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ABSTRACT The cogging torque of permanent magnet machines with a modular stator is affected by
additional harmonic components due to the segmentation of the stator lamination. This paper proposes
a novel approach based on the shaping of the stator tooth tips with sinusoidal profiles to minimize the
cogging torque of such machines. A theoretical study and a design formula are proposed to determine the
spatial frequency of the sinusoidal profiles, while an optimization procedure based on genetic algorithm and
artificial neural networks is adopted to determine their amplitudes and phase shifts. The proposed method
is validated through finite element analysis considering two different case studies. Also, a comparison with
other approaches from the literature is presented to highlight the effectiveness of the proposed technique.
Finally, an additional analysis is reported to demonstrate the effectiveness of the proposed method against
manufacturing and assembling tolerances.

INDEX TERMS Artificial neural networks, cogging torque, finite-element analysis, genetic algorithm,
modular stators, permanent magnet synchronous motors, segmented stators, surrogate modeling.

I. INTRODUCTION in large machines, such as wind and tidal generators [4], [5],

Permanent magnet machines (PMMs) with a modular, i.e.
segmented, stator core are gaining increasing interest. In the
last years, different studies have highlighted many advantages
of such machines if compared to conventional PMMs with
a one-piece stator. In fact, a modular stator core allows to
enhance the slot fill factor, to ease the manufacturing process
and coil winding and to reduce the end winding and iron
wastage [1], [2], [3]. These advantages are noticeable both
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as well as in low power and small size PMMs [6], [7], [8].
Also, many works studied the features of PMMs with a
segmented stator core. For instance, [2], [7], and [9], show
how the additional stator gaps between the stator modules
influence the electromagnetic performances. The influence of
the stator segmentation on mechanical vibrations and acoustic
noise is analyzed in [3], while [10] proves the resistance
capabilities of modular surface mounted PMMs against irre-
versible demagnetizations.

However, the additional stator gaps in the flux path of mod-
ular stator PMMs generate additional harmonic components
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(AHCs) of the cogging torque [11]. That is, an undesired
torque pulsation also at no-load condition, which increases
vibrations, acoustic noise and speed pulsations. Compared
to the native harmonic components (NHCs) of the cog-
ging torque in conventional PMMs with a one-piece slotted
stator, the AHCs have lower harmonic orders and higher
amplitudes [11], [12].

The minimization of the NHCs of the cogging torque in
one-piece stator PMMs has been addressed using rotor or
stator skewing [13], [14], dummy slots or notches on the
tooth tips [15], [16], slot openings design [17], [18] and
teeth pairing [19], [20]. Both analytical and meta-heuristic
approaches are adopted to determine the optimal design solu-
tions. For instance, in [21], an analytical approach using
conformal mapping method is employed to determine the
optimal shifting angle of the slot openings to minimize the
cogging torque. In [22], the optimum arrangement of PMs
to reduce cogging torque is found by means of analytical
studies in which the PMs magnetization is described using
the Fourier series and the effect of the slots on the airgap flux
density is taken into account with the equivalent magnetizing
current method. In [23], a genetic algorithm coupled with
finite-element analysis (FEA) is proposed to determine the
position of PMs which minimizes the cogging torque. In [23],
the cogging torque of a brushless DC motor is minimized
using a genetic algorithm and Kriging surrogate models.

However, such methods cannot be applied for the mini-
mization of the AHCs in modular stator PMMs. In fact, the
rotor skewing has no influence on low order AHCs [25], while
the design of a unique shape for all the stator tooth tips has a
limited effectiveness in AHCs minimization as shown in [26]
and [27]. Thus, placing equally spaced dummy slots in the
stator is ineffective as well.

The explicit minimization of the cogging torque of PMMs
with modular stators has received poor attention from the
research community. In [11], an optimal number of uniform
stator modules or an optimal combination of non-uniform
stator modules are proposed. However, although strict limi-
tations are imposed in the machine design phase, the results
showed a non-negligible residual cogging torque. In [4], the
stator slot openings shifting is proposed to mitigate the cog-
ging torque of a modular stator PMM with E-shaped stator
modules. Nevertheless, the effectiveness of such method fails
in case of some specific topologies due to the limited impact
of the slot openings on the cogging torque. In [26] and [27],
a method based on the design of multiple shapes of the
tooth tips with a topological optimization is presented. The
optimal geometry of the tooth tips is found by means of a
genetic algorithm (GA) and a finite element analysis (FEA)
in [26] or surrogate models trained with FEA results in [27].
Compared to [4], this approach handles arbitrary topologies
with uniform stator segments. However, this method requires
a complex design procedure to discretize the tooth tips in the
finite element model. Moreover, the number of design vari-
ables depends on the number of stator modules, stator slots,
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machine poles and on the number of binary elements in which
each tooth tip is discretized. Therefore, the computational
efforts required by [26] and [27] significantly increase in case
of specific topologies where the number of design variables
is very high.

This paper proposes an alternative design method aimed
at minimizing the AHCs of the cogging torque of modular
PMMs. This method uses sinusoidal profiles to shape the
tooth tips, which is an approach mainly used to contour the
permanent magnets in order to increase the generated torque
while reducing the NHCs of the cogging term in one-piece
stator superficial PMMs (SPMMs) [28], [29]. As in [26]
and [27], the proposed method handles arbitrary topologies
with uniform stator segments. However, compared to the
topological optimization in [26] and [27], the design pro-
cedure is simplified. In fact, sinusoidal profiles are easily
reproducible in the finite element model and their number
depends only on the number of AHCs to minimize, ensur-
ing a computationally-efficient approach. A theoretical study
supports the choice of the spatial frequency of the sinusoidal
profiles, while an optimization procedure is set up to find their
amplitudes and positions.

The main contributions and features of this work are as
follows:

1) A novel method to reduce the cogging torque of mod-
ular PMMs is proposed.

2) Compared to [4], this method has a wider range
of application since it handles different modular
topologies.

3) Compared to [11], this method does not impose limita-
tions in the machine design phase.

4) Compared to [26] and [27], this method offers a more
simple and computational-efficient solution.

Il. COGGING TORQUE OF PMMs WITH MODULAR
STATOR CORES

The cogging torque of slotted PMMs with modular stators
can be expressed as in [11] by:

Tcog (%) = Tnuc (0r) + Tanc (04) , (D

where ¥, is the rotor angular position, Tyyc expresses the
NHCs caused by the stator slots and T4gc expresses the
AHCs caused by the modular stator core.

The angular frequency of the NHCs is an integer multiple
of the least common multiple (LCM) between the number
of stator slots Ny and the number of poles 2p, while the
frequency of the AHCs is an integer multiple of the LCM
between 2p and the number of stator core modules m. Thus,
it results that:

w . .

Tnmc = . Twncisin (LCM (2p, Ny) id: + gnmci), ()
m . .

Tanc = zi Tanci sin (LCM (2p, m) ity + @anci),  (3)

where Tngci, Tanci, ¢nuci and pagc; are the amplitudes and
the phase shifts of the i-th harmonic components.
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Since the number of stator slots is an integer multiple of
the number of stator core modules, then LCM (2p, m) <
LCM (2p, N;) and the harmonic orders of the AHCs can be
lower than those of the NHCs. Moreover, once the number
of poles is fixed, the amplitudes of the AHCs increase when
LCM (2p, m) decreases [11].

lIl. TOOTH TIPS HARMONIC SHAPING

This section describes the method to minimize the cogging
torque based on the harmonic shaping of the tooth tips.
Subsection III-A presents an analytical study aimed at deter-
mining the number and the spatial frequency of the sinusoidal
profiles required to suppress the cogging torque harmonics.
Subsection III-B deals with determining the optimal ampli-
tudes and phase shifts of the introduced sinusoidal profiles.
Finally, Subsection III-C describes the proposed approach to
solve the optimization problem formulated in the previous
section.

A. THEORETICAL STUDY AND DESIGN FORMULA
Following the approach proposed in [27], the present study
investigates the introduction of additional harmonics in the
airgap permeance function to suppress the AHCs caused
by the modular stator core. The cogging torque of a PMM
featuring tooth tips with a modified shape can be expressed
as:

Teog V) = Tyuce (9) + Tanc O + Tiuc (9), (D)

where Tjgc are the cogging torque harmonics introduced
by the modified shapes of tooth tips, namely the introduced
harmonic components (IHC). In [27], the IHCs are investi-
gated considering the coenergy method and the superposition
principle. The latter allows to study the IHCs considering a
non-modular stator core, i.e., these torque harmonics can be
expressed as:

9 21
Tie (9y) = _kgﬁ/o Ay () Fi (o, 9p)da,  (5)
r

where kg is a constant which depends on the geometrical
parameters of the PMM, A’y is a component of the squared
airgap permeance function introduced by the modified shapes
of the tooth tips and F}, is the rotor magneto-motive force
(MMF); « is the angular displacement along the stator cir-
cumference. In [27] the authors proved how the frequencies
of the harmonic components of A’y () are equal to the spa-
tial frequencies of the harmonic components of the function
expressing the additional airgap flux-path length due to the
modified shape of the tooth tips. In this case, the additional
airgap flux-path length depends on the sinusoidal profiles
shaping the tooth tips. Therefore, it can be stated that a unique
harmonic of A’y is introduced for each sinusoidal profile and
that these share the same spatial frequencies.

Considering (5), for the orthogonality of the trigonometric
functions, only the isofrequential harmonic components of
Ay () and F,%l (o, ¥,) contribute to the cogging torque.
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Let Ny, be the number of introduced sinusoidal profiles and
finc, be the spatial frequency, expressed in rad™!, of the k-th
sinusoidal profile introduced to shape the tooth tips. Hence,
the Fourier series of the IHCs produced by Nj, sinusoidal
profiles used to shape the tooth tips is as follows

pr .
Tiac (0)) = Zk: . Tinc, sin (27fic, 9 + @inc, ), (6)

where Ty, and ¢jyc, are the amplitude and the phase shift
of the k-th harmonic component, respectively.

To suppress the AHCs, the IHCs should have the same
frequencies. Let now Nagc C N be the set of the harmonic
orders of the AHCs to minimize. Considering (3) and (6), the
following relations must be satisfied

27 firc, = LCM (2p, m) i, 7
LCM (2p, m)i .
fIHCk = 2—:5 lENAHCo (8)

Equation (8) represents the design formula which allows to
choose the frequency of the sinusoidal profiles employed to
shape the tooth tips of the PMM with a modular stator core.

Note that the same methodology can be also applied to
reduce the NHCs. Let be Nygc C N the set of the NHCs
to minimize. According to (2) and (6), the IHCs required to
suppress the NHCs should have the following frequencies

LCM (2p, Ny) j
2

Note how (9) can be also employed for the suppression of
the cogging torque of conventional PMMs with a one-piece
stator core. Note also that from (8) and (9), a sinusoidal pro-
file should be introduced for each cogging torque harmonic
component to be suppressed. Therefore, Ny, is equal to the
number of harmonic components of the cogging torque to be
minimized.

fiHC, = ,JENNHC - 9

B. FORMULATION OF THE OPTIMIZATION PROBLEM
Equations (8) and (9) allow the designer to choose the number
and frequency of the sinusoidal profiles which introduce cog-
ging torque harmonic components with the same frequencies
of the AHCs and NHCs to be minimized. However, to sup-
press both the AHCs and NHCs, it is also necessary to prop-
erly set the amplitude and position of the sinusoidal profiles.
Fig. 1 shows a linearized representation of two tooth tips
shaped through the composition of two sinusoidal profiles,
where:

r(a) =S(a,A, )+ |mn(S (@A,¢)|, (10)

]VS)
S (o, A, @) = Zkz’l Ak cos (2finc,o + wx) (11)
A=[AlAy. . Ayl (12)
¢ =[pe2...0n,]. (13)

in which Ay and ¢y are the amplitude (mm) and phase shift of
the introduced sinusoidal profiles, respectively. To determine
the optimal amplitudes and phase shifts of the introduced
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FIGURE 1. Tooth tips shaped with two combined sinusoidal profiles.

sinusoidal profiles, the following optimization problem is
defined:

min f (x) (14)
with

J (x¥) = max (Tcog (x, ﬁr)) — min (Tcog (x, ﬁr)) )
x =[A@],Ai€ [0 Ajin], pie[02r],i=1,..., Ny, (15)

in which x is the vector of the design variables and Ay, is
the upper bound for the amplitude of the sinsuodial profiles.
Moreover, the following constraint is introduced:

S (a7Aa (p) S Alim- (16)

The manufacturing feasibility of the tooth tips is ensured by
setting Ay, less or equal to half of the tooth tips height.

C. HEURISTIC OPTIMIZATION USING GA AND
ANN-BASED SURROGATE MODELS

The optimization problem in the previous section is solved
using a GA which employs ANN-based surrogate models to
compute the objective function in (14). In fact, an analytical
approach to compute the cogging torque of the PMM, even
though computationally fast, would result poorly accurate
and difficult to set-up due to the complex geometries of the
machines and to the non-linearities of the magnetic mate-
rials. FEA is commonly employed to overcome the limita-
tions of analytical models [30] and meta-heuristic algorithms
are adopted to solve this class of optimization problems
[23], [23], [31]. However, this approach requires a huge com-
putational burden due to the number of iterations needed by
the meta-heuristic algorithms to find an acceptable solution.
Therefore, the use of surrogate-models trained by a small
amount of FEA simulations chosen with a proper design of
experiment (DoE) can result an effective alternative since it
guarantees a good accuracy while mitigating, at the same
time, the computational effort required by the evaluation and
minimization of the objective function [32], [33].
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FIGURE 2. Architecture of the proposed ANN-based surrogate model.

The optimization procedure proposed in this paper is
divided into three main stages:

1) DOE

An arbitrary number (Npog) of solutions (x) uniformly and
randomly sampled in a discrete subspace (X) of the design
space defined by (15) is obtained. The corresponding cog-
ging torque (f (x)) is computed by means of a transient-with-
motion (TWM) FEA using the Simcenter MagNet software.
The TWM FEA accurately computes the torque of the modu-
lar PMM considering a predefined number of rotor positions
(Npos) within a two-poles pitch. A particular attention is posed
on setting this quantity, as Ny, affects both the computational
burden of the TWM FEA and the accuracy of the torque
analysis. In agreement with the Shannon’s sampling theorem,
the number of rotor positions analyzed by the TWM FEA
should be at least twice the highest cogging torque harmonic
component to be minimized (i, ); in this paper, it is set
Npos = 6ipmax. The output of the TWM FEA is a vector
(T cog,FEA (x,0)) Of Ny values of the cogging torque.

2) SURROGATE MODELS DESIGN AND TRAINING

A multi-layer feed-forward (FF) ANN, with the structure
depicted in Fig. 2 is chosen as surrogate model. This FF ANN
consists of Ny; hidden layers with Nyy neurons per layer,
where each neuron features a hyperbolic tangent sigmoid as
activating function. The input layer is the vector of the design
variables x. The output layer consists of Ny linear neurons
whose output is T cog, NN (X, P,), i.€. the vector containing
the Ny, values of the cogging torque over a two-poles pitch
angle. ANNs adopted as surrogate models for optimization
purposes ensure high approximation performances with low
computation burden [34]. However, to optimize the accuracy
and the computational cost of an ANN, a careful design
of its topology is required, in particular with respect to the
number of neurons per layer and the number of hidden lay-
ers [35]. In this paper, to choose the optimal topology of
the ANN-based surrogate models, the following procedure is
developed:

o Step 1: random splitting of the dataset obtained with the
DoE in training data (80%), validation data (15%), and
test data (5%).
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o Step 2: training instances of the ANNs with all the
possible topologies with Ny; € Ny; and Nyy € Npy,
where Ny and Ny are the set of the allowed values
of the number of hidden layers and number of neurons
per layer, respectively. To avoid the overfitting of the
ANN, a training stop criterion based on the maximum
validation failures is considered. The training of an ANN
is stopped if the estimation error on the validation data
fails to improve for ten epochs in a row. At the end of the
training, the estimation error on the test data is stored.

o Step 3: steps 1 and 2 are repeated N, times.

o Step 4: the ANN topology with the lowest average
estimation error on the test data is chosen as surrogate
model.

« Step 5: final training of the chosen surrogate model with
a random splitting of the dataset in training data (80%)
and validation data (20%). In this case, the training of
the surrogate model is stopped if the estimation error on
the validation data fails to improve for ten epochs in a
TOW.

3) GA OPTIMIZATION AND FEA VALIDATION

A GA is finally implemented to solve the optimization prob-
lem (14)-(16) considering the following surrogate objective
function:

min fyy (x) with

fiw ) = max (Teog,nn (%)) — min (T o,y (X)) . (17)

This objective function expresses the optimization
problem (14) considering the use of the surrogate model
to compute the cogging torque of the modular PMM.
The GA is a stochastic evolutionary algorithm that mod-
ifies a population of individual solutions according to
rules that mimic biological evolution. At each iteration,
the GA selects individuals from the current population
to be parents producing the individuals for the next
generation.

A drawback of the GA is that it can easily converge to sub-
optimal solutions if the number of individuals and generations
is not carefully chosen [36], [37]. The main limitation to
the use of high numbers of individuals and generations is
the computational effort required for the objective function
computation. However, due to the to the high computational
efficiency of the surrogate models, a GA with a high number
of individuals and generations can be used to perform the
optimization (17) thus reducing the risk to converge to sub-
optimal solutions.

Due to the approximation error of the surrogate models,
a validation using a TWM FEA is performed to rigorously
evaluate the solution x found by the GA. Therefore, the
objective function (18) is finally evaluated using a TWM
FEA:

frEA (¥) = max (Teog,rEA (¥, 9,)) — min (Teog, rEA (X, V7)) .

(18)
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TABLE 1. Main parameters of the APMG.

Symbol Parameter Value
- rated torque 19 Nm
- rated speed 941 rpm
- rated current 1.55A
m number of modules 20, 60
p number of pole pairs 50
N; number of slots 120
- Stator back-iron thickness 3.3 mm
- Rotor back-iron thickness 4.5 mm
- PM thickness 3.5 mm
- Axial length 10 mm
- Air gap length 6.5 mm
- Stator external radius 583 mm
- Tooth tip width 21 mm
- Tooth tips height 2 mm
- Tooth width 3.9 mm
- Stator external radius 583 mm
TABLE 2. Main optimization parameters.
Parameter Value
Alim 0.75 mm
7 [2468 10121416 18 20]
Nyn [123]
N, 20
GA population size 400
GA maximum generations number 400
GA crossover/mutation rate 80% /20%

GA number of elite individuals 0.05-Population size

IV. RESULTS

The proposed method is validated on two different topolo-
gies of a modular annular PM generator (APMG) designed
for a low power ducted wind turbine. This generator has a
large diameter and a small axial length which justifies the
adoption of a modular structure to simplify the manufacturing
and assembling process. The main design aspects of the
APMG can be found in [38], while its parameters are sum-
marized in TABLE 1. Instead, the values of the parameters
required by the proposed optimization procedure are reported
in TABLE 2.

The results obtained with sinusoidal profiles designed
in agreement with the design formula (8) are reported in
Subsection IV-A, while Subsection IV-B reports the results
obtained with sinusoidal profiles designed in disagreement
with the design formula. Subsection IV-C shows the cogging
torque obtained with the methods proposed in [4] and [27]
and Subsection IV-D reports a detailed comparison of the
optimized and basic designs of the APMG at rated current.
Finally, Subsection IV-E analyzes the influence of manufac-
turing and assembling tolerances on the performance of the
proposed method.

A. RESULTS USING THE DESIGN FORMULA

Fig.3 shows the basic design of the APMGs with 20 and 60
stator core modules. According to (3), for these two topolo-
gies, the following harmonic orders of the AHCs are expected
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FIGURE 3. Portion of the APMG with 20 stator core modules (a), portion
of the APMG with 60 stator core modules (b).
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FIGURE 4. Cogging torque profile (a) and harmonic spectrum (b) of the
APMG with 20 stator core modules, cogging torque profile (c) and
harmonic spectrum (d) of the APMG with 60 stator core modules.

in an electrical period, respectively:

LCM(2p, LCM(100, 20) . ..
@p,m) . _ LEM( )i—2i. ieN. (19

p 50

LCM(2p, LCM(100, 60
@p,m), _ (50 )i—6i, ieN. (0
p

Instead, according to (2), the following harmonic orders of
the NHCs are expected in an electrical period:
LCM(Zp,NS)i _ LCM(100, 120)1' _12i ieN. @l
p 50
Fig. 4 shows the cogging torque waveforms and harmonic
spectra of the two AMPG topologies obtained by means of
a TWM FEA (Np,s = 150), which requires about 90 minutes
to be performed. Note that the orders of the AHCs agree
with (19) and (20). Moreover, the amplitude of the NHCs
is negligible if compared with the amplitude of the AHCs.
The peak-to-peak values of the cogging torque are 16.68 Nm
and 1.39 Nm, respectively. The dominant harmonic compo-
nents of the APMGs with 20 and 60 stator core modules
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are respectively the 2" and the 6 ones; moreover, most
of the cogging torque of these machines can be reduced by
suppressing these harmonic components. Therefore, only one
sinusoidal profile is introduced to suppress the 2"¢ harmonic
component of APMG with 20 stator core modules. According
to the design formula (8), the spatial frequency of this profile
must be 100/2rrad™!. Instead, to suppress the 6™ harmonic
component of the APMG with 60 modules, a sinusoidal
profile with a spatial frequency of 300/27rrad ™! is adopted.
To determine the amplitudes and phase shifts of the
introduced sinusoidal profiles, the approach described in
Subsection III-C is employed. TABLE 3 and TABLE 4 report
the results of five optimizations performed on the APMG
with 20 stator core modules with Nppog = 100 and Npog =
250, respectively. These tables report the optimized surrogate
model topology, the mean squared error (MSE) on the test
data, the solution x of the GA and the corresponding objective
function evaluation fNN (x), and the result of the FEA valida-
tion, frea (x), for each one of the five optimizations. Each
sample has been obtained by using a TWM FEA with N,o; =
24. Note that, to better evaluate the performance of the pro-
posed method, each of the five optimizations is performed by
repeating the whole procedure described in Subsection III-C.
An average reduction of the peak-to-peak cogging torque of
92.5% and 97.6% is obtained in the two cases, respectively.
The accuracy of the surrogate models increases with the
number of samples: in particular, the mean absolute percent-
age error (MAPE) between the surrogate objective function
evaluation fnn(x) and the TWM FEA frga (x), is equal to
73.4% and 7.4% in the two cases, respectively. It can be also
noticed that the optimization of the ANNSs topology converges
to similar solutions in the two cases. This result highlights
how the ANN s accuracy depends on the topology adopted and
confirms the importance of optimizing the ANNs topology.
TABLE 5 and TABLE 6 summarize the results on the
APMG with 60 stator core modules with Nppog = 100 and
Npor = 250, respectively. Each sample has been obtained
by using a TWM FEA with Nj,; = 36. Also in this case,
a significant average reduction of the peak-to-peak cogging
torque (by 83.5% and 89.2% in the two cases) is achieved.
The MAPE between fyn (x) and frea (x) is equal to 20.8%
and 11.1% in the two cases, respectively. Considerations
about the accuracy and topology optimization of the surrogate
models made for the APMG with 20 stator core modules can
be extended to the 60 modules machine. Fig. 5 shows the
evolution of the best individuals among the GA generations
obtained for the best designs of the APMG with 20 and
60 stator core modules, i.e. the ones obtained considering
the parameters reported in the second row of TABLE 4 and
TABLE 6, respectively. In both cases, the GA met the stop
criterion before reaching the maximum number of genera-
tions. Approximately 4 x 10* evaluations of the objective
function fnn (x) with the ANNSs have been performed during
the GA optimization. The optimized shapes of the tooth
tips of these two designs are shown in Fig. 6 and Fig. 7.
It can be demonstrated that considering a profile with a
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TABLE 3. Optimization results for the APMG with 20 stator core modules
with Npog = 100.

NHL

X [1\1351;3] x fan@®)  frpa®
Niw m [Nm]  [Nm]
1 2x8 0.038 [0.307 0] 4.18 1.30
2 2x8  7.1x10% [0.315 0.057] 0.67 1.13
3 3x6 0.104 [0.281 0] 3.15 241
4 2x8 0.044 [0.327 6.283] 0.47 0.43
5 2x10 0.060 [0.328 6.231] 0.34 0.97

TABLE 4. Optimization results for the APMG with 20 stator core modules
with Npog = 250.

NHL

1;151;3 . fan@®)  frpa@®
Ny Nl [Nm]  [Nm]
1 2x10 4.8x10* [0.327 6.283] 0.39 0.43
2 2x8 5.0x1073 [0.328 6.283] 0.41 0.40
3 2x10 7.6x10* [0.328 6.283] 0.45 0.40
4 2x10 9.5x10* [0.328 0.006] 0.38 0.40
5 3x8 1.4x1073 [0.328 0.002] 0.37 0.40

TABLE 5. Optimization results for the APMG with 60 stator core modules
with Npog = 100.

NHL

. 1\1381;: X Fan@®)  fepa®
Ny NI (Nm]  [Nm]
1 2x4 0.02 [0.055 6.129] 0.13 0.50
2 2x3 4x1073 [0.039 0.168] 0.18 0.17
3 2x5 0.01 [0.041 0.074] 0.20 0.19
4 2x5 4x1073 [0.042 0.001] 0.13 0.16
5  2x5 7x103 [0.043 0.031] 0.14 0.14

TABLE 6. Optimization Results for the APMG with 60 stator core modules
with Npog = 250.

NHL

X [1\13;1;:] x Fan@®)  fepa®
Ny [Nm]  [Nm]

1 3x5  15x10° [0.045 6.268] 0.15 021
2 3x5  13x10% [0.043 0.048] 0.14 0.14
3 3x4  17x10% [0.043 0.014] 0.14 0.16
4 2x5  14x10* [0.043 0.027] 0.16 0.14
5 2x5  25x10% [0.043 0.045] 0.14 0.14
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FIGURE 5. GA evolution of the best individuals: APMG with 20 stator core
modules (a), APMG with 60 stator core modules (b).

spatial frequency equal to 100/27rrad™!, 6 different shapes
are obtained. Instead, when the spatial frequency is equal to
300/27rrad ™", only two different shapes are obtained.
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FIGURE 6. Optimized shapes of the tooth tips of the APMG with 20 stator
core modules.
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FIGURE 7. Optimized shapes of the tooth tips of the APMG with 60 stator
core modules.
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FIGURE 8. Cogging torque profile (a) and harmonic spectrum (b) of the
optimized APMG with 20 stator core modules.
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FIGURE 9. Cogging torque profile (a) and harmonic spectrum (b) of the
optimized APMG with 60 stator core modules.
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Fig. 8 and Fig. 9 show the waveforms and the harmonic
spectra of the cogging torque for the two optimized designs.
Both waveforms have been obtained by means of a TWM
FEA with Ny,s = 150. Compared to the base machine, the
dominant cogging torque harmonic components have been
drastically suppressed, whereas the other harmonics have
not been substantially affected by the introduced sinusoidal
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TABLE 7. Computational times.

Steps/operations TE;IJIC

FEA, Np,s = 24 (1 instance) 720

FEA, Np,s = 36 (1 instance) 1320

ANN topology optimization 3600

ANN output computation (1000 instances) 10.5

profiles. This is particularly noticeable comparing the 12
and 18™ harmonic components of the basic and optimized
designs of the APMG with 60 stator core modules in Fig. 9(b).
Fig. 8 also reports the cogging torque profile at reverse rota-
tion direction, demonstrating how the cogging torque is not
affected by the rotation direction, according to the theoretical
study. Finally, TABLE 7 reports the computational times
of the main steps of the proposed optimization procedure
performed on an Intel Xeon CPU E5-1620 v3 @ 3.50 GHz.
The computational effort required by the ANN to calculate
the cogging torque corresponding to a given solution x is very
limited: this means that most of the time spent by the pro-
posed optimization procedure is required by the evaluation
of the DoE.

B. RESULTS WITHOUT USING THE DESIGN FORMULA

To further validate the theoretical study presented in
Subsection III-A, this subsection provides the results
achieved by introducing sinusoidal profiles with spatial fre-
quencies which do not respect (8). In particular, Fig. 10 shows
the results of a TWM FEA (N,,; = 150) performed on
the three different designs of the APMG with 20 stator core
modules with the following sinusoidal profiles:

o First case: spatial frequency, amplitude and phase
finc, = 150/2nrad™!, A = 0.3 mm and ¢; = 0.

o Second case: spatial frequency, amplitude and phase
finc, = 200/27rad~!, A; = 0.3 mm and ¢; = 0.

o Third case: spatial frequency, amplitude and phase
finc, = 150/2xrad™!, A = 0.3 mm and ¢; = 0 and
finc, = 200/2nrad™!, Ay = 0.3 mm and ¢, = 0.

In the first case, the introduced sinusoidal profile does

not affect the cogging torque as predicted by the theoretical
study, i.e., since the harmonics of F’ 31 have a spatial frequency

which is an integer multiple of 100 / 27rrad™!, no harmonics
of F ,%l are isofrequential with the airgap permeance function
harmonic related to the introduced sinusoidal profile; thus,
according to (5), the contribution to the cogging torque is
none. Compared to the basic design, the amplitude of the har-
monics is slightly reduced due to the average length increase
of the airgap caused by the introduction of the sinusoidal
profile.

In the second case, as expected, the introduced sinusoidal
profile affects only the 4™ harmonic component. In partic-
ular, compared to the basic design, the amplitude of the 4"
harmonic component is increased since the amplitude and
phase shift of the introduced sinusoidal profile have not been
optimized to reduce the cogging torque.
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FIGURE 10. Cogging torque profile (a) and harmonic spectrum (b) of the
APMG shaped with different sinusoidal profiles.

Note that, in the last case, the resulting torque is simi-
lar to the torque of the APMG with the sinusoidal profile
with a spatial frequency of 200 / 27rrad™!. The amplitudes
of the harmonics are slightly reduced since the average air-
gap length is greater than in the previous case. This result
confirms the proposed theoretical study and the validity of
the superposition principle adopted to study the effect of the
airgap permeance function harmonics on the cogging torque.

C. COMPARISON WITH OTHER METHODS

In this subsection, a comparison with two other existing
methods is presented. The first method is the topological
optimization (TO) of the tooth tips proposed in [27], while
the second approach is based on the slot openings shifting
proposed in [4]. Both methods have been implemented on
the APMG with 60 modules. In particular, according to the
design formula (20) of [27], two different shapes of the tooth
tips must be independently optimized by means of the topo-
logical optimization for the considered machine. Similarly,
according to [4], in order to shift the slot openings, two
different widths of the tooth tips are employed.

The topological optimization has been performed consid-
ering the same approach based on surrogate models described
in Section III-C and the tooth tips have been discretized with
7 elements, called subteeth, as shown in Fig. 11. The vector of
the design variables includes a binary quantity (O:air 1:iron)
for each subteeth of the two tooth tip shapes plus a final
variable representing the depth of the subteeth. The results
obtained with Npog = 250 and Nppor = 400 are shown in
TABLE 8 and TABLE 9, respectively. An average reduction
of the peak-to-peak cogging torque by 58.1% and 50.1% is
obtained, while the MAE between fyN (x) and frga (x) is
equal to 73.3% Nm and 78.4%, respectively. Note that, also in
this case the optimization of the ANNs topology converges to
similar solutions, but the accuracy of the surrogate models is
lower compared to the ones obtained with the harmonic shap-
ing of the tooth tips. This is the reason why the performances
of the TO are lower if compared with the proposed method,
even assigning a remarkable advantage to the former, i.e.,
a higher quantity of samples available to train the surrogate
models. The high number of design variables required by the
TO makes the prediction of the cogging torque more difficult.
Therefore, compared to the method proposed in this paper, the

VOLUME 11, 2023



E. Brescia et al.: Cogging Torque Suppression of Modular Permanent Magnet Machines

IEEE Access

epth [Su[Su[SulSulSul So5e] [&[&[8 (88 s[5

]
| 1
o1 Jo[1]1Jo]o]

; @

| —_—
o4mm [1 71 [olo]1 1]

f

FIGURE 11. Example of two independent tooth tips discretized with a
layer of 7 subteeth:x = [001101011100110.4 mm].

TABLE 8. To results for the APMG with 60 stator core modules with
Npog = 250 and 7 subteeth.

Moo Mse N F @ Fen@®

Ny ] [Nm]  [Nm]
1 x4 02174 M 183_?7‘;30;“111 00 013 037
2 axa oazes O0TDIOTI0000 g5 040
306 02055 000 I1OTIIOOT g1 o
4 axa omor  MOTIIO00O0LTO0 o1y 0g
soad o2as MHIPLOOOTOTT g5 040

TABLE 9. To results for the APMG with 60 stator core modules with
Npoge = 400 and 7 subteeth.

N wise ; Fan@  Fra
Ny NI [Nm]  [Nm]
I 1x6  0.1879 101?33923&&1000 013 069
2 16 oazzo  TOTIDODO0OTO g5 g3
3 Ix6 01654 | 008&109%52;1 10 o3 o4
4 1d o oases ODIILOLOTOT g0
s o2d oager M 885%&11;11 0T o013 085

TO requires more sophisticated approaches to suppress the
cogging torque of modular machines [27]. The TO has also
been performed with 5 and 9 subteeth with Npog = 400.
An average reduction of the peak-to-peak cogging torque of
72.0% and 49.9% has been achieved, with a MAPE between
JNN (%) and frpa (x) equal to 59.8% and 78.2%, respectively.
Note that the improvement of the performances obtained
with 5 subteeth further highlights the relationship bewteen
the accuracy of the surrogate models and the number of the
design variables.

The slot opening shifting is based on a unique design
variable, i.e. the shift angle y, as shown in Fig. 12. Due to the
simplicity of the problem, the method can be investigated by
evaluating a set of solutions obtained by the uniform sampling
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APMG designed with the slot opening shifting method, with
y = 0.0052 rad.

At 0

of y in its permissible range [0 yji,], where O corresponds
to the basic slot openings position and Yy, is the position
corresponding to the minimum width of the stator tooth tip
(i.e. the width of the stator teeth). Fig. 13 shows the results
of 240 solutions in this interval obtained directly using the
FEA with Ny,s = 36, while Fig. 14 shows the cogging
torque profile and harmonic spectrum with y = 0.0052rad.
As expected, the method affects the 6™ harmonic component
of the cogging torque. However, only few solutions slightly
reduce the cogging torque of the considered machine. In fact,
the lowest value of the peak-to-peak cogging torque obtained
is 1.20 Nm, with a reduction of 12.4% with respect to the
basic machine. This can be explained by considering that
the cogging torque harmonic introduced by the slot opening
shifting method may not match the amplitude of the 6" AHC.
Indeed, since the width of the slot openings is fixed, the
amplitude of the introduced harmonic component cannot be
regulated to suppress the AHC. Instead, with the harmonic
shaping and the TO methods, the amplitude of the introduced
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FIGURE 15. Flux density distribution at rated current of the optimized
design of the APMG with 20 stator core modules.
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FIGURE 16. Torque profile (a) and harmonic spectrum (b) of the basic and
optimized designs of the APMG with 20 stator core modules at rated
current.

harmonic components can be adjusted to compensate the
undesired AHCs.

D. ANALYSIS AT RATED CURRENT
This subsection reports the analysis of the basic and opti-
mized designs of the APMG with 20 stator core modules at
rated current, with the phase angle selected in agreement with
the maximum torque per Ampere strategy. A sketch of the
optimal machine with the modified shape of the tooth tips
together with the flux density distribution under rated condi-
tions is reported in Fig. 15. Fig. 16 shows the torque profiles
and harmonic spectra of the two machines, highlighting how
the 2°4 harmonic component of the torque of the basic design
has been perfectly suppressed at the expense of a slight reduc-
tion of the average torque (2.6%). Therefore, the impact of the
proposed method on the rated torque is negligible. Also, the
phase flux linkages before and after the optimization (Fig. 17)
do not present appreciable differences. In fact, the average
THD of the phases flux linkage is 2.24% for the basic design
and 1.90% for the optimized design. Moreover, the average
amplitudes are 0.166 Wb and 0.161 Wb for the basic and
optimized design.

Table 10 reports a comparison of the loss components of
the two machines at rated speed and current. The optimized
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TABLE 10. Losses of the basic and optimized designs.

