main
objectives. The first was to implement a proper interface converter (the selection of the
proper commercial IGBT branch and cooling turbine for the voltage and current levels;
see Table 1), and the second was to calculate the power converter losses (including
switching losses and conduction losses in the IGBTs and diodes) [34,66]. Commercial
semiconductors (SEMiX305GD07E4 [67]) were used. The topology of the converter
is shown in Figure 9. A converter with three half-bridge IGBTs, with one connected
to each SRM phase, was considered [34]. Though other alternative topologies exist
(such as the Miller topology [56]), those are focused on reducing the number of
semiconductors at the expense of losing control flexibility and phase independence.
It is preferred to keep full controllability by means of the half-bridge topology.

2. Control strategy: the electrical machine was current-controlled by means of hysteresis-
band strategy; see Figure 10. The current evolution in a saturated switched reluctance
machine is calculated using Equation (16) [65]. The higher the speed, the lower
the commutation frequency. At high and very high speeds (above 8000 rpm), the
hysteresis band strategy could become a single-pulse operation mode (depending on
the current reference level and the design performance of the SRM), which means that



Energies 2021, 14, 3194 11 of 25

there is only one commutation per phase activation. As a result, the commutation
losses at the converter and the hysteresis losses at the machine are reduced.

di
dt

=
Vdc − R·i−ω· dφ

dθ
dφ
di

(16)

where di
dt : current variation with time; Vdc: DC-link voltage; R: coil resistance; i:

instant current; ω: angular velocity; dφ
dθ : inductance variation with angular position;

and dφ
dt : inductance variation with time.

3. SRM model: Due to the high nonlinear characteristic of an SRM, it is difficult to
establish a mathematical nonlinear model. In this paper, a conventional model for an
SRM with skewing is proposed. Therefore, the calculation of flux linkage could be
performed by linear superposition [62,63]. For example, the flux linkage of phase A
was calculated using Equation (17), in which the mutual inductance between phases
was considered. Based on that, the flux linkage of the SRM considering mutual
inductance is given by Equation (18). The crossed terms of the matrix are equal due
to symmetry (i.e., MAB = MAC = MBC = MBA = MCA = MBC = M). Usually,
self-inductance is at least one order of magnitude higher than mutual inductance,
which suggests that mutual terms could be neglected in the optimization process.

φA = LA·iA + MAB·iB + MAC·iC (17)

where φA: flux linkage of phase A; LA: self-inductance of phase A; MAB: mutual induc-
tance between phase A and phase B; MAC: mutual inductance between phase A and phase
C; iA: phase current of phase A; iB: phase current of phase B; and iC: phase current of
phase C.  φA

φB
φC

 =

 LA M M
M LB M
M M LC

·
 iA

iB
iC

 → ∅ = L·i (18)

where φB: flux linkage of phase B; φC: flux linkage of phase C; LB: self-inductance of phase
B; LC: self-inductance of phase C; and M: mutual inductance between two phases.
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Based on Equation (18), flux linkages for an SRM with skewing on the rotor (ASR-
SRM configuration) could be calculated with Equation (19). This expression is based on
Equations (10)–(15), and the considered assumptions are those listed in Section 2.

φ =
N

∑
j=1

lj

l
·
[

L
(
θ− αj

)
·i
]
=

N

∑
j=1

sj·
[

L
(
θ− αj

)
·i
]

(19)

where φ: flux linkage vector; lj: length of jth skewing package; sj: length coefficient

(length per unit with respect to the total rotor length) of the jth skewing package;L
(
θ− αj

)
:

inductance matrix for each skew package, delayed by their skew angle; αj: skewing angle
for the jth package; i: phase current vector; and N: number of skewing packages.

Finally, the current evolution for a phase (A, B, and C) in a saturated SRM as a function
of the commutation frequency (e.g., angular velocity) with a hysteresis-band strategy
is shown in Equation (20). From Equations (19) and (20), the expression of the current
evolution for a phase in a saturated ASR-SRM can be calculated as in Equation (21).

Therefore, there are two extra LUTs that have to be calculated before implement-
ing the MATLAB-Simulink model. These LUTs are represented in Figure 11, in which
Figure 11a shows the derivative of the self-flux linkage with respect to the phase current
(self-inductance) and Figure 11b represents the derivative of the magnetic flux with respect
to the mechanical angle.
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the torque generated for each phase, as described by Equation (23). 

Figure 11. (a) Self-inductance table (i.e., self-flux derivative map with respect to phase current as a function of the current
and mechanical angle); (b) self-inductance derivative map with respect to mechanical angle as a function of the current and
mechanical angle.



