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ABSTRACT Tolerance analysis on synchronous reluctance machines (SynRM) is mandatory if accurate
refinements of the rotor structure are adopted, a must for low-ripple applications However, the impact of
manufacturing/dimensional tolerances or material degradation has been scarcely included in the design steps
for SynRMs obeying complexity and time-requirement reasons. The paper provides an analysis of rotor
barrier dimensional allowances in synchronous reluctance machines by utilizing a semi-analytical approach.
This method is not only fast yet it also generates a substantial number of results that allows to evaluate the
influence of dimensional deviations on the machine’s performance. The proposed performance evaluation
method is validated in four machines by direct finite element (FE) simulations, showing good agreement
and low computational burden. Once validated, the method is applied to perform a brute-force search in a
single-barrier 4-pole machine with different combinations of dimensional allowances, obtaining a significant
reduction in computational time compared to traditional direct FE evaluation. The paper concludes with
a description of the proposed methodology and its applicability to other SynRM designs. This opens the
possibility of quickly analyzing tolerances in SynRMs and improving their performance by evaluating
different dimensions and position of flux barriers.

INDEX TERMS Dimensional allowances, synchronous reluctance machine, torque ripple, average torque,
fast performance evaluation method, full-range analysis.

I. INTRODUCTION
Synchronous reluctance machines (SynRMs) have gained
increasing attention in the past decade, especially in appli-
cations where enhanced efficiency and cost-effective power
conversion is required [1]. When compared with the widely
used induction motors (IMs), the absence of rotor windings
in SynRM (as sketched in Fig. 1) leads to lower rotor losses
and higher efficiency for the same frame size. Additionally,
SynRM are proposed as a rare-earth magnet-free technology
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with a lower cost than permanent magnet (PM) machines [2],
[3], [4]. Moreover, they are highly reliable, robust, and easy
to maintain.

Nevertheless, they have two critical disadvantages, that
have been discussed widely in literature, with an impact on
their competitivity: the high torque ripple and the low power
factor [5], [6], [7]. The performance of SynRM is strongly
dependent on the rotor configuration and shape of the flux
barriers [8]. Their dimension and position within the rotor,
including the thickness and design of the iron bridges are
main contributors of the torque ripple [9]. Accurate refine-
ments of the rotor parameters are addressed in [10], [11],
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FIGURE 1. 3D sketch of a six-pole synchronous reluctance machine.

and [12] with the aim to reducing the torque ripple and
improve the machine performance. In addition, algorithms
for SynRM optimization can be found in [13], [14], and [15]
aiming to tackle the torque ripple magnitude among other
undesired effects. Notwithstanding, these analyses are based
on designs with exact dimensions, and the impact of manu-
facturing/dimensional tolerances or material degradation has
been scarcely included in the design steps for SynRM [9].

This issue is an aspect that has hardly been addressed for
SynRM and it is a very critical aspect that can lead to signifi-
cant differences between the expected performance (from the
blueprint) and the built machine if the dimensional tolerances
are not respected [9], [16], [17]: the expected torque ripple
reduction may not be effectively obtained if dimensional
deviations are present in the machine manufactured. In this
regard, [16] provides a sensitivity analysis of torque ripple,
and the authors stated that small geometry variations cause
high torque ripple oscillations in several designs. This was
further addressed in [9], where a robust design methodology
is proposed. The selection of the robust design towards man-
ufacturing tolerances among the best candidates is performed
using statistical tools and worst-case analysis. The discussion
emphasized that the optimal designs exhibit a strong deterio-
ration of the torque ripple due to manufacturing tolerances.
In [17], a topological optimization was used to consider
the localized magnetic degradation on the lamination caused
by punching process. This optimization method allowed to
analyze small variations in the geometry of the machine and
in [17], considerable differences in the torque ripple can be
observed between the evaluated designs. Recently in [7],
it was also disclosed that the high torque ripple of SynRM can
be tackled by means of slight deviations in the rotor structure
symmetry, which leads to significant performance variations.
These studies raise a key design aspect: tolerance analysis
on SynRM is mandatory if accurate refinements of the rotor
structure are adopted, a must for low-ripple applications.

On the other hand, tolerance analysis cannot be conducted
by means of the existing SynRM analytical models, obeying

assumptions and accuracy reasons. Analytical models found
in literature [18], [19], [20], [21], [22], [23], [24] do not
consider the non-linearities of the machine and often limit its
application to low-speed scenarios. Although these models
are considerably helpful to derive preliminary design param-
eters, they are not compatible with the tolerance analysis
requirements. In this regard, FE analysis is preferred [9],
[16], [17], since it allows the incorporation of non-linearities
to the machine materials, including the effect of saturation
on the magnetizing current and the cross-saturation effect
into the evaluations [24]. Nevertheless, a decisive drawback is
faced when adopting FEA for conducting tolerance analyses:
the computational burden is severe [9] when paired with
optimization routines, and it has proven to scale with the pole
count and the complexity of the rotor/stator structure [25].
In summary, a method that allows conducting an accurate yet
fast dimensional allowance analysis on SynRM is lacking in
literature.

The aim of this paper is thus to provide a fast yet accurate
performance evaluation method for multi-barrier SynRMs
including dimensional allowances and focusing on their elec-
tromagnetic torque generation. This opens the possibility
of quickly analyzing tolerances in SynRMs and improving
the performance of SynRMs by evaluating dimensions and
position of flux barriers. In order to validate the method,
four machines with different number of poles and flux bar-
riers are evaluated by means of i) the proposed method
and ii) direct FE simulations. Once the method is validated,
a 4-pole machine with one flux barrier per pole is analyzed.
A significant reduction in terms of computational time was
obtained when compared with traditional direct FE evalu-
ation, which enables conducting comprehensive tolerance
analyses on SynRM with several deviated parameters.

The remaining part of this paper is organized as follows.
In Section II the selection of the exemplary machines is
described. The performance evaluation method is presented
and validated for four SynRMs in Section III. An example of
method applicability is given in Section IVwhere a full-range
tolerance analysis is used. Conclusions are drawn at the end
of the article.

II. SELECTED MACHINES
With the aim of giving insight of the procedures behind
the proposed performance evaluation method, four SynRM
machines are considered and assessed in this work, as are pre-
sented in Fig. 2. Non-optimized SynRMs were considered in
this work to obtain high ripple torque and better visualize the
effect of rotor structure variations on the torque waveform.

Several geometrical parameters of the rotor structure affect
to a greater or lesser amount the performance of the machine.
The number of parameters increase exponentially as the num-
ber of flux barriers per pole and pole pairs increase and,
therefore, there are several design guidelines established in
the literature to choose the number of flux barriers and poles.

SynRM is designed to maximize d-axis inductance and
minimize q-axis inductance as this ensures that the machine’s
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FIGURE 2. 2D schematics of SynRMs: (a) four pole with one barrier;
(b) four pole with two barrier; (c) six pole with one barrier; (d) six pole
with two barrier. Three-phase stator windings are highlighted in red,
green, and blue.

TABLE 1. Main data of selected SynRM.

saliency ratio is large enough for the machine’s performance
ratings to meet the standards. On the one hand, and in order to
obtain a good saliency ratio, a small number of pole pairs is
preferred, and the technical literature recommends adopting
two or three pole pairs [26]. On the other hand, the optimum
number of flux barriers is defined according to the number of
stator slots. For 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 affect the rotor mechanical
integrity or increase the design process complexity [11], [27].

Therefore, in this paper exemplary machines with two and
three pole pairs are considered, and each pole can adopt one
or two barriers, summing up to a total of four machines. The
common data for all machines are presented in Table 1.

FIGURE 3. Schematics of the rotor structure for a 1-barrier configuration.

FIGURE 4. Schematics of the rotor structure for a 2-barrier configuration.

TABLE 2. Main data of 1-barrier rotor.

The rotor data are shown in Tables 2 and 3 for the
machines with one and two barriers respectively. For visu-
alization means, Fig. 3 and Fig. 4 show the schematic of the
rotor parameters for the selected one-barrier and two-barrier
machines, respectively.

In [16] the impact of geometrical parameters on torque is
analyzed, and the sensitivity of an optimal solution to geom-
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TABLE 3. Main data of 2-barrier rotor.

etry variation is pointed out. It is observed that the variation
of the third flux-barrier angle can significantly affect the
torque ripple. A sensitivity analysis performed in [7] shows
similar results to those presented in [16]. It is also observed
that incorporating asymmetric barriers in the rotor allows to
reduce the influence of the barrier angle to provide higher
degrees of freedom. Therefore, in this work the position of the
barriers is varied since it has proven to develop a significant
impact on the torque ripple.

III. PERFORMANCE EVALUATION METHOD
In this section, the proposed approach to predict the impact
of dimensional deviations of rotor barriers on the electromag-
netic torque is described and validated. This methodology is
inspired by the one developed by the authors in [25] and [28].