Losses Basic design Optimized design
components W] [W]
Copper losses 91.42 91.42
PM losses 7.19 5.64
Iron losses 35.02 33.30

@@mm@@

FIGURE 18. APMG with stator core modules and rotor magnets
positioning tolerances according to the non-UUM.

design exhibits a slight reduction of the PM and iron losses
and the impact on the overall efficiency is negligible. This
analysis clearly proves that the proposed method ensures a
significant improvement of the torque ripple of the APMG
with negligible effects on other performance indexes of the
machine.

E. ANALYSIS CONSIDERING MANUFACTURING AND
ASSEMBLING TOLERANCES

This subsection analyzes the performance of the proposed
method considering assembling and manufacturing toler-
ances of the modular PMM in the finite element model. The
parameters affected by tolerances are the positions of magnets
and stator modules, the shape of the tooth tips and the phase
shift of the introduced sinusoidal profiles, as shown in Fig. 18
and Fig. 19. In these figures the manufacturing and assem-
bling errors are accentuated to be more perceptible. Note
that these errors affect both AHCs and IHCs of the cogging
torque and may potentially compromise the effectiveness of
the optimization. It is also worth noticing that manufacturing
and assembling tolerances are sources of other AHCs of the
cogging torque, as illustrated in [39] and [40].

According to typical manufacturing techniques, the con-
sidered positioning and phase shift tolerances are £0.05°
[39]. Instead, regarding the tooth tips shape, typical tol-
erances of the wire Electric Discharge Machining (EDM)
technique are considered, i.e., 0.0063 mm. To analyze
the impact of the assembling and manufacturing tolerances,
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FIGURE 19. Manufacturing tolerances of the tooth tips shapes with the
non-UUM: (a) reference design, (b) design with shape tolerances,
(c) design with shape and phase shift tolerances.
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FIGURE 20. Performance analysis considering assembling and
manufacturing tolerances with the non-UUM: (a) APMG with 60 stator
core modules, (b) APMG with 20 stator core modules.

the reference basic and optimized models of the APMG
with 20 and 60 modules have been modified by introducing
parameter errors using the non-uniform uncertainties method
(non-UUM). According to the non-UUM, each magnet and
stator module of the APMG has its own position error, while
each point of the sinusoidal shape of the tooth tips has its
own amplitude error. The errors are generated assuming a
normal distribution with zero-mean and standard deviation
o = (USL — LSL)/6, where USL and LSL are the upper
and lower boundaries of the tolerance range, respectively
[39]. Fig. 20 reports the analysis of the basic and optimized
APMG with 60 and 20 stator core modules. The average
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FIGURE 21. Cogging torque profile (a) and harmonic spectrum (b) of the
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FIGURE 22. Cogging torque profile (a) and harmonic spectrum (b) of the
optimized APMG with 60 stator core modules with assembling and
manufacturing tolerances.

peak-to-peak cogging torque values of the basic APMGs
considering the assembling and manufacturing tolerances
are 2.34 Nm and 17.32 Nm. Therefore, the cogging torque
of the non-optimized APMGs on average is increased by
0.98 Nm and 0.65 Nm, respectively (gaps between blue and
cyan lines). Instead, the average peak-to-peak cogging torque
values of the optimized APMGs considering the assembling
and manufacturing tolerances are 1.56 Nm and 1.42 Nm,
with a reduction of 0.78 Nm and 15.90 Nm compared to the
average cogging torque of the basic machines with manufac-
turing and assembling uncertainties (gaps between blue and
red lines). The difference between the cogging torque of the
reference basic and optimized designs of the two APMGs are
instead 1.25 Nm and 16.28 Nm, respectively (gaps between
cyan and magenta lines). By comparing the gaps between
cyan and magenta lines with gaps between blue and red
lines, the differences are 0.47 Nm and 0.38 Nm. Therefore,
in both cases, the performances of the methods are marginally
affected by the manufacturing and assembling tolerances.
This is more evident when comparing the harmonic spectra of
two designs of the basic and optimized APMGs affected by
tolerances, as in Fig. 21 and Fig. 22. In particular, the designs
no. 25 have been analyzed for both APMGs, which have
peak-to-peak cogging torque value near the average values
shown in Fig. 18. The dominant harmonic components of
both APMGs (i.e. 2" and 6™ harmonic component for the
APMGs with 20 and 60 modules, respectively) have been
almost suppressed. However, the cogging torque is affected
by other AHCs introduced by the tolerances.
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V. CONCLUSION

In this paper, an effective design methodology to suppress the
cogging torque of modular permanent magnet machines has
been presented. Sinusoidal profiles have been used to shape
the stator tooth tips of the machine. The quantity and the
frequency of the sinusoidal profiles to be introduced have
been determined through an analytical study. In particular,
a simple design formula has been derived which allows a
fast computation of the spatial frequency of the sinusoidal
profiles. Moroever, the optimal amplitude and phase shift
of the sinusoidal profiles have been determined by using
ANN-based surrogate models and a GA.

The effectiveness of the proposed method has been investi-
gated considering two PMMs with different number of stator
core modules. In both cases, a reduction of the cogging
torque higher than 80% has been obtained, with a perfect
suppression of the dominant cogging torque harmonics. Also,
the comparison with other existing methods further higlighted
the strengths of the proposed approach. Finally, an addi-
tional analysis demonstrates the effectiveness of the proposed
method against manufacturing and assembling tolerances.
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