Energies 2021, 14, 3194 13 of 25

A screenshot of the ASR-SRM model implemented in MATLAB-Simulink is shown in
Figure 12. This model considered the switching angles, the tables depicted in Figure 11, the
resistance of each coil, and the torque table in function of the mechanical angle. From this
model, the current evolution and the parameters for each phase (torque, current, inductance
. . . ) were determined as a function of the switching angles, the skewing parameters, and
the speed.

∂iA
∂t

=
VA − RA·iA − ∂φA

∂θ ·ω−
∂φA
∂iB
· ∂iB

∂t −
∂φA
∂iC
· ∂iC

∂t
∂φA
∂iA

(20)

∂iA
∂t

=
VA − RA·iA − ∂φA

∂θ ·ω−∑N
j=1 sj·M

(
θ− αj

)
·
(

∂iB
∂t + ∂iC

∂t

)
∑N

j=1 sj·LA
(
θ− αj

) (21)

where Vi: DC-link voltage on phase “i”; Ri: resistance of phase “i”; ii: current on phase
“i”; ∂φA

∂θ : derivative of the self-magnetic flux of phase A with respect to the rotation angle;
and ω: angular velocity.
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The torque calculation of each phase for the ASR-SRM configuration was carried out
as described in Section 2, given by Equation (22). Additionally, the process used for the
flux calculation was implemented as an application of the superposition principle with a
mechanical angle translation. Moreover, the total torque of the ASR-SRM was the sum of
the torque generated for each phase, as described by Equation (23).

Ti(θ) =
N

∑
j=1

Tre f
(
θ + αj

)
·sj ∀j = 1 . . . N , ∀i = A, B, C (22)

T(θ) = ∑ Ti(θ) ∀i = A, B, C (23)

where Ti(θ): total torque amplitude of a machine phase; Tre f : torque amplitude for an
SRM without skewing, i.e., torque curve for a phase of an SRM without skewing; and T(θ):
total torque of an SRM.
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4. Optimization Methodology
4.1. Description

This study presents the faces a multi-objective optimization problem that is defined
as follows.

• Two objective functions: (1) torque ripple Tripple (2) and mean torque TAVG. The
overall objective was to minimize torque ripple (calculated as described in Equation
(1)) while maximizing average torque (i.e., minimizing torque loss).

• The search space of the optimization problem was composed of the length of the
skewing packages (li) and the skewing angles (αi). Therefore, the search space had
(2N − 1) dimensions, where N is the number of skewing packages.

• This search space was constrained by defining the boundary conditions that determine
whether a combination of skewing angles and lengths satisfies them. The results of
applying these restrictions (Equation (10) for the length of the skewing package and
Equation (15) for the skewing angles) are the operation ranges defined in Table 5.

• The number of skewing packages was fixed to 3 for the design proposed in this paper,
since the results obtained for 2 packages were the worst and a higher number of pack-
ages (e.g., 4 or 5) would have introduced too many degrees of freedom, complicating
the optimization process while obtaining similar results.

Table 5. Variables to optimize and their operation range.

s1 (per unit) [0, 0.5] α1 [−20◦, 20◦]
s2 (per unit) [0, 0.5] α2 [−20◦, 20◦]
s3 (per unit) 1− l1 − l2 α3 [−20◦, 20◦]

αON [−30◦, 30◦] Is 260 A
αOFF [0◦, 60◦] ω 12,000 rpm

where αON : turn on angle; αOFF : turn off angle; and Is: reference current in each phase.

An advanced optimization method using a complex SRM MATLAB-Simulink model
was implemented. The model includes the following, previously described characteristics.

• An SRM model with full inductance matrix, meaning that mutual effects were ac-
counted for. Skewing effects were implemented in the calculation of the phase induc-
tance by using the skewing angle and the length of each package.

• The model included the power electronics converter and the control strategy.
• The simulation allowed us to perform current and speed sweeps using the optimal

switching angles for each operation point.
• The optimal phase activation angles for each operation point were set as the pair of

values for which the machine achieved the highest torque with the least ripple. The
phase activation angle reference was defined with respect to the original position
of the non-skewed rotor and in an aligned position for rotor and stator poles (see
Figures 2 and 4a).

The chosen optimization method was a ‘multi-objective DE algorithm’ [68–70] due
to its simplicity, robustness, and convergence speed. This optimization algorithm, like
other stochastic optimization algorithms such as genetic or particle swarm algorithms [71],
works with populations (sets of solutions). These sets of solutions are iteratively modified
in order to get the minimization of a user-defined objective functions. The iterative process
finishes when some solutions of the population reach a certain minimum value of the
objective functions or when a user-defined number of iteration is executed.