A. ASSUMPTIONS/CONSIDERATIONS
In a real manufacturing process, multiple structural units can
exhibit failures (and a combination of them) and penalize its
electromagnetic performance. For a single parameter subject
to a discrete tolerance analysis, if F failures are considered in
addition to the flawless condition, a total of F + 1 possible
combinations can be assessed. In Fig. 5, the representation
of possible failures with F = 2 is presented. In this case,
the parameter αr can adopt three values (i = 1, 2 and 3)
depending on the upper limit of the allowance range (1):

• αr1 = −1

• αr2 = 0
• αr3 = 1

IfF is higher, thenmore values ofαr must be evaluatedwithin
the range [−1, 1].

FIGURE 5. Schematics of possible failures with F = 2 on the right side of
a barrier of a single pole.

For the topology under analysis, which has 2p poles and b
barriers, the number of possible combinations which require
to be evaluated (combinations of αri and αli, with i =

1, 2, . . . ,F + 1) are

Qeval = (F + 1)4p·b . (1)

This means that, with the aim to assess the combinations of
αri and αli on a 4-pole 1-barrier SynRM resulting fromF = 6,
a total of ∼5.7 million designs should be evaluated. This is
unfeasible only by means of FE simulations.

Therefore, in order to accelerate the analysis of the effect of
all possible combinations of deviated barriers over SynRM,
a method based on the superposition technique is used [11],
[25], [26], [27], [28]. Its main assumptions and considerations
are summarized below:

The dimensional range of each parameter is discretized
depending on the value of F .

• Poles are considered as relatively independent structural
units, in terms of their electromagnetic response.

• The method can consider saturation since it relies on the
results from direct FE evaluation.

B. EXPRESSIONS
The proposed method aims to reconstruct the torque wave-
form considering the error contribution of all the barriers on
the machine, as explained in the sketch shown in Fig. 6.
When the m-th barrier of a certain pole (reference pole) is

displaced in a machine called X , there will be a difference
between the developed torque of the machine X and the
flawless design, called error, which depends on themagnitude
of the displacement given by i. Therefore, the error generated
by displacement of the left side of the m-th barrier can be
represented as:

ξlmi (θr ) = Tlmi (θr ) − Tf (θr ) , (2)

where Tf is the torque waveform of the flawless machine, and
Tlmi is the torque waveform of a machine which left side of
the m-th barrier is affected by a deviation magnitude (related
to i). In turn, the error generated by displacements of the right
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FIGURE 6. Sketch of the proposed methodology. Error waveforms are
obtained to reconstruct the torque of faulty machines.

side of the m-th barrier is:

ξrmi (θr ) = Trmi (θr ) − Tf (θr ) , (3)

where Trmi is the torque waveform of a machine which right
side of the m-th barrier is affected by a deviation magnitude
(related to i). Both ξlmi (θr ) and ξrmi (θr ) for m = 1, 2, . . . , b
and i = 1, 2, . . . ,F + 1 can be obtained from FE simula-
tions considering deviations on a single pole of the machine,
called reference pole. Therefore, the torque of the machine
considering all possible deviations on the reference pole of
the machine is given by:

TRP (θr ) = Tf (θr ) +

b∑
m=1

{ξlmi (θr ) + ξrmi (θr )} (4)

If the barriers of the other poles are to be evaluated consid-
ering misplacement, then a superposition approach can be

applied. Displacing the m-th barrier of a certain pole has
the same error waveform as displacing the m-th barrier of
the reference pole but shifted. This is a crucial aspect of the
methodology: the errors of a pole other than the reference can
be obtained from the reference ones, considering a mechani-
cal angular shift (γ ) that can be calculated as:

γn =
360
2p

n (5)

where n is the distance in number of poles between the pole
that is desired to be assessed and the reference pole (for which
the error waveforms were computed by means of FEA).

Thus, the torque of a machine with any combination of
displacements on its barriers can be computed as:

Tfinal(θr ) = Tf (θr ) +

2p−1∑
n=1

b∑
m=1

{ξlmi (θr − γn)

+ξrmi (θr − γn)} . (6)

where Tf (θr ) is the torque waveform of the faultless
machine, Tlmi(θr ) is the torque waveform of the machine with
a deviation on the position of the left side of them-th barrier of
any pole; and Trmi(θr ) is the torque waveform of the machine
with a deviation on the position of the right side of the m-th
barrier of any pole. The parameter i allows to select different
displacements, as described in Section III-A. The flowchart
for implementing the proposed method is presented in Fig. 7.

C. VALIDATION
In order to validate the proposed torque reconstruction
method, the four machines presented in Fig. 2 are evaluated
with different displacement values (αri). This validation con-
sists of comparing the outcome of:

• The proposed method, which requires a few simulation
runs to obtain input torque waveforms. These wave-
forms are used to estimate the torque of several machines
with deviated dimensional parameters.

• Direct FE evaluation of machines with deviated dimen-
sional parameters.

FE simulation was carried out using ANSYS Electronic
Desktop software package for a rotor speed of 3000 rpm
and an RMS current density of 11.8 A/mm2. The current
angle was fixed at 60 electrical degrees and the magnetic
steel chosen was M350-50A. For both cases, a high-density
mesh was considered for the airgap, bridge and barrier zones
to obtain an accurate input for the proposed semi-analytical
method and a fair comparison between results. In Fig. 8, the
used FE model and the obtained flux density distribution for
the flawless case are presented. A maximum value of ∼2.3 T
was obtained around the bridges and ∼1.8 T in the teeth and
stator-yoke areas. In this sense, mild saturation is considered
in this paper to demonstrate the applicability of the proposed
method.

Exaggerated displacements on the left side and the right
side of the barriers of the machine were considered (see
Fig. 5). This, in order to obtain significant torque variations
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FIGURE 7. Flowchart of the proposed methodology to estimate torque
waveforms from a few FE simulation runs.

with respect to the flawless machine and disclose the differ-
ences between the proposed method and direct FE evaluation.

The comparison of the rated torque between FEA and the
proposed method for the validation scenarios is presented
in Fig. 9. Table 5 in Appendix summarize the data of the
validation scenarios considered, including the dimensional
deviation magnitude and the barriers and poles affected by
dimensional deviations. These scenarios were selected in
order to consider i) severe dimensional deviations acting on a
single barrier that is different to that evaluated in the first steps

FIGURE 8. Flux density distribution of the selected machines without
dimensional deviations: (a) four pole with one barrier; (b) six pole with
one barrier; (c) four pole with two barrier; (d) six pole with two barrier.

of the methodology (See Fig. 6); ii) dimensional deviations
acting on both sides of barriers; iii) dimensional deviations
acting on different sides of several barriers simultaneously.
From Fig. 8, it can be observed that in all cases, the results
provided by the different methods show good agreement,
even when there are significant waveform changes between
scenarios and mild saturation is taken into account.

Additionally, a second validation of 100 machine designs
with randomly generated dimensional deviations was carried
out with accurate results. Comparing the torque waveforms
estimated by the proposed method with those obtained by
direct FE evaluation provided a mean average error lower
than 6%. In order to replicate this accuracy when implement-
ing the proposed method, a mesh with high quality elements
and a minimum number of samples of the simulations runs
subject to the Nyquist theorem is recommended. Likewise,
if reducing the simulation time is required, it is possible
to simulate only one electrical period to obtain the basal
simulation results. In turn, there are no restrictions that must
be followed regarding material selection to obtain accurate
estimations.

IV. BRUTE-FORCE TOLERANCE ANALYSIS: AN EXAMPLE
OF APPLICABILITY
SynRMs have a complex rotor structure with many geomet-
rical parameters that can affect its performance. As a result,
there are many possible machine combinations that need to
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FIGURE 9. Comparison of the rated torque between FEA and the proposed method, considering (a), (b), (c) 4P1B machine (d), (e), (f) 6P1B machine;
(g), (h), (i), (j) 4P2B machine, and (k), (l), (m), (n) 6P2B machine. Specifications of these scenarios can be found in Annex.

FIGURE 10. Average torque and ripple torque obtained for a SynRM with
36 slots, 4 poles and one barrier per pole when manufacturing tolerances
are present. The values are achieved for one and two times the typical
manufacturing tolerance of a laser cutter machine (±0.1mm), and using
the method described in Fig. 6 and Fig. 7.

be analyzed to take into account manufacturing tolerances,
as described in (1).

A 4-pole machine with one flux barrier per pole is consid-
ered as an example. Typical manufacturing tolerances can be
used to determine the possible values that each dimension of
the machine can adopt as suggested in [25]. Let us consider
five possible values of the rotor barrier position, then these
can be:

• The originally conceived value (flawless).

TABLE 4. Best and worst values of average torque and ripple torque
obtained for a SynRM with 36 slots, 4 poles and one barrier per pole
when manufacturing tolerances are present.

• The original value deviated in the typical manufacturing
tolerance (two possibilities, ±0.1 mm for laser cutting)

• Twice the standard manufacturing tolerance for a laser
cutting machine (Two options: ±0.2mm),

As a result, and according to (1), it is necessary to analyze
approximately∼390,000 designs in order to perform an accu-
rate analysis. In this section, the proposed method is used
to perform a full-range tolerance analysis of 4-pole SynRM,
considering the five options indicated above. The average
torque and torque ripple values resulting from this analysis
are shown in Fig. 10.

Analyzing these ∼390,000 designs took a total time of
100 hours considering the 9 FEA simulations using the com-
mercial package ANSYS Electronic Desktop and considering
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TABLE 5. All cases considered to assess the proposed method (using exaggerated tolerance values).

the time MATLAB took to evaluate the method with the
simulation results as inputs. A fine mesh has been applied
with ∼705,000 nodes, and the torque ripple waveform have
been determined considering a full revolution and a total
of about 20,000 samples. To put that into perspective, the
same study using only FEA simulations would take about
122,000 hours in the same computer (equivalent to 14 years)
when a course mesh is used and only one period of the torque
ripple is simulated. Therefore, the described method allows
us to analyze all possible combinations in 0.1% of the time it
would take when only FEA simulations are used.

Table 4 presents the average torque and ripple torque values
for the best and worst case of all analyzed designs. It is
possible to appreciate that the average torque does not present
considerable variations, which is to be expected because in a

SynRM the position of the flux barrier mostly affects the rip-
ple torque value. The variation on the torque ripple between
the best and the worst case is around a 9%. This result is
mostly due to the different combinations of the flux barrier’s
positions that create asymmetrical designs and cancel combi-
nation of harmonics in electromagnetic torque [7].

The electromagnetic torque waveform for the best and
worst value of torque ripple is presented in Fig. 11. Both
waveforms are quite similar, with slight changes appearing
due to the variation of the relative position between the rotor
flux barriers and the stator teeth in each design. In this sense,
the ripple torque of this particular machine design can be
considered as insensitive to the barrier angular displacement
tolerances. Moreover, it can be observed that the presence
of manufacturing tolerances does not cause new harmonics
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FIGURE 11. Electromagnetic torque waveform considering two torque
ripple periods for the best and worst cases obtained for a SynRM with
36 slots, 4 poles and one barrier per pole when manufacturing tolerances
are present.

components to appear in the electromagnetic torque of the
machine.

V. CONCLUSION
This paper presented a detailed analysis of rotor bar-
rier dimensional allowances for SynRMs, utilizing a
semi-analytical procedure usually adopted for static analysis
in permanent magnet machines. The aim of the assessment is
estimating the torque ripple of the machine, which strongly
relies on rotor geometry parameters. The proposed method
proved to be faster than conventional direct FE evaluation
and was able to generate a significant number of results to
deeply assess the impact of barrier dimensional deviations
on the SynRM performance. The validation was carried out
by means of direct FEA for a wide range of cases, and the
comparative results are all in good agreement.

Results showed a significant computation time reduction,
of around 99.9% with respect to directly evaluating rotor bar-
rier allowance effects on the torque ripple. This enables per-
forming thorough tolerance analysis on the rotor geometry,
as well as evaluating asymmetric designs. The method was
also applied to a specific case study to show its applicability
as a brute-force search tool for the assessment of torque ripple
in slightly variated scenarios of a final SynRM design. The
proposed method aimed to be general and configure as a use-
ful tool to SynRM designers that can be successfully applied
for different number of poles and flux barriers. Hereafter, it is
possible to apply the method to calculate other performance
indices that can obtained from the airgap flux density or
electromagnetic torque. In consequence, it may be possible
to use the method to calculate radial and tangential forces on
the rotor, losses, and efficiency. Future research is yet to be
done to cover this topic.

APPENDIX
Table 5 presents the dimensional parameters of the machines
used for validation purposes. These parameters are grouped

considering evaluation scenarios, selected in order to con-
sider:

i. Severe dimensional deviations acting on a single bar-
rier that is different to that evaluated in the first steps
of the methodology (see Fig. 6 and Fig. 7). This is the
case of SC1 for the four selected machines.

ii. Dimensional deviations acting on both sides of bar-
riers. This is the case of SC2 for the four selected
machines.

iii. Dimensional deviations acting on different sides of
several barriers simultaneously. This is the case of SC3
and SC4.
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