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ABSTRACT This paper proposes a combined electromagnetic and mechanical topology optimization for
weight reduction in electrical machines based on Finite Element Analysis (FEA) and Evolutionary Structural
Optimization (ESO). The devised method is an on-off-type algorithm with adaptative mesh in which low
flux density and low Von Mises stress cells are removed successively from a first machine design. With this
approach, the weight of the machine can be considerably reduced without compromising the electromagnetic
performance of the machine, with a reduced computation time compared to other topology optimization
methods. A case study involving a 1.2 MW low-speed, permanent magnet motor is analyzed under different
conditions (algorithm parameters, initial mesh, rotational speed) and used to compare the proposed method
with two other topology optimization approaches.

INDEX TERMS Permanent magnet motors, optimization, topology optimization, electrical machines,
ON-OFF, weight reduction, evolutionary structural optimization.

I. INTRODUCTION
Today’s demanding requirements for electrical machines
have led to the search for new techniques to achieve bet-
ter machine performance. In this context, the study of
Topology Optimization (TO) has started as an alternative
approach to accomplish this objective. TO is an optimization
method which is normally used in mechanical engineering
for structural analysis [1]–[3], having commercial software
available for this purpose [4]. However, its availability in
other fields, such as electromagnetic or thermal analysis, is
limited [5], [6].

Traditionally, in electrical machines, performance maxi-
mization is achieved through parametric optimization [7].
The main difference between parametric and TO is that
with TO methods, it is not necessary to a priori define all
the geometrical variants, which is the case with parametric
optimizations. This freedom of the resulting geometry
allows the machines optimized through TO methods to
achieve better performances. However, although TO has
countless advantages, its application to electrical machine
design is limited owing to the difficulty of achieving
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complex geometries with conventional manufacturing
techniques.

The geometrical limitations imposed by traditional fabri-
cation can be overcome by Additive Manufacturing (AM);
therefore, TO of electrical machines is gaining importance
nowadays [8]–[12]. Furthermore, AM offers advantages such
as material savings and assembly time reduction.

Despite not being widely applied in electromagnetics, dif-
ferent methods for TO of electrical machines based on FEA
have been developed in the past few years. These techniques
can be broadly classified into three categories: level-set,
on-off and Simplified Isotropic Material with Penalization
(SIMP) methods.

Level-set methods are based on the optimization of the
body surface, leading to a shape focused optimization instead
of a topology focused optimization. With these techniques,
regions are defined as being composed of either material
(ρ = 1) or void (ρ = 0), thus not allowing for inter-
mediate states, as in other TO algorithms. To define the
material-void interface at each iteration, a level-set function,
φ(−→x ), is defined and the border is set as in (1).

ρ =

{
0 : ∀−→x ∈ � : φ(−→x ) < 0
1 : ∀−→x ∈ � : φ(−→x ) ≥ 0

(1)
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Another important aspect of the level-set approach is that
the optimization mesh is adaptive, that is to say, the mesh
changes over each iteration. The main drawback of these
methods is that they need of an additional step of ‘‘bub-
ble’’ insertion, because on their own they are not capable
of introducing void regions to change the topology of the
machine [1], [13]. Examples of level-set TO applied to elec-
trical machines can be found in [14]–[16] and an example of
multimaterial approach can be found in [17].

On-off based TO techniques start by discretizing the body
that is being optimized into smaller parts. This discretization
can be performed with a conventional triangular or rectan-
gular mesh [18]. As with level-set approaches, on-off meth-
ods allow only two states of the elements to be optimized.
In on-off techniques, the elements (i.e., mesh cells) to be
optimized are defined at the beginning of the process and they
remain the same throughout the optimization - conversely,
in level-set method themesh used in the optimization changes
with the iteration number. This approach can be combined
with various numerical optimization algorithms, both deter-
ministic and evolutionary, whereas level-set methods can
only be used in conjunction with gradient-based algorithms.
One of the most popular on-off methods is the Evolution-
ary Structural Optimization (ESO) [19], which consists of
‘‘eliminating’’ the mesh cells with lower influence. There
is also an evolution of this method, called Bi-directional
Evolutionary Structural Optimization (BESO), in which the
cells can be converted from void to material. An example of
a BESO optimization method is presented in [10], in which
a magneto-structural optimization is presented. Some exam-
ples of on-off approaches combined with a genetic algorithm
and Normalized Gaussian Nets (NGNet) [20] (an approach
which can reduce the computation time in genetic algorithms
for TO) can be found in [21]–[24]. The NGNets are defined
as in (2) and (3), in which w is the weight vector for each
Gaussian, which is defined either as +1 or −1, G is the
value of the Gaussian at the point x and N is the number of
Gaussians.

f (x) =
N∑
i=1

wibi(x) (2)

bi(x) =
Gi(x)∑N
k=1Gk (x)

(3)

SIMP is a TO technique in which material distribution is
optimized. The main difference is that the mesh cells can
have intermediate densities between void and the material
selected (0 ≤ ρ ≤ 1). The magnetic permeability for the
SIMPmethod cells is often defined as in (4), in which p is the
penalty factor, that normally takes values between 3 and 5.

µr = (µFe(B)− µair (B))ρp + µair (4)

The SIMP method is often combined with the Method
of Moving Asymptotes (MMA) optimizer [25], which is a
numerical optimization strategy for nonlinear programming.
Unlike on-off approaches, SIMP techniques are not usually

TABLE 1. Different to methods applied to electrical machines.

combined with evolutionary algorithms because of the high
computational cost associated with having multiple interme-
diate material states. The consideration of intermediate mate-
rial states - compared to binary mesh cell densities (either
0 or 1) - vastly increases the complexity of the model. There-
fore, SIMP approaches are normally coupled with gradient-
based procedures, with adjoint variable methods [26], [27]
being the most popular, as they can significantly reduce the
computation time of derivatives compared to finite differ-
ence techniques. This method has been applied to the TO
of electrical machines in different scenarios, such as in the
torque optimization of PMSMs [28] and in the improve-
ment of torque characteristics of a synchronous reluctance
motor [29], [30].

A number of examples regarding previous work on TO
of electrical machines are shown in Table 1, in which the
presented methods are combined with different numerical
optimization algorithms, such as, Genetic Algorithms (GA),
MMA and its globally convergent version Globally Conver-
gent Method of Moving Asymptotes (GCMMA). A combi-
nation with topological derivatives (topological der.) - which
is the calculation of the sensitivity of each cell with respect
to an objective - is also presented.

This article proposes a novel on-off ESO algorithm with
adaptive meshing for weight reduction in electrical machines.
The method is based on removing magnetically and mechan-
ically ‘‘low loaded’’ mesh elements; that is, elements with
low flux density and Von Mises stress values. As the mesh
cells are modified according to the saturation of the material,
the proposed approach is termed Saturation Method. As a
control parameter, the average electromagnetic torque of the
electrical machine is evaluated every iteration. If the torque

67522 VOLUME 10, 2022



B. Lizarribar et al.: Novel Topology Optimization Method for Weight Reduction in Electrical Machines

is reduced beyond a certain threshold, the optimization algo-
rithm is stopped. The main advantage of the method pro-
posed in this study, in comparison with other TO techniques,
is the reduced computation time required to reach a weight-
optimized machine. Another advantage of this method is that,
although TO has been previously applied mostly to the rotor
structure, the proposed approach simultaneously optimizes
both the rotor and stator.

Therefore, the proposal is innovative in that both the rotor
and stator are optimized simultaneously; it combines different
physics in the optimization, magnetic and structural, and it
uses an adaptive mesh that makes it more independent with
respect to the initial mesh.

The remainder of this article is organized as follows: First,
the proposed TO method is explained in detail in Section II.
Once the TO method has been explained, various practical
cases are analyzed in Section III. A comparative study among
different TO methods is presented in Section IV. Finally, the
conclusions of this study are presented in Section V.

