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Abstract—This paper deals with the optimization of a
multi-barrier synchronous reluctance rotor, in which the flux
barriers are parameterized using Bézier curves. With this type
of modeling, it is possible to explore more complex geometries
that can be realized with new additive manufacturing techniques.
A two-step optimization based on the NSGA-II genetic algorithm
is proposed in the paper. In the first part, barriers are optimized
using a simplified analytical model. In the second part, the rotor
geometry is optimized using finite element analysis. Finally, a
more detailed investigation is performed to calculate the overall
performance of the optimized solution and compare them with
those of a previously manufactured prototype.

Index Terms—Synchronous reluctance motor, electrical
machines, additive manufacturing, optimization, fluid barriers,
Bézier curves, laser powder bed fusion, L-PBF

I. INTRODUCTION

The optimization and improvement of components or
products play a key role in any sector, both technically and
commercially. In recent years, electrification has demanded
increasingly high-performing and efficient electric motors
capable of meeting several requirements of various economic
and industrial sectors. In this scenario, Additive Manufacturing
(AM) [1], [2] emerges as an interesting technology for
producing components ready for use and high performance,
specifically designed to be manufactured using these new
production techniques. In particular, AM allows for:

• greater design flexibility by enabling the creation of
intricate geometries and structures that may include
undercuts or empty spaces,

• optimizing material utilization, minimizing waste almost
entirely,

• enhancing the strength-to-weight ratio of the final
product.

As for the electric motors are concerned, several examples
are reported in literature about the adoption of AM in
windings, mechanical structures, thermal exchangers and
permanent magnets fabrication [3]–[6]. Less attention has
been given to the manufacture of ferromagnetic components,
such as the rotors of Synchronous Reluctance (SynRel)
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(a) Ferromagnetic core [12] (b) SynRel rotor [10], [11]

Fig. 1: Fabrication of ferromagnetic components by L-PBF.
The laser light spot can be seen in the top pictures.

motors. These components prove to be good candidates to
be produced by AM techniques thanks to the absence of
permanent magnets. An example of a Switched Reluctance
motor fabricate using AM can be found in [7], while some
investigations of the properties of the printed material are
presented in [8], [9]. In [10], [11] the design and realization of
a SynRel motor by means of AM has been presented. In [12]
the electromagnetic characterization of the printed material has
been investigated in order to obtain the actual BH curve of
Silicon-Iron printed structures.

This paper introduces an optimization process for complex
rotor topologies designed to be fabricated by AM techniques.
First, the optimal number of flux barriers is investigated, given
the main sizes of the electric motor and winding. Next, the
design of the rotor structures based on the fluid shaped flux
barriers [13]–[15] is considered. Then, a design based on the
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Fig. 2: BH curve of commercial lamination [16] and printed
ferromagnetic material.

TABLE I: Motor main parameters

No. of slots Q 24 −
No. pole pairs p 2 −
Airgap g 0.3 mm2

Outer diameter De 80 mm2

Inner diameter Di 45 mm2

Shaft diameter Dsh 12 mm2

Axial length Lstk 30 mm2

Slot cross-section area Sslot 47 mm2

description of the flux barrier geometry using Bézier curves
is proposed. Lastly, the overall performance of the optimized
rotor structure are computed to quantify the improvements
achieved compared to the first realized prototype [10], [11].

II. MANUFACTURING PROCESS

This section briefly presents the additive manufacturing
process and the samples manufactured with this technology.

A. Laser Powder Bed Fusion

The AM technique called Laser Powder Bed Fusion
(L-PBF) consists of melting metal powder, in this specific
case ferromagnetic powder (FeSi6.5), to produce the desired
geometry. The ferromagnetic powder is spread in thin layers
over the building platform where a laser fuses specific regions
to create the desired structure. This process is repeated until
the component is completely fabricated.

Fig. 1 shows the realization of a ferromagnetic core
and a SynRel rotor. The ferromagnetic core (Fig.1a) was
manufactured to measure the electromagnetic characteristics
of the printed material. Fig. 2 shows the comparison between
BH curve of a commercial lamination [16] and that of the
printed material. It can be seen that for field intensity values
above 2 kA/m the two curves are quite close. Therefore,
the printed material has good electromagnetