
Citation: Gallardo, C.; Madariaga, C.;

Tapia, J.A.; Degano, M. A Method to

Determine the Torque Ripple

Harmonic Reduction in Skewed

Synchronous Reluctance Machines.

Appl. Sci. 2023, 13, 2949. https://

doi.org/10.3390/app13052949

Academic Editors: Gang Lei,

Feng Chai and Lorand Szabo

Received: 25 January 2023

Revised: 18 February 2023

Accepted: 21 February 2023

Published: 24 February 2023

Copyright: © 2023 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/).

applied  
sciences

Article

A Method to Determine the Torque Ripple Harmonic Reduction
in Skewed Synchronous Reluctance Machines
César Gallardo 1,* , Carlos Madariaga 1 , Juan A. Tapia 1 and Michele Degano 2

1 Department of Electrical Engineering, University of Concepcion, Concepcion 4070386, Chile
2 Department of Electrical and Electronic Engineering, University of Nottingham, Nottingham NG7 2RD, UK
* Correspondence: cgallardos@udec.cl

Abstract: In this paper, a discrete skew methodology is presented to understand the effect of skewing
angle on electromagnetic torque in SynRM design. A new approach is proposed to estimate the
amplitude of each torque ripple component as a function of skewing angle. The reduction factor
for each harmonic component is derived in general form, allowing for the determination of overall
torque ripple waveform. The validity of the proposed method is evaluated through the examination
of two SynRMs, resulting in a torque ripple reduction of up to 70%. The results obtained through the
use of a proposed analytical ripple reduction estimator and FEA evaluation showed good agreement.
The proposed skewing technique was applied on a previously optimized triple-barrier SynRM with
a positive outcome: a consistent torque ripple reduction tackling relevant harmonic components.
The analysis of harmonic distribution of torque ripple is mandatory for the selection of the optimal
skewing strategy when following the proposed method, with two-step skewing recommended for
mostly-purely-sinusoidal torque waveforms, and multi-step skewing recommended for machines
with multiple higher-magnitude harmonic components.

Keywords: step skewing; torque ripple harmonics; finite element analysis; synchronous
reluctance machines

1. Introduction

The operating principle of Synchronous Reluctance Motors (SynRMs), shown schemat-
ically in Figure 1, is based on the anisotropy variations of different magnetic paths, present
in the rotor structure, that enable the production of reluctance torque. SynRMs are singly
excited machines that can achieve good torque density, high efficiency, high-speed opera-
tion, fault tolerance capability, and low cost [1–5], making them a promising competitor
of induction machines (IM). The absence of rotor windings or rotor cage translates into
zero rotor copper losses, and as a result, lower rotor temperatures and higher efficiency
in comparison with IMs [6]. In addition, the absence of permanent magnets simplifies the
manufacturing process and reduces the overall cost with respect to other machines for the
same power. Nevertheless, these advantages come at the cost of two critical drawbacks:
high torque ripple and low power factor [1,7]. If the torque ripple is not minimized by
design or by control strategies, it can lead to undesired mechanical vibrations and potential
acoustic noise, as well as impact the current harmonics. Moreover, in high-performance
applications, low torque ripple is strictly required [8], and consequently, different tech-
niques have been developed to reduce its magnitude as much as possible. One of the main
sources of the large torque ripple in SynRM is the interaction of the spatial harmonics in
the magnetic motive force, generated by stator currents, and the anisotropic rotor geometry
and its features [9]. There are several different design techniques presented in the literature
to reduce the torque ripple in SynRMs, and they can be divided into two main categories:
(i) those that aim to modify and optimize the winding configuration and slot pole combina-
tions [10], and (ii) those that seek to optimize the rotor structure (flux barriers), the details
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of its geometry, or the positioning and dimension of the iron ribs [11–15]. Among these
techniques, skewing the stator or rotor structure is one of the most predominant [16–18]
since it provides a reliable and straightforward solution for mitigating the torque ripple.
Moreover, skewing is the most used method for suppressing torque ripple in SynRM [18].
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Figure 2. Three-dimensional sketches of different types of skew: (a) reference skewless rotor, (b) 
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Figure 1. Three-dimensional sketch of a one-barrier four-pole synchronous reluctance motor.

Skewing techniques can be classified into two main categories: continuous skewing
and discrete skewing (also called step skewing). The first one involves rotating each
lamination of the stator or rotor core in regular angular distribution, between the first and
the last slice equal to the skew angle [15], as depicted in Figure 2b. This can drastically
reduce torque ripple, but complicates and makes the manufacturing process more expensive
since each lamination of the rotor has a different position with respect to a symmetry axis,
thus requiring specific tooling. In turn, the second category, considers the division of the
rotor stack into a few discrete segments, as shown in Figure 2c.
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Figure 2. Three-dimensional sketches of different types of skew: (a) reference skewless rotor, (b) con-
tinuous skew, (c) discrete skew, also called step skew.

A considerable number of studies have addressed the rotor skewing technique using
the conventional one-slot-pitch skew angle. These studies can be found in references [19–25].
In [19], the performance of a SynRM is compared when it is operated without skewing to
when the rotor is skewed by one stator tooth pitch. Reference [20] investigates the effect
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of rotor skewing on reducing slot harmonic torques, using a conventional skew angle of
one stator slot pitch, but this reduces the average torque as well. This was confirmed
in [21,22]. In [23], the equation to calculate the skew angle to suppress the stator slot
harmonic component (one-slot-pitch) was presented, considering the number of slices in
the calculation. The novel forced feasibility concept was introduced in [24] to improve
optimization convergence and reduce overall optimization time in a SynRM design. A rotor
skew was chosen as the best suited torque-ripple mitigation option by skewing the rotor at
an angle of one stator slot. Recently in [25], a SynRM with salient pole rotor was contin-
uously skewed by one stator slot pitch to improve energy conversion and reduce torque
ripple. The impact of rotor skewing on torque ripple in SynRMs was analyzed in recent
research [16], comparing both continuous and segmented rotor skewing. Post-optimization
simulations were performed for both methods and yielded similar results, with a slight
advantage to segmented rotor skewing due to the increased cost of continuous skewing. In
both cases, the total skew angle was equal to one stator slot. As it may be noted from the
dates of these works, the one-slot-pith skewing trend is dominant as a post-optimization
process, applicable to several up-to-date machine topologies.

In turn, several papers have discussed the skewing technique for reducing torque
ripple [26–32], but they lack information on the selection of the skew angle or the skewing
parameters used. In [26], a rotor design with an asymmetric flux barrier was created to
reduce torque ripple by splitting the rotor into two step-skewed parts. However, the paper
does not mention the method used to determine the skew angle, which is assumed to be
equal to the slot pitch. Reference [29] evaluates the suitability of SynRMs for electric traction
applications. Skew is applied to reduce torque ripple by using a 2.5◦ mechanical skew angle
between three stacks, resulting in an angle close to the slot pitch. In [30], the torque ripple
was reduced by dividing the machine into three layers using step skew, but the skewing
angle is not specified. A SynRM was optimized using topology optimization in [31], which
increased the torque compared to a model optimized with parameters, but also increased
the torque ripple. The skewing technique was used to reduce the torque ripple by dividing
the rotor into two slices, but the specific skew angle and its determination method are
not reported. In [32], the goal was to reduce torque ripple through rotor skewing while
maintaining a power factor through optimization. The study found that the optimum
mechanical skew angle across all machines was 2.5 mechanical degrees, very close to the
slot pitch. All these works seem to match the one-slot-pith skewing trend.

Despite the prevalence of the slot pitch angle as the optimal skew angle in the literature,
references [33,34] question its effectiveness in minimizing torque ripple. Reference [33]
demonstrates that a torque ripple of less than 3.0% can be achieved by applying rotor skew.
The optimum rotor skew angles ranged from 60–70% of a slot pitch angle for the 24-slot
machine and 30–80% for the 36-slot machine. The analysis highlights that the ideal rotor
skew angle heavily depends on both the stator configuration and the rotor topology. In [34],
a comparison between continuous skewing and discrete skewing was performed over a
SynRM. The results indicated that the torque ripple was significantly reduced even with
two stacks, while only slightly decreasing in the average torque when high order torque
harmonics were produced. Some results showed that the optimal skew angle differed from
the traditional one-slot pitch, being either higher or lower, depending on the type of skew
technique applied (continuous or discrete).

As a result, recent trends have been investigated to improve the efficacy of skewing
in different topologies [17,35,36]. A new unconventional magnet step-skew method for
permanent magnet synchronous motors (PMSM) is introduced in [17]. It involves varying
both the length of the magnet and the skew angle between magnet segments, in contrast
to the constant stack length and step-skew angle in conventional permanent magnet (PM)
motors. A semi-finite element analysis (FEA) algorithm is developed showing improved
performance compared to conventional step-skew. However, it comes with increased
magnet manufacturing cost. In [35], a new method for parameterizing the flux barrier
profiles of SynRMs and Permanent Magnet assisted Synchronous Reluctance Machina (PMa-
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SynRMs) was introduced. In order to reduce torque ripple, the skew angle is obtained
through a parametric FEA analysis. A discrete rotor skewing of 4◦ in three-step pieces is
applied, which deviates from the conventional 10◦ angle for a 36-slot machine based on one
slot pitch. In [36], the impact of step skewing on the output torque and motor inductance
in a 30-slot/four-pole SynRM configuration was examined. A comparison of step skewing
was made theoretically, and the study considered the effect of two harmonic orders, but
did not account for the number of steps in the skewing angle calculation. Moreover, it
discovered that the average torque reduction resulting from skewing is dependent on the
machine operating point.

As seen, this topic has gained increased attention in the literature. A better under-
standing of how the optimal skewing can be achieved at the design stage is an important
factor in the sizing of a SynRM. Notwithstanding and to the best of the authors’ knowledge,
this has not yet been investigated. In particular, the influence of a generalized multi-step
skewing on the performance of SynRM, considering a torque ripple harmonic content
approach and not the traditional one-slot-pitch skewing technique, has not been examined.
This study aims to serve as an input of post-optimization processes in the design stage
of SynRMs.

This article presents a comprehensive analytical expression for multi-step discrete
skewing in SynRM. The method calculates a specific skew angle to eliminate a specific
harmonic component and a mitigation factor to showcase the impact of skewing on each
harmonic component. The use of this methodology ensures a suitable selection of the
harmonic to be mitigated, and reduce the number of rotor steps required to effectively
decrease the presence of dominant harmonics in the electromagnetic torque, in this manner
improving the machine’s performance. The article validates the proposed approach by
analyzing two SynRM designs through FEA and includes three-dimensional (3D) FEA
to consider the border effect, which is not present in two-dimensional (2D) FEA. The
optimal step skew angle predicted by the analytical formula closely matches both 2D and
3D FEA results. The proposed equations are evaluated for two-step, three-step, and four-
step skewing, showing promising results in mitigating the selected undesired harmonics
and reducing other harmonic content collaterally. In addition, an optimized triple-barrier
SynRM is post-optimized by means of the proposed method.

The paper is organized as follows: Section 2 presents the selected machines, describing
their dimensions and main data. Section 3 provides the details of the proposed analytical
expressions to select the step angle of N-step skewing, generalized for machines with any
pole count. These expressions are assessed and validated in Section 4, which summarizes
the results and discussion of several case studies evaluated by means of 2D and 3D FEA.
Section 5 shows a study case of the proposed approach as a post-optimization process,
reducing the torque ripple of an optimized triple-barrier SynRM. Conclusions are drawn at
the end of the paper summarizing the benefits of the proposed approach and its applicability
to the design of SynRM.

2. Selected Machines

With the aim of providing insight into the procedures required to use the proposed
N-step skewing analytical expressions, two SynRM machines are considered as a case study
and assessed in this work, as presented in Figure 3a,b, respectively. Single-layer distributed
windings are considered for both machines.

Several geometrical parameters of the rotor structure of SynRM can affect the different
levels of a SynRM’s performance. There are several design guidelines established in the
literature to choose the number of flux barriers and poles. The number of parameters
increases exponentially as the number of flux barriers per pole and pole pairs increase.
SynRM is designed to maximize d-axis inductance and minimize q-axis inductance, as
this ensures that the machine’s saliency ratio is large enough for the machines to achieve
the required torque performance. On the one hand, to obtain a good saliency ratio, a
small number of pole pairs is preferred, and the literature recommends adopting two-
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or three-pole pairs [37]. On the other hand, the optimum number of flux barriers is
defined according to the number of stator slots. In the case of a 36-slot machine, some
authors do not encourage to adopt more than three flux barriers. A greater number of
barriers could jeopardize the mechanical integrity of the rotor or make the design process
more complex [3,38].
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Therefore, in this paper, two machines with two- and three-pole pairs are considered,
and each pole features two barriers. The common data for all machines are presented
in Table 1.

Table 1. Main data of the selected machines.

Parameter Symbol Value Unit

Stator outer diameter Dso 245 mm
Stator inner diameter Dsi 161.4 mm
Rotor outer diameter Dro 160.4 mm
Rotor inner diameter Dri 70 mm

Tooth height ht 22.8 mm
Tooth width bt 9 mm

Air-gap length g 0.5 mm
Stack length lst 120 mm

Turns per slot Ns 20 -
Number of slots Qs 36 -

Speed n 3000 rpm
Current Density J 10 A/mm2

Current angle αe
i 60 electric degrees

3. Analytical Method Derivation for Discrete Skewing

The main period of torque ripple of three-phase winding machines is 60 electrical
degrees [39], which therefore dictates the period of the torque ripple harmonic of order v,
derived in electrical degrees by:

Tv,elec =
360◦

v
(1)
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The aim of the discrete skewing is to consider N machine slices, rotated with respect
to each other by a specific angle, so that each slice contributes to different torque harmonics
that will ultimately modulate the torque waveform. This superposition has to be adjusted
with the aim of mitigating undesired harmonic components of the resulting torque wave-
form. The v-th order harmonic of the torque ripple can be expressed as a term of the Fourier
series expansion of the electromagnetic torque as:

Tripple,v(θr,e) = Av· cos
( π

180
θr,ev + φv

)
, (2)

where Av is the amplitude of the v-th harmonic of the torque ripple, θr,e is the rotor position
in electrical degrees, φv is the phase shift of the torque waveform, and v = 1, 2, 3,...

In this sense, and following the concept of balanced multiphase systems, if the w-th
harmonic of the torque ripple wants to be mitigated, then the electrical angle between each
one of the N slices of the machine is proposed as:

θw,elec =
360◦

Nw
(3)

For example, if a two-step skew is adopted, then the machine rotor will be comprised
of two halves, each one contributing with torque waveforms that are shifted one with
respect to the other. If the electrical shift is θw,elec, then the positive semi-cycles of the
w-th harmonic of the torque ripple of one half of the rotor will compensate the negative
semi-cycles of the other half, hence mitigating the undesired component.

The electrical angle between the N slices of the machine is translated into the skew
angle (θs), which corresponds to the mechanical angle in which two consecutive rotor slices
are rotated one with respect to the other so as to mitigate the w-th order harmonic of the
torque ripple (Equation (4)).

θs =
360◦

pNw
(4)

In Figure 4, the proposed methodology is schematized, comprising the decomposition
of the electromagnetic torque waveform in harmonic components, the selection of a high-
magnitude undesired component, and the calculation of θs to mitigate that undesired
harmonic depending on the adopted number of slides N.

Considering the proposed skew angle, Equation (2) can be expressed in terms of a
sum of the contributions of the N slices of the machine as

Trs, v(θr,e) =
N

∑
i=1

Av

N
cos
(

π

180
θr,ev− 2πv

Nw
(i− 1)

)
(5)

The resulting reduction on each component of the torque ripple, considering idealized
conditions and electromagnetic independency between adjacent slices can be obtained by
means of the phasorial representation and consequent analysis of Equation (5). Then:

Ne{Trs, v(θr,e)} =
N

∑
i=1

Av

N
cos
(
−2πv

Nw
(i− 1)

)
(6)

=m{Trs, v(θr,e)} =
N

∑
i=1

Av

N
sin
(
−2πv

Nw
(i− 1)

)
(7)

In consequence, the magnitude of the v-th harmonic of the torque ripple after ap-
plying discrete skewing following the design guidelines of Equations (3) and (4) can be
expressed as

|Trs, v(θr,e)| =
Av

N

√(
cos
(
−2πv

Nw
(i− 1)

))2
+

(
sin
(
−2πv

Nw
(i− 1)

))2
(8)
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Figure 4. Schematics of the proposed methodology to calculate the skew angle θs to mitigate a
selected harmonic of order w. Two-step and three-step discrete skew are presented, although the
method can be used for any number of slides.

Finally, a skew reduction factor (krs,v) can be devised by obtaining the ratio between
Equations (2) and (8), derived by:

krs,v =
1
N

√(
cos
(
−2πv

Nw
(i− 1)

))2
+

(
sin
(
−2πv

Nw
(i− 1)

))2
(9)

This factor is meant to be used after the calculation of the skew angle as per Equation (4),
and it allows for estimating the resulting amplitude of each torque ripple component (of
order v) after applying the skew. Simplified equations for N = 2, 3 and 4 are provided
in the following section, which are further verified and analyzed by means of 2D and 3D
finite element analysis.
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4. Results and Discussion: Finite Element Validation

This section shows the results obtained by applying the analytical method described
in Section 3 for both four-pole and six-pole SynRMs. In order to provide the results in a
clear fashion, this section is divided into four subsections. The first presents the machine
evaluations without considering any type of skew, hereby called skewless machines; and
the following three sections address machines with different slide number (N = 2, N = 3
and N = 4). All the results are obtained by means of 2D and 3D FEA simulations carried
out in the commercial package ANSYS Electronic Desktop. The simulation time was chosen
to evaluate a whole period of the machine’s torque ripple.

4.1. FEA Evaluation Original Designs (Skewless Machines)

Figure 5 presents the electromagnetic torque waveform and spatial harmonic spectrum
of both the four-pole and the six-pole SynRMs. Both 2D and 3D results are shown for
comparison. From the results, the evaluation of the 2D and 3D models provide similar
values, showing expected small differences, in accordance with the findings of [40]. The
harmonic components of the electromagnetic torque for each machine are detailed in
Figure 5b,d for the four-pole and six-pole machines, respectively. As expected, the largest
harmonic component in both designs corresponds to the one generated by the stator slotting
effect. Specifically, the highest magnitude harmonic of the four-pole machine corresponds
to v = 18, and that of the six-pole machine corresponds to v = 12. Therefore, and according
to the methodology proposed in Section 3, w = 18 for the four-pole SynRM and w = 12 for
the six-pole machine. Table 2 shows the skew angle that should be considered to discrete
skew the machine according to Equation 4, depending on the desired step number and
aiming to mitigate the highest magnitude harmonic component. The following sections
evaluate the impact of the proposed skew methodology on mitigating torque ripple for
N = 2, N = 3 and N = 4.
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Figure 5. Electromagnetic torque waveform and spectrum of a skewless reference machine: (a) torque
waveform of four-pole machine with two barriers per pole; (b) torque spatial harmonic content of
four-pole machine with two barriers per pole; (c) torque waveform of six-pole machine with two
barriers per pole; (d) torque spatial harmonic content of six-pole machine with two barriers per pole.
Additionally, 2D and 3D simulation results are compared.
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Table 2. Skew angle to reduce a specific electromagnetic torque harmonic order by discrete skew.

Harmonic Order Mechanical Angle for
Two-Step Skew

Mechanical Angle for
Three-Step Skew

Mechanical Angle for
Four-Step Skew

2p2b 18th 5◦ 3.33◦ 2.5◦

3p2b 12nd 5◦ 3.33◦ 2.5◦

4.2. Evaluation of Torque Ripple Reduction by Means of Two-Step Discrete Skew

The comparison of the electromagnetic torque for the four-pole and six-pole machine
is shown in Figure 6 when two-step skewing is applied. It can be observed that there is a
significant reduction in the harmonic torque component to be mitigated, to approximately
10% of its original value.
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Figure 6. Comparison of electromagnetic torque waveform and harmonic content of a skewless ma-
chine vs. two-step skewed machine: (a) torque waveform of four-pole machine with two barriers per
pole; (b) torque spatial harmonic content of four-pole machine with two barriers per pole; (c) torque
waveform of six-pole machine with two barriers per pole; (d) torque spatial harmonic content of
six-pole machine with two barriers per pole. The 2D and 3D simulation results are compared.

This agrees with the estimations obtained from the reduction factor proposed in
Equation (9), which can be simplified when evaluating N = 2 to:

krs,v =

√
2

2

√
1 + cos

(
π

v
w

)
. (10)

According to Equation (10), the reduction of the main component of the electromag-
netic torque (which has order w = 18) should be maximum (krs,w = 0). The difference lies
in the fact that Equation (9) considers magnetically independent rotor slices, neglecting
their interaction. Regardless of this, a significant reduction was observed in other harmonic
components. In addition, for the four-pole machine it was found that the torque ripple
harmonic component with v = 12 was also reduced to ~45% of its original value, whilst
other relevant harmonics of order v = 6 and v = 36 were not significantly affected. This
agrees with the estimated reduction factor proposed in Equation (10), since krs,6 = 0.87,
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krs,12 = 0.5 and krs,36 = 1. In turn, for the six-pole machine it was observed that the relevant
torque ripple harmonic component with v = 24 was slightly reduced (to 87% of the original
value), and that other relevant harmonics of order v = 6 and v = 36 were reduced to 77%
and 14% of their original magnitude, respectively. This agrees with the estimated reduction
factor proposed in Equation (10), since krs,6 = 0.7, krs,24 = 1 and krs,36 = 0. In addition, the
trend of other less relevant harmonic components of both machines matches closely with
the estimations of Equation (10). These findings are summarized in Table 3.

Table 3. Torque ripple harmonic component reduction as a result of two-step skewing. The 3D results
were considered and relevant harmonic components analyzed.

Harmonic Order Four-Pole SynRM Six-Pole SynRM

krs,v
(Analytical)

krs,v
(FEA)

krs,v
(Analytical)

krs,v
(FEA)

v = 6 0.87 0.95 0.71 0.77
v = 12 0.50 0.45 0.00 0.06
v = 18 0.00 0.10 - -
v = 24 - - 1.00 0.87
v = 30 - - - -
v = 36 1.00 1.02 0.00 0.14

As an overall result of the discrete two-step skewing, the peak-to-peak value of the
torque ripple was reduced. Table 4 summarizes the torque ripple as a percentage of the
mean torque for the 2D and 3D simulation results, respectively. The torque ripple reduction
is greater than 70% for the four-pole machine and up to 55% for the six-pole design, and an
expected slight reduction of the average torque was also obtained.

Table 4. Average torque and torque ripple comparison when applying two-step skewing, by means
of 2D and 3D FEA simulations.

Skewless
2D

Skewless
3D

Two-Step Skew
2D

Two-Step Skew
3D

Four-pole SynRM Tavg 51.0 Nm 50.2 Nm 50.0 Nm 48.7 Nm
Trp 73.9% 72.1% 20.2% 22.6%

Six-pole SynRM Tavg 54.7 Nm 53.8 Nm 51.9 Nm 50.5 Nm
Trp 49.2% 45.9% 21.4% 19.2%

In this specific case, it can be observed that the 3D evaluation shows worse results
than the 2D assessment, since in the 3D the ripple reduction is lower, and the mean torque
reduction is increased, with respect to the 2D simulations. This can be ascribed to the fact
that 2D simulations on ANSYS consider each slice of the machine as independent machines,
when discrete skewing is applied, and the interface between slices is not taken into account,
resulting in an idealization of the problem. On the other hand, the 3D simulation evaluates
the rotor as a whole unit comprised of physically rotated slices, hence considering effects
within the adjacent slices interface. This is further addressed in Section 4.4.

4.3. Evaluation of Torque Ripple Reduction by Means of Three-Step Discrete Skew

The comparison of the electromagnetic torque for the four-pole and six-pole machine
is shown in Figure 7 when adopting a three-step discrete skew strategy.

As in the case of the two-step skewing, there is a significant reduction of up to 93%
of the highest magnitude harmonic component of the torque ripple. This is in accordance
with the reduction factor derived in Equation (9), further simplified for cases with N = 3
as per:

krs,v =
1
3

[
1 + 2 cos

(
2πv
3w

)]
(11)
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Figure 7. Comparison of electromagnetic torque waveform and harmonic content of skewless ma-
chine vs. three-step skewed machine: (a) torque waveform of four-pole machine with two barriers per
pole; (b) torque spatial harmonic content of four-pole machine with two barriers per pole; (c) torque
waveform of six-pole machine with two barriers per pole; (d) torque spatial harmonic content of
six-pole machine with two barriers per pole. The 2D and 3D simulation results are compared.

According to Equation (11), the reduction of the highest magnitude component of
the electromagnetic torque, when v = w, is maximum (krs,w = 0). Additionally, for the
four-pole machine it was found that the torque ripple harmonic components with v = 12
and v = 36 were reduced to ~45% and ~6% of their original value, respectively, whilst the
other relevant harmonic of order v = 6 was not significantly affected. This agrees with the
reduction factor proposed in Equation (11) for N = 3, since krs,6 = 0.84, krs,12 = 0.45 and
krs,36 = 0. On the other hand, for the six-pole machine it was observed that the harmonic
components with v = 6 and v = 24 were reduced to ~70% and ~12% of their original value,
respectively, whilst the harmonic of order v = 36 was not visibly reduced. This agrees
with the values provided by Equation (11), since krs,6 = 0.67, krs,24 = 0 and krs,36 = 1.
Although they were not relevant contributors, the trend of other harmonic components of
both machines were in good agreement with the expression presented in Equation (11).
These findings are summarized in Table 5.

Table 5. Torque ripple harmonic component reduction as a result of three-step skewing. The 3D
results are considered and the relevant harmonic components analyzed.

Harmonic Order Four-Pole SynRM Six-Pole SynRM

krs,v
(Analytical)

krs,v
(FEA)

krs,v
(Analytical)

krs,v
(FEA)

v = 6 0.84 0.95 0.67 0.70
v = 12 0.45 0.45 0.00 0.06
v = 18 0.00 0.09 - -
v = 24 - - 0.00 0.12
v = 30 - - - -
v = 36 0.00 0.06 1.00 0.90
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As a result of the discrete three-step skewing, the peak-to-peak value of the torque
ripple was considerably reduced. Table 6 presents the obtained mean torque and torque
ripple (as a percentage of the mean torque) for the 2D and 3D simulations, respectively. It
may be noted that the torque ripple reduction is greater than 75% in both analyzed designs
and there is an expected slight reduction in the average torque.

Table 6. Average torque and torque ripple comparison when applying three-step skewing, by means
of 2D and 3D FEA simulations.

Skewless
2D

Skewless
3D

Three-Step Skew
2D

Three-Step Skew
3D

Four-pole SynRM Tavg 51.0 Nm 50.2 Nm 49.9 Nm 48.7 Nm
Trp 73.9% 72.1% 15.6% 18.3%

Six-pole SynRM Tavg 54.7 Nm 53.8 Nm 51.5 Nm 51.0 Nm
Trp 49.2% 45.9% 11.8% 12.7%

Similar to the case of two-step skewing, it can be appreciated that the 3D evaluation
shows a worse outcome than the 2D assessment, since a lower ripple reduction and a higher
mean torque reduction were achieved.

4.4. Evaluation of Torque Ripple Reduction by Means of Four-Step Discrete Skew

The comparison of the electromagnetic torque for the four-pole and six-pole machine
is shown in Figure 8 when four-step skewing is applied.
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Figure 8. Comparison of electromagnetic torque waveform and harmonic content of skewless ma-
chine vs. four-step skewed machine: (a) torque waveform of four-pole machine with two barriers per
pole; (b) torque spatial harmonic content of four-pole machine with two barriers per pole; (c) torque
waveform of six-pole machine with two barriers per pole; (d) torque spatial harmonic content of
six-pole machine with two barriers per pole. The 2D and 3D simulation results are compared.

It can be observed that there is a significant reduction in the harmonic torque compo-
nent to be mitigated, approximately 10% of its original magnitude, to a similar extent to the
two-step and three-step skewing. This is in agreement with the estimations obtained from
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the reduction factor proposed in Equation (9), which, for the specific case of N = 4, can be
simplified to:

krs,v =

√
2

2
cos
(πv

2w

)√
1 + cos

(πv
2w

)
(12)

Based on Equation (12), the reduction of the highest magnitude component of the
electromagnetic torque, when v = w, is maximum (krs,w = 0). Additionally, for the four-
pole machine it was found that the torque ripple harmonic components with v = 12 and
v = 36 were reduced to ~35% and ~5% of their original value, respectively, whilst the other
relevant harmonic of order v = 6 was not affected. This is in agreement with the reduction
factor proposed in Equation (12) for N = 3, since krs,6 = 0.84, krs,12 = 0.43 and krs,36 = 0.
On the other hand, for the six-pole machine, it was observed that the harmonic components
with v = 6, v = 24 and v = 36 were reduced to ~74%, ~12% and ~6% of their original
value, respectively. This is in agreement with the values provided by Equation (12), since
krs,6 = 0.65, krs,24 = 0 and krs,36 = 0. Although they are not relevant contributors, the trend
of other harmonic components of both machines are in good agreement with the expression
presented in Equation (12). A summary of these results is presented in Table 7.

Table 7. Torque ripple harmonic component reduction as a result of three-step skewing. The 3D
results are considered, and relevant harmonic components analyzed.