The results of the multi-objective algorithm are represented in Pareto fronts, evaluating
the sets of solutions with respect to the objective functions (the average torque TAVG
and torque ripple, Tripple). In this type of optimization, a unique optimal solution is
not obtained; instead, a set of optimal solutions is found (those that form the optimal
Pareto front). These solutions are considered “optimal,” and the designer is in charge
of determining the solution chosen within the optimal Pareto front, with some external
criterion or weighting function.
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The DE algorithm [68] carries out the same steps in each iteration:

1. The iteration number t starts when a trial population of solutions (Qt) is created from
the initial population (Pt); see Appendix A. The Qt population is created following
the DE crossover-mutation equations [68].

2. The new population Qt is evaluated by calculating the objective functions values and
evaluating the restrictions (if any).

3. The solutions of the population Pt and Qt are sorted using two principal mechanisms:
mutation and crossover [71]. These two mechanisms allow one to find the Pareto-
optimal solutions among the Pt + Qt population.

4. The population Pt+1 is used in the iteration t + 1 of the optimization process. The
process continues until a fixed number of iterations is reached; see Appendix A.

Once the optimization method was fixed, the mathematical optimization problem
had to be defined. The variables selected to optimize, as well as their operation ranges
had to be set; both are collected in Table 5. In this study, the machine was optimized for
generator mode since a high performance SRM generator is defined for the application
HVGEN. Moreover, a second application of this machine is as an electrical machine of an
energy storage system.

The variables of the Table 5 are the search space constrains of the optimization process.
The constrains for the objective functions (maximum torque ripple Tripple and minimum
mean torque TAVG) are described and set for this study case in Section 4. Moreover, an
objective function that considers weights could be applied in order to automate and select
the best configuration of the skewed rotor for the study case. An example of this function
is given by Equation (24).

f = min
[(

w1·
Tripple

100
− w2

)
TAVG

]
(24)

where f : objective function to be minimized; Tripple: torque ripple of a skew configuration;
w1: weight multiplying coefficient of the torque ripple; and w2: weight multiplying
coefficient of the mean torque.

The weight coefficients are selected by designers based on application requirements.
In such applications where the torque ripple reduction is in a second place and the mean
torque loss has to be reduced to its minimum value, the initial values for the weight
coefficients could be (w1 = 1; w2 = 0.3).

Notice that the conventional step-skew configurations (same lengths and absolute
value of the difference between two consecutive angles; see Figure 1) were included
in the possible ASR-SRM solutions (different lengths and skewing angles). Moreover,
the skewed rotor study in this paper was composed of three packages, where just two
were skewed since one of them was considered as the reference and only supposed a
change in the switching angles, i.e., the effect of one of these packages on the skewed
solution was a constant delay/advanced value of the switching angles. In summary,
for the certain design of an SRM with an asymmetrical skewed rotor composed of three
packages, just three lengths, two skew angles to define the rotor design, and a set of phase
activation/deactivation angles could be considered. Therefore, to facilitate the comparison,
a reference change of the skew angle of one of the packages was made—α1 = 0◦ in this
case, coinciding with the reference of the base case.

4.2. Evaluation Criteria

The criteria for selecting the optimal ASR-SRM configuration depends on several
factors, such as the SRM characteristics, manufacturing technologies, and the chosen
application, which is the most restrictive and important factor because the application sets
the minimum mean torque, maximum torque ripple, and minimum power generated for
the operation conditions (torque/current and rotational speed). Therefore, in this paper,
the operation point was set in a current of 260 A and a speed of 12,000 rpm due to the
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application requirements. The SRM was designed for this rated point since its operation
cycle was near rated values, as described before. This point was the most restrictive,
since both parameters achieved the highest values for the operation range of the machine
(torque and speed). Moreover, the maximum torque ripple and the minimum torque (for
this operation point) were fixed to 30% and 16 nm, respectively, in this study. From this
restriction, the feasible area was defined as depicted in Figure 12. Once the inputs of
the model and constraints were set, the Pareto front was obtained from the optimization
process; it is depicted in Figure 13. The red line is the optimal Pareto front, while the black
circle mark is the conventional non-skewed configuration (base case).
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In applications, such as flywheels or electric vehicles (EV), in which the SRM works
in cycles with a wide speed and current range, the criteria must used to achieve better
performance in most of the operation points, i.e., carrying the same optimization process
out but introducing speed as a new variable. This implies that the optimization process is
more complex and requires more computational time since a new Pareto Front must be
calculated for each operation point. Finally, a weight function has to be applied in order to
select the best skewing angles for the whole operational cycle. An example of this function
is given by Equation (25).

Tripple =
Np

∑
i=1

Ki·Tripple(ωi, Ii) (25)

where Tripple [%]: average torque ripple of a skew configuration for a defined oper-
ation range (different current and/or speed); Ki: weight multiplying coefficient; and
Tripple(ωi, Ii)[%]: torque ripple of a skew configuration for a specific operation point (cur-
rent and speed).

Finally, a flowchart of the process, which sums up all the steps required in the proposed
methodology, is shown in Figure 14.
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5. Optimization Results
5.1. Conventional SRM

The conventional configuration was chosen as a reference in this study case. The
characteristics for the operation point at 260 A and 12,000 rpm are listed in Table 6. Torque
ripple and average torque were found to be 34.5% and 16.9 Nm, respectively. This configu-
ration does not comply with the restrictions detailed in Section 4 since torque ripple was
above the limit.
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Table 6. Conventional SRM results.

Phase Current 260 A
ω 12,000 rpm

Average torque 16.9 Nm
Torque ripple 34.5%

5.2. Proposed ASR-SRM

The feasible area of possible solutions in the Pareto front shows the number of so-
lutions that verify the application restrictions of average torque and torque ripple. The
solution selected here had a significantly lower ripple than the others. The optimization
variables for this solution are collected in Table 7, and a 3D design of the ASR-SRM is
shown in Figure 15 (the wireframe rotor represents the conventional non-skewed design).

Table 7. Optimization variables for the chosen solution.

s1 (per unit) 0.483 α1 0◦

s2 (per unit) 0.29 α2 −6.002◦

s3 (per unit) 0.227 α3 2.239◦

αON −15.479◦ ω 12,000 rpm
αOFF 46.121◦ Is 260 A
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5.3. Results Comparison

Table 8 compares torque ripple and average torque for both configurations. The
performance of the SRM was improved regarding the goals of the application: ripple was
reduced to almost 15% in absolute terms (40% in relative terms), with a loss of less than
1 Nm in average torque (5% less torque). Figure 16 shows the torque developed by both
configurations, the base case and the proposed ASR-SRM at I = 260 A and ω = 12,000 rpm.
Figure 17a,b shows torque ripple and average torque reduction as a function of speed and
phase current. Moreover, in Figure 17c,d, the switching on and off angle difference (i.e.,
the difference between the switching angle for the conventional configuration and the one
used in skewing design) in both configurations (conventional and skew) is displayed.

Table 8. Optimization variables for the chosen solution.

Type Mean Torque (Nm) Torque Ripple (%)

Reference configuration 16.91 34.50
Proposed ASR-SRM 16.04 20.93
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Finally, the following conclusions can be extracted from Figures 16 and 17.

• The amplitude of the mechanical harmonics was reduced and the minimum value
of the torque was increased in the ASR-SRM configuration. Moreover, the proposed
configuration implied a reduction on the vibrations and the loads in the bearings.

• The proposed ASR-SRM solution achieved a torque ripple reduction of more than 10%
in the whole operation range (40% at rated conditions), as depicted in Figure 17a.
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• This torque ripple reduction entailed an average torque reduction that was below 3%
for most operating points. At rated current and speed, this reduction rose to 5%.

• The offset between the on and off angles for both configurations was practically
negligible, since it was in a range of less than one degree for the entire operating range
of the MRC, indicating that both configurations could operate close to the optimal
performance regarding the ripple and mean torque with the same on and off angles.

5.4. D FEM ASR-SRM Results

In this section, a comparison between the results obtained from a two dimensional
FEM model for the proposed ASR-SRM configuration and those obtained using a three-
dimensional FEM model is made. The results of this comparison are the errors of consid-
ering the flux tables from a 2D FEM model instead of those from a 3D model. Figure 18
shows both the mean torque and torque ripple estimation errors.
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From Figure 18, several conclusions could be extracted.

• The error of using a two-dimensional model to determine the mean torque of an SRM
such as the one studied was within 5% of the average value in the working range
of the machine. This error was due to neglecting the 3D effects in two-dimensional
models. These effects could be smoothed out on large machines, i.e., the staking length
could be much higher than the radial size.

• On the other hand, the maximum torque ripple was near 9%, with an average value
of 6%. Both errors could be reduced by introducing the correction factors on the
two-dimensional flux and torque tables used, allowing for the correction of the three-
dimensional effects in this type of machine. However, as mentioned in the previous
point, the error was reduced when increasing the size of the SRM.

6. Conclusions

In this paper, the authors presented a new type of rotor skewing method to reduce
torque ripple in switched reluctance machines. A methodology to optimize the design of
an asymmetrically-skewed switched reluctance machine is proposed. The main parameters
of the proposed skewing technique (lengths and skewing angles of the rotor lamination
packages), as well as the analytical equations that model this skewing configuration, were
described. The skewing method consists of using a number of magnetic packages of
arbitrary lengths and skewing angles so that the whole rotor design is optimized in terms
of average torque and torque ripple. To define the lengths and skewing angles of these
packages, an optimization process based on a multi-objective differential evolutionary
algorithm was developed. This algorithm aims to minimize torque ripple while maximizing
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average torque. The optimization can be achieved by considering a global model of
the switched reluctance drive, including machine geometry, control strategy, and power
electronics. This implies not only the use of real current waveforms but also that the
machine’s switching angles are optimized for each operating point and skew design
(skewing angles and lengths). The paper includes a case example in which the original
non-skewed design was improved towards the goals of a real application.

The results shown in Section 5 indicate that this proposed skewing method improved
the performance of the conventional SRM. The torque ripple was reduced to almost 10% in
absolute terms (40% in rated conditions) for the whole operation range, with an average
torque reduction below 3% for most operating points (5% in rated conditions).

The asymmetrical skew rotor design was shown to directly reduce the radial forces
and indirectly reduce the vibrations of the SRM. This effect was found to improve the
performance of this type of machine, allowing for the use of a magnetic bearings together
with an SRM in a high-speed ESS. Moreover, this configuration was shown to reduce the
fatigue loads on the guiding system.

Finally, this skewing method is easy to implement in the machine manufacture process,
since it does not add an important additional cost and the performance of the machine
is improved. In a single- or two-phase SRM, this skewing method could improve SRM
performance since it reduces the torque dead-zone.

7. Patents

The patent with the reference ES2589155A1 entitled ‘Procedimiento de obtención de
una máquina de reluctancia con rizado de par mejorado’ [55] describes the new proposed
geometry for a switched reluctance machine. The patent details the main parameters
of the asymmetrical skew rotor and the differences with the conventional skew rotors
implemented in electrical machines.
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Appendix A

The simulation parameters for the 2D and 3D simulations are collected in Table A1.
Moreover, the data for the optimization process are listed in Table A2. In each case, the
current is changed from 0 A to 30% up to its maximum value (1.3·Is) to model the SRM
performance at high saturated scenarios.

Notice that the zones in which the mesh size has to be very low are the stator and
rotor poles and the air gap near both poles since the gradient of the magnetic induction is
very high, and indirectly the resultant error in those zones could be very high. An initial
value for a mesh element could be the value of the air divided by 4, i.e., there are at least
4 elements in the air gap to calculate with high accuracy the magnetic induction field. In
large air gaps, the number of elements could be high than 4 to represent the induction field
with accuracy.
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Table A1. Parameters values for 2D and 3D simulations.

Variable 2D Sim. 3D Sim. 3D Skew Sim.

Computational time 1 day 3 weeks 5 weeks

Time step (∆t) tend
900

tend
200

tend
200

Total simulation time (tend [s])
360◦
Nr

6·ω [rpm]

360◦
Nr

6·ω [rpm]

360◦
Nr

6·ω [rpm]

Current Step (∆I) 10 A 10 A 10 A

Angular step (∆θ)
360◦
Nr

900

360◦
Nr

200

360◦
Nr

200

Conductor type Stranded Stranded Stranded

Type of simulation Transient Transient Transient

Speed (ω) Constant Constant Constant

Solver error 10−6 10−6 10−6

Air gap element size gap
4

gap
4

gap
4

Number of elements 20.000 400.000 700.000

Table A2. Parameters for optimization algorithm.

Initial population 36 samples
Number of iterations 150

In the rotor and stator poles, the problem is the same as in the air gap. Therefore, the
same solution could be applied and the pole surface is meshed with a gradient in which
the element size near the air gap is smaller than near the yoke.

Another point taken into account is the poles zones between different packages (in
the skewed rotor simulation) where the gradient is very high and the magnetic path in
the axial direction (in a particular angular position) could be different due to the variable
skewing angles of the packages and also the air gap. In these cases, the element size needs
to be very small to calculate the gradient of the magnetic field with the enough accuracy.
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