II. DESCRIPTION OF THE SATURATION METHOD
The proposed method is an iterative algorithm that combines
magneto-structural TO based on FEA and ESO, with adaptive
mesh for each iteration. The suggested approach lies in reduc-
ing weight by shifting the cells magnetically and structurally
less saturated from material (ρ = 1), to void (ρ = 0). The
material used in this case is a ferromagnetic material, but
for other optimizations, ρ = 1 can be defined as copper
or magnet material. In this regard, the presented method is
similar to the on-off + ESO approach for structural TO, with
the particularity that it employs an adaptive mesh, which is
a typical characteristic of level-set methods. Although the
applicability of TO in electrical machines is wide, this study
focuses on the TO of ferromagnetic components.

A. OPTIMIZATION PROBLEM
The optimization problem solved by this method can be
defined as in (5).

min G =
N∑
e=1

ρeVe

s.t. Tavg ≥ kTTavg,0
max(σe) ≤ σadm
ρe = 0 or 1 e = 1 . . .N (5)

In the previous equation, G is the total weight of the
machine; ρe is the density of each element, which is
either 1 or 0, depending on whether the mesh element belongs
to a physical material; and Ve is the volume of each element.
Tavg is the average torque at each TO iteration, and Tavg,0
the initial average torque; that is, the average torque for a
full electrical period FE simulation for the initial machine
model prior to being modified by the TO algorithm. kT is
a coefficient defined by the user by which the maximum
allowable reduction in torque is fixed. σe is the Von Mises

stress of a specific element, and σadm the maximum admissi-
ble Von Mises stress for structural mechanics considerations,
which is defined as the yield strength of the material used,
divided by a security factor.

The problem to be solved is to minimize the total volume
of the region defined as topology optimizable while ensuring
that the average torque does not fall beyond an established
limit and that the mechanical stress in all mesh elements is
below the admissible limit.

A flowchart of the proposed TO algorithm is depicted
in Fig. 1. The method starts with an initial geometry, the
machine to be optimized. The initial machine geometry is
divided according to an initial mesh. Once the regions are
divided, the machine is evaluated electromagnetically by sim-
ulating one full electrical period and computing the average
torque and the flux density in all mesh cells. Additionally, the
machine is structurally computed by considering the mechan-
ical loads due to the torque, rotational speed and magnetic
forces due to the rotor-stator interaction. The cells are then
sorted according to their flux density level. Starting from the
magnetically least saturated cell - and progressing until the
maximum allowable transformation of cells to void for each
iteration is reached – each cell is subject to certain conditions.
If the cell Von Mises stress is below the allowable limit
(σadm), and the saturation is also below a certain established
limit (Blimit ), the cell is converted to void. Once the geometry
of the next generation has been defined, it is meshed again,
placing more mesh elements at the borders between void
and solid material. This is done by adding one additional
intermediate point to each line that defines the void-solid
material border, having more elements at the void-solid mate-
rial border at the next iteration. Then, the process is repeated
until either the electromagnetic torque evaluated from the
FEA is lower than the established limit, kT · Tavg,0, all cells
have been converted into void, or the maximum number of
allowed iterations has been reached.

B. PARAMETER DEFINITION
There are three main parameters that must be set in the pro-
posed method which may affect the final geometry obtained.
These parameters are the following:
• Blimit : Sets the maximum flux density level that one cell
can have if it is to be changed to void.

• %change: Sets the maximum percentage of the entire
optimization region that can be changed to void at each
iteration.

• kT : Limits the total reduction in torque for the final
optimized machine.

III. CASE STUDY - PARAMETER TUNING
To demonstrate the working principle of the proposed
method, this section presents a 2D case study on the applica-
tion of the algorithm for the optimization of the ferromagnetic
parts of the stator and rotor of a machine. The Saturation
Method algorithm is implemented in MATLAB coupled with
ALTAIR FLUX R© for the electromagnetic FEA calculation.
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FIGURE 1. Flowchart for the proposed TO algorithm.