Harmonic Order Four-Pole SynRM Six-Pole SynRM

krs,v
(Analytical)

krs,v
(FEA)

krs,v
(Analytical)

krs,v
(FEA)

v = 6 0.84 1.01 0.65 0.74
v = 12 0.43 0.35 0.00 0.06
v = 18 0.00 0.08 - -
v = 24 - - 0.00 0.12
v = 30 - - - -
v = 36 0.00 0.05 0.00 0.06

Four-step skewing resulted in a severe torque ripple reduction, as summarized in
Table 8, which presents the results obtained by means of the 2D and 3D evaluations,
respectively. The torque ripple reduction was greater than 75% in both analyzed designs
and there was an expected slight reduction of the average torque.

Table 8. Average torque and torque ripple comparison when applying four-step skewing, by means
of 2D and 3D FEA simulations.

Skewless
2D

Skewless
3D

Four-Step Skew
2D

Four-Step Skew
3D

Four-pole SynRM Tavg 51.0 Nm 50.2 Nm 49.8 Nm 48.7 Nm
Trp 73.9% 72.1% 15.0% 18.3%

Six-pole SynRM Tavg 54.7 Nm 53.8 Nm 51.4 Nm 51.0 Nm
Trp 49.2% 45.9% 11.2% 12.7%

Similar to the two-step and three-step skewing cases, it may be appreciated that the 3D
evaluation shows a worse outcome than the 2D assessment, since a lower ripple reduction
and a higher mean torque reduction were achieved. Nevertheless, the 2D and 3D results
were very similar; for this reason, assessing the proposed skew technique by means of 2D
simulations as a preliminary stage design can be recommended.

It is possible to observe that, when N = 2 and N = 3 are compared, there is a consid-
erable improvement in the reduction of the torque ripple, and the behavior is different
for N = 3 and N = 4, where the reduction is the same. For all cases, N = 2, N = 3 and
N = 4, the average torque remains relatively constant. Therefore, when assessing close-to-
purely-sinusoidal electromagnetic torque waveforms in a SynRM, two-step skew may then
be sufficient as a single ripple component. Conversely, if there are several preponderant
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harmonic components, then it is worth taking a multi-step skewing approach, to mitigate
multiple harmonics at once. A study case is addressed in Section 5 covering this issue.

Consequently, it is necessary to correctly analyze the harmonic distribution of the
electromagnetic torque to properly choose N, since increasing the number of steps does not
always guarantee a significant reduction in torque ripple and could lead to other different
manufacturing costs.

5. Study Case: Optimized SynRM for Minimum Ripple Torque

A 36-slot, six-pole, three-barrier SynRM was selected as the case study for this sec-
tion. The aim was to show the applicability of the proposed method to an optimized
machine, with the particularity that its torque ripple harmonic content does not have a
predominant component. The machine design was optimized using ANSYS commercial
software, including Electronic Desktop for electromagnetic analysis, DesignModeler for
geometry parameterization, and Workbench for optimization. The optimization process
was conducted using a combination of multi-objective genetic algorithms (MOGA) and FEA
simulations. During the optimization process, the machine was supplied with a current
of 20 A/mm2, which is approximately three times the rated current listed in Table 9. This
answers to the known fact that selecting a current between two and three times the rated
current can improve the insensitivity of torque ripple to load variations [41].

Table 9. Main data of the study-case machine subject to optimization.

Parameter Symbol Value Unit

Stator outer diameter Dso 246 mm
Stator inner diameter Dsi 161.4 mm
Rotor outer diameter Dro 160.4 mm
Rotor inner diameter Dri 70 mm

Tooth height ht 22.8 mm
Toot width bt 9 mm

Air-gap length g 0.5 mm
Stack length lst 120 mm

Number of slots Qs 36 -
Number of turns Ns 20 -

Number of pole pairs p 3
Synchronous speed n 5000 rpm

Rated current density Jn 7.5 A/mm2

Stacking factor ks 0.95 mm
Lamination thickness e 0.5 mm

The objective functions were set to minimize torque ripple, maximize power factor,
and maintain average torque above a specified value. The primary constraint during
optimization was to keep the machine’s insulation ratio within the defined limits of 0.35 to
0.45, as per the literature [42]. Geometric constraints were established to ensure feasible
rotor geometries and to prevent errors or unrealistic solutions during optimization. The
upper and lower limits for the rotor’s geometrical parameters (objective variables) were
properly defined.

The optimization results are presented in Figure 9. The optimal design was selected
based on a trade-off between average torque and torque ripple, as it is not possible to
achieve the lowest torque ripple and highest average torque simultaneously. In this case,
the machine with the lowest torque ripple was selected.

To choose a suitable skew angle for reducing the torque ripple to acceptable values,
a FFT was performed on the electromagnetic torque for one period of the torque ripple,
as described in Section 3. The harmonic components of both designs under different load
conditions are shown in Figure 10.
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Figure 9. Designs obtained from the optimization process. The current was fixed to ~20 A/mm2 and
the current angle was defined in the optimization algorithm for MTPA.
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Figure 10. Harmonic components of the electromagnetic torque for the optimum design: (a) current
density 5 A/mm2; (b) current density 7.5 A/mm2; (c) current density 10 A/mm2; (d) current density
12.5 A/mm2.

From Figure 10, it can be noted that, when the current density is below 10 A/mm2,
the second harmonic is predominant, which is mainly related to stator slotting. When the
current density is above 10 A/mm2, the third harmonic instead is predominant, which
could render traditional methods useless based on mitigating the contribution of slotting
effect on the torque ripple. In consequence, a customized skew angle is calculated from
the proposed methodology, summarized in Table 10. This analysis considered the first,
second, and third harmonics for mitigation using two-step, three-step, four-step, and
five-step skewing.

Table 10. Skew angle to reduce a specific harmonic component of the electromagnetic torque.

Harmonic Order Mechanical Angle for
Two-Step Skew

Mechanical Angle for
Three-Step Skew

Mechanical Angle for
Four-Step Skew

Mechanical Angle for
Five-Step Skew

6th 10◦ 6.66◦ 5◦ 4◦

12th 5◦ 3.33◦ 2.5◦ 2◦

18th 3.33◦ 2.22◦ 1.66◦ 1.33◦

This case was selected for further analysis.
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From Figure 10 it may be noted that some torque ripple harmonics get significantly
larger as the current density increases, so it is desirable that the skewing technique used
reduces these harmonics. The mitigation factor defined by Equation (9) can be used to
estimate the reduction of each harmonic component. Tables 11–13 report the mitigation
factor when the skew is applied to the first, second, and third harmonics, respectively.

Table 11. Value of the mitigation factor when the sixth harmonic component is selected to reduce
(w = 6).

krs,v

Harmonic Order Mechanical Angle for
Two-Step Skew

Mechanical Angle for
Three-Step Skew

Mechanical Angle for
Four-Step Skew

Mechanical Angle for
Five-Step Skew

6th 0 0 0 0
12th 1 0 0 0
18th 0 1 0 0
24th 1 0 1 0

This case was selected for further analysis.

Table 12. Value of the mitigation factor when the 12th harmonic component is selected to reduce
(w = 12).

krs,v

Harmonic Order Mechanical Angle for
Two-Step Skew

Mechanical Angle for
Three-Step Skew

Mechanical Angle for
Four-Step Skew

Mechanical Angle for
Five-Step Skew

6th 0.7 0.6 0.6 0.6
12th 0 0 0 0
18th 0.7 0.3 0.3 0.2
24th 1 0 0 0

Table 13. Value of the mitigation factor when the 18th harmonic component is selected to reduce
(w = 18).

krs,v

Harmonic Order Mechanical Angle for
Two-Step Skew

Mechanical Angle for
Three-Step Skew

Mechanical Angle for
Four-Step Skew

Mechanical Angle for
Five-Step Skew

6th 0.8 0.8 0.8 0.8
12th 0.5 0.4 0.4 0.4
18th 0 0 0 0
24th 0.5 0.3 0.2 0.2

The analysis shows that the best option for applying skew is to mitigate the first
harmonic using a five-step skew. This theoretically eliminates the harmonic components,
but in practice, this translates into a considerable harmonic reduction. Figure 11 shows the
harmonic components of the optimal design with a five-step skew applied.

The result of applying this skewing techniques translates into a ripple reduction of up
to 65%. Considerable differences can be appreciated when analyzing the response of this
optimized machine and the machines evaluated in Section 4. For the case of the optimized
machine, several harmonic components contributed to torque ripple, the reason for which
a multi-step skewing was best suited from an electromagnetic perspective. In contrast, the
machines addressed in Section 4 had a predominant torque ripple harmonic component,
which could be handled by a two-step skewing.
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Figure 11. Harmonic components of the electromagnetic torque for the optimum design applying
five-step skewing: (a) current density 5 A/mm2; (b) current density 7.5 A/mm2; (c) current density
10 A/mm2; (d) current density 12.5 A/mm2.

6. Conclusions

In this paper, an in-depth analysis of discrete-skew methodology was investigated,
and an approach proposed to better understand the effect of the skewing angle and its
determination during the design phase of SynRM. Following a literature review discussing
the topic, the reduction factor for each harmonic component was introduced and derived
in general form to estimate the resulting amplitude of each torque ripple component as
a function of the skew. As a result, the overall torque ripple waveform was estimated
considering the reduction of each harmonic component.

To assess the validity of the proposed method, two SynRMs were evaluated and
a torque ripple reduction of up to 70% was obtained. The outcomes from the analyti-
cal expressions and FEA evaluation showed good agreement. Moreover, the proposed
harmonic component reduction factor showed promising results, being able to roughly
estimate the reduction of specific harmonic components of the torque ripple. The proposed
skewing technique was used to mitigate the torque ripple on a previously optimized triple-
barrier SynRM with acceptable results: a 65% ripple reduction was observed from 3D FEA
simulations results.

By analyzing the harmonic distribution of the torque ripple, the best skewing strat-
egy can be selected as an input of the proposed skewing technique: for mostly-purely-
sinusoidal torque waveforms, a two-step or three-step skewing is advised, whilst for
machines that have multiple high-magnitude harmonic components, a multi-step skewing
can be recommended.
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