The mechanical calculation is performed with the PDE Tool-
box of MATLAB.

A. TO PROBLEM DEFINITION
The electricmachine that is used as a case study for the satura-
tion TO algorithm is a 1.2 MW, 600-rpm, permanent magnet
motor with an integral-slot distributed winding, working at
180◦C and aimed at marine propulsion. A 2D sketch of the
initial machine geometry is shown in Fig. 2, along with the
definition of the optimizable parts. To simplify the problem
and accelerate the optimization, periodic structures in the
rotor and stator are defined such that the rest of the rotor and
stator parts are defined based on mirror axes accordingly.

In this model, to ensure mechanical integrity, there is a
frozen part in the rotor that does not change during the
optimization process.

FIGURE 2. TO problem definition.

For this case study, the values of the parameters defined in
Section II are as follows:

• Blimit,rotor = 1.4 T
• Blimit,stator = 1.4 T
• %change,rotor = 5%
• %change,stator = 1%
• kT = 0.99

With the values defined, the proposed method is used for
the simultaneous TO of the rotor and stator. The results of the
optimization are presented in Fig. 3. For this specific case,
the total torque reduction is 0.40% and the area loss of the
optimizable parts is 67.5%.

It is interesting to note the mesh variation throughout
the optimization process. As within the saturation method
the FEM mesh is adaptative, the number of mesh elements
changes in each iteration. In this case, the initial model mesh
is composed of 14,631 nodes and 7,242 surface elements,
whereas the final model mesh has 18,463 nodes and 9,154
surface elements. This difference in FEMmesh can be appre-
ciated in Fig. 4, while the magnetic flux density distribution
in the optimizable parts is shown in Fig. 5.

The case study proposed above finishes after 19 itera-
tions and it takes 1 hour and 17 minutes of computation
using single-core computation on an Intel R© CoreTM i5-6500
CPU@ 3.20 GHz. The number of steps required for the tran-
sient electromagnetic simulation is 36, and mechanically, the
entire rotor is modeled owing to limitations in the MATLAB
PDE Toolbox for defining periodic boundary conditions.

Finally, in Fig. 6 and Fig. 7, the torque and EMFwaveforms
for the initial and the optimized models respectively are
shown. It can be concluded that the variation in the back-EMF
waveform is almost imperceptible, while the difference in
the torque profile is of less than 1% of the average torque,
as expected.

B. SENSITIVITY ANALYSIS
To analyze the influence of the main parameters on the per-
formance of the optimization algorithm, a sensitivity analysis
(except for parameter kT , which is related to the maximum
allowable reduction in average torque) is carried out in this
subsection.
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FIGURE 3. Results for case study, a) Initial model, b) 1st iteration,
c) 13th iteration and d) TO result (19th iteration).

FIGURE 4. Mesh comparison, a) Initial model rotor mesh, b) Initial model
stator mesh, c) Final model rotor mesh, d) Final model stator mesh.

FIGURE 5. Magnetic flux density distribution at 0◦ rotor position,
(a) Initial model rotor, (b) Initial model stator, (c) Final model rotor,
(d) Final model stator.

The sensitivity analysis is performed as follows, taking as
the baseline parameter-set the values defined in the previous
subsection:

FIGURE 6. Torque profile comparison between the initial and the
optimized models.

FIGURE 7. Back-EMF waveform comparison between the initial and the
optimized models.

1) First, the influence of varying the flux density limits
in the stator and rotor, Blimit,stat and Blimit,rot , respec-
tively, is analyzed. The values used for this combina-
tion are Blimit,stat = [1.4, 1.6, 1.8] and Blimit,rot =
[1.4, 1.6, 1.8]. This leads to nine combinations of
parameters, the results of which are listed in Table 2.
It can be observed that the change in Blimit,rot has no
influence on the results obtained for the simulation.
However, when Blimit,stat is set to its maximum value of
1.8 T, the highest reduction in area and average torque
is produced. The best combination of parameters in
terms of torque reduction is selected asBlimit,stat = 1.4 T
and Blimit,rot = 1.8 T.

2) Once the best combination of Blimit is selected, a sen-
sitivity analysis of the percentage of change allowed in
each iteration is performed. As before, three cases are
analyzed for both the rotor and stator, %change,stator =

[1, 2, 3] and %change,rotor = [5, 10, 20]. In Table 3
the results of these nine combinations are listed. It can
be seen that the most favorable case is that with
%change,stator = 1% and %change,rotor = 10%.

For the specific motor analyzed, the stator is the limiting
part, as %change,stator has a greater influence on the torque
loss than%change,rotor . This conclusion is valid mainly for this
machine, as the stator yoke is magnetically more loaded, and
a small change in it leads to a high loss in torque. It is clear
that for this specific case, it is better to set a small value of
%change,stator so that it does not havemuch effect on the torque
performance. Moreover, it can be extracted from Table 3
that with higher values of %change,stator and %change,rotor the
optimization algorithm converges more rapidly, which could
result in a failure to achieve the optimal solution. Taking
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TABLE 2. Sensitivity analysis for different Blimit combinations.

TABLE 3. Sensitivity analysis for different %change combinations.

all these considerations into account, it is clear that the
optimization result is highly dependent on the parameter set
used; therefore, in order to achieve the best optimization
solution, an analysis of the baseline machine is needed to
carefully select the parameter set by considering the magnetic
saturation in the rotor and stator. The resulting shape obtained
for the optimal parameter set (Blimit,stator = 1.4 T, Blimit,rotor =
1.8 T, %change,stator = 1%, %change,rotor = 10%) is presented
in Fig. 8.

The results obtained for the best parameter set are promis-
ing as the weight reduction of the active parts (including the
winding) after optimization is 38.4% and the torque density
is improved from 11.8 Nm/kg to 19.1 Nm/kg (active). This
improvement is achieved in 10 iterations, 1 hour and 12 min-
utes of computation time.

C. MESH DEPENDENCY
The initial mesh used has a strong influence on the final result.
To analyze this dependency on the initial mesh, a comparison
between two optimized machines is performed: one machine

FIGURE 8. Topology optimization result for the best combination of
analyzed parameters (Blimit,stator = 1.4 T, Blimit,rotor = 1.8 T,
%change,stator = 1%, %change,rotor = 10%).

FIGURE 9. Mesh comparison between original and refined mesh.

with the mesh used in the previous sections, and the other
with a refined mesh. To study this effect, the stator yoke and
rotor yoke are kept frozen; therefore, the area to be analyzed
is only that of the stator tooth.

The region in which the dependency on the initial mesh is
most notable is where the stator tooth interferes with the stator
wedge and the coils. In Fig. 9, this zone is represented. It can
be seen that the size of the elements are larger in the case
of the original mesh than the refined mesh model. The large
size of the initial mesh elements may lead to poor resolution
in the optimizable area, resulting in some of the cells not
being changed from iron to void. Fig. 10 shows that the vast
majority of the stator is above the imposed limit of 1.4 T.
Further, in this figure there is a zone adjacent to the coil,
in which the magnetic flux density is lower than 1.4 T, which
is the Blimit established. However, due to the large size of the
mesh elements, the two elements that cover this region have
an average magnetic flux density in the element higher than
the Blimit . In this scenario, it can be assumed that if smaller
elements are predefined (such as in Fig. 9) additional cells
could be changed from iron to void.

The resultant shapes obtained after the optimization of the
two different initial meshes are shown in Fig. 11. It can be
observed that the final results obtained with the two meshes
are clearly different. As expected, in the refined mesh model
(that uses smaller size elements) the TO program is able to
change the elements that are in contact with the coils and
stator wedge from iron to void unlike in the case of the
original meshing.
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FIGURE 10. Magnetic flux density distribution with the original mesh.

FIGURE 11. Optimization results for the original and the refined mesh
models.

With mesh refinement, 9.2% of the stator tooth is changed
from iron to void. However, an increase in computation time
is required - 2 hours 20 minutes in the refined model com-
pared with 1 hour 20 minutes for the original model. This
increase in computation time is due to the higher number of
mesh elements in the refined model, 925 mesh nodes in half a
stator tooth, compared to 131 nodes in the original one. Thus,
it is clear that a trade-off between the optimization accuracy
and the computation time must be achieved.

D. EFFECT OF THE MECHANICAL LOADS
As previously mentioned, the analyzed machine operates at
a low speed and, therefore, the mechanical stresses in the
machine are far from the yield strength. In order to study
the behavior of the algorithm with higher loads, a higher
speed of 6,000 rpm is considered in this subsection. The radial
centrifugal force acting at the rotor is defined as in (6), where
N is the number of elements, me and ρe are the mass and the
density of the element, respectively, ω is the angular speed
and Re is the radius of the center of gravity of the element.

Frad =
N∑
e=1

meρeω2Re (6)

It has been previously exposed that for the analyzed case
study the stator cells are the most sensitive to the torque
limit, owing to the higher saturation of the stator structure.
To ensure that just the rotor behavior is analyzed, the param-
eterBlimit,stat is set to 0, so no cells of the stator are changed to
void and the algorithm is not influenced by them. Moreover,
to have smooth shapes in the rotor and to ensure mechanical

FIGURE 12. Optimization resultant shape with 6,000 rpm.

FIGURE 13. Mechanical stress distribution in one rotor pole.

strength, the parameter %change of the rotor is set to 1%.
Finally, the frozen part of the rotor has been set thinner than
in previous sections so that the predefined walls are not able
to support the rotor structure by themselves.

The FEM model of the optimized machine is shown in
Fig. 12. It is clear that due to the high centrifugal forces that
are now applied, the resultant shape of the rotor varies from
the ones obtained for the previous analyses. This is due to the
higher stresses inside the rotor, which limit the transition of
some cells from iron to void.

In this specific case, it is also interesting to analyze the
mechanical behavior of the optimizedmachine. The results of
the mechanical analysis are represented in Fig. 13. The yield
strength of the considered electrical steel (i.e. M600-65A)
is 300 MPa. In the previous figures, it can be noticed that
at some points, the stress limit is reached. This stress concen-
tration appears at the edges and is due to the effect of having
sharp corners at the edges.

To eliminate the distortion caused by the stress concen-
tration, a smoothing of the edges of the resultant shape is
applied. This smoothing is performed by approximating the
curves that define the border of the rotor material via a 3rd
order polynomial curve. The final smoothed geometry is
shown in Fig. 14; along with its corresponding mechanical
analysis in Fig. 15. Compared with the shape depicted in
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FIGURE 14. Smoothed shape of the resultant optimization.

FIGURE 15. Mechanical stress distribution for the smoothed TO rotor.

Fig. 13, it is clear that most of the stress concentration zones
are removed by this technique.

The proposed optimization is performed in 16 iterations
for 1 hour and 52 minutes. The reduction in torque is 0.68%
and the decrease in the optimizable area is 39.3%. The initial
model mesh is composed of 17,416 nodes and 8,545 sur-
face elements and the mesh of the final model has 23,292
nodes and 11,495 surface elements. The total weight of the
active parts is reduced by 20.2%, and mechanical stability is
ensured.

It is clear from the results of the subsection that when the
loads inside the rotor increase, the algorithm starts behav-
ing more like a mechanical TO than a electromagnetic TO.
Another fact that is worth commenting on is that the param-
eter %change,rotor appears to be very significant; as if this
parameter is above a threshold, the quantity of material
removed by each iteration can be large and the mechanical
stresses inside the rotor can have higher values than the
permitted ones. Thus, for highly loaded rotors, it is necessary
to define a lower %change,rotor .
Finally, the torque and EMF waveforms for the initial and

the optimized model are shown in Fig. 16 and Fig. 17. Same
as in subsection III-A, it is seen that the difference in the
Back-EMF waveform is nonexistent and in the torque is of
less than 1%.

FIGURE 16. Torque profile comparison between the initial and the
optimized models.

FIGURE 17. Back-EMF waveform comparison between the initial and
optimized models.

Finally, the torque and EMF waveforms for the initial and
the optimized models are shown in Fig. 16 and Fig. 17,
respectively. In the same fashion as in subsection III-A, it is
seen that the difference in the Back-EMF waveform is almost
nonexistent, whereas the reduction in the average torque is
less than the 1%.

IV. COMPARATIVE STUDY
To compare the proposed method with other TO approaches,
in this subsection two different TO algorithms are applied to
the same machine. The two methods selected are based on
SIMP and on-off approaches.

A. SIMP
The SIMP algorithm used for the TO of the motor has been
based on [26] and combined with the MMA optimizer pro-
posed in [25]. In most of the previous work, the optimization
objective has been torque related. Despite this, in the present
work the optimization objective is to minimize the total rotor
area subject to a reduction in torque of less than 1%. This
modification of the objective function has been applied to
perform a fair comparison between the proposed and SIMP
methods.

For the optimization via the SIMP approach, the rotor
symmetry has not been defined, the simulation has been
defined as magnetostatic, and the number of electromagnetic
simulation steps has been reduced from 36 to 6, and the
mechanical calculation is not performed. Thesemodifications
in the simulation setup are carried out to achieve results more
rapidly, as the method requires the computation of the deriva-
tives of each element with respect to the objective function,
which is a very costly process in terms of computation time,
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FIGURE 18. Results for the SIMP TO, a) Initial model, b) 5th iteration,
c) 10th iteration and d) TO result (158th iteration).

consuming approximately 93% of the time needed for each
iteration in the case studied.

The results of applying the SIMP algorithm to the case
study are shown in Fig. 18. In this figure, the main character-
istic of the SIMP method, that is that the material may have
intermediate density states (black color: 100% density, white
color: 0% density), can be seen. For the in-between iterations,
(b) and (c), some intermediate material zones are observed.
However, in the converged solution, the intermediate material
states have almost disappeared.

TO by the SIMP algorithm has required 158 iterations,
21 hours and 30 minutes to reach the converged solution.

B. ON-OFF
The second additional TO approach that is analyzed is an
on-off method combined with a Multi-Objective Differential
Evolution (MODE) [38] coupled with an NGNet + greedy
algorithm from [20] to reduce the required computation time.

Following the same reasoning as for the SIMP method,
the calculation steps are reduced to 6 and the electromag-
netic simulation is set as magnetostatic, without a mechanical
computation.

Contrary to the other two presented methods, in which
there is a single optimization objective (area reduction), the
optimization results for this method are given in terms of a
Pareto front for the area and torque reduction, as the pro-
grammed algorithm is multi-objective. Therefore, to have a
fair comparison among methods, the machine of the Pareto
front with an average torque closer to the 99% of the initial
torque is selected.

FIGURE 19. Resultant shape obtained by the on-off optimization.

TABLE 4. TO method comparison.

The resultant shape obtained using this method is illus-
trated in Fig. 19. It leads to a torque reduction of 1% and
an area loss of the optimizable area of 89.3%. The on-off
optimization has converged in 96 hours and it has required
11,814 simulations. It should be noted that the computation
time could be reduced by relaxing the convergence criteria
or reducing the number of Gaussians defined to perform the
optimization, 55 in the analyzed case.

C. COMPARISON
A summary of the main results obtained by the different TO
methods is presented in Table 4.

Table 4 shows the main advantages and disadvantages
of the proposed algorithm compared with other algorithms
found in the literature. The main disadvantage of the satura-
tion approach is that the flexibility of the presented method
for optimizing objective functions other than the weight is
limited. However, with other methods, such as on-off +
genetic algorithms, the number of objectives and their nature
can vary significantly.

On the other hand, the most noticeable advantage is the
computation time of each optimization algorithm. The sat-
uration method requires a much shorter computation time
compared to the other two methods, despite the higher num-
ber of calculation steps used for the presented approach and
using transient calculation, which normally requires a longer
computation time. This is due to the faster convergence of
the proposed algorithm, which converges to a local optimum
instead of a global optimum point. This can also be seen in
the lower area reduction of the rotor TO zone in the saturation
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method compared with the other two methods. Nevertheless,
the area reduction is of the same order of magnitude, with a
much shorter computation time.

Another advantage of the proposed algorithm is the mul-
tiphysics (magneto-structural) nature of the optimization,
which can achieve magnetically and mechanically optimized
structures, as shown in Fig. 14. Multiphysics optimiza-
tion can be performed using SIMP approaches, as in [27]
and [39], although a previous electromagnetic optimization
is performed, and once a magnetically functional structure is
achieved, a magneto-structural optimization is applied. For
on-off methods with multi-objective algorithms, literature on
magneto-structural optimization has not been found.

Regarding the adaptive mesh defined in the proposed algo-
rithm, there is an advantage of a much smoother material to
void frontier compared to the resultant shapes of the optimiza-
tion via SIMP and on-off methods. In addition, as the mesh in
the saturation approach changes in each iteration, it is more
initial mesh independent than the other two methods in which
the same mesh is used for the whole TO process.

Finally, one last advantage of the saturation approach is
the possibility of simultaneously optimizing the rotor and
stator structures. An example of a simultaneous TO is found
in [36], in which the rotor and the stator teeth aremagnetically
optimized, but not the stator yoke. In the related literature,
TO methods are mainly focused on rotor optimization and,
in some cases, just on the stator optimization.

V. CONCLUSION
This study presents a novel TO method based on FEA and
ESOwith an adaptivemesh. The algorithm is proven effective
for reducing the weight of an electrical machine without
losing performance characteristics. The algorithm has been
tested with a case study in which an improvement in torque
density of active parts from 11.8 Nm/kg to 19.1 Nm/kg
has been achieved. The influence of the initial mesh on the
stator tooth geometry has also been studied, highlighting its
importance in the final result. The TO approach has proven
to be valid for the optimization of high speed rotors, leading
to a weight reduction of 20.2% of the motors active parts.
Finally, a comparison between different TOmethods has been
conducted, presenting themain advantages and disadvantages
of the proposed TO approach.

The main advantage of this optimization method compared
to alternative methods used in TO is the reduced compu-
tation time. The analyzed algorithm can achieve its final
results within 20-30 FEM simulations, whereas other meth-
ods require thousands of simulations, depending on the par-
ticular case. Another particularity of the proposed approach
is the simultaneous optimization of the rotor and stator.

A drawback of the devised method is that optimized solu-
tions may converge to local optimums instead to global
optimum points, as the search space is constrained to just
removing material, without having the possibility of adding
it. Another limitation of the presented technique is that it
is just oriented to reducing the weight of the materials and

not to improving other machine performance characteristics
(e.g. efficiency, torque ripple, etc.).

As with other TO approaches, the final geometries derived
from the optimization may be difficult to accomplish via
traditional manufacturing methods. In this regard, additive
manufacturing (AM) of electrical machine parts is a game-
changer, which opens up the possibility of having highly
optimized machine structures with additional potential gains
in terms of material savings and assembly time reduction.

Future work regarding the proposed TO method involves
testing the algorithm with 3D structures, demonstrating its
capability to optimize copper and magnets, combining the
optimizaton of different physics (such as electromagnetic-
thermal), and the adoption of distinct functions for arranging
the cells to be converted to void, instead of the flux density
used at this moment, such as the current density for copper
optimization cases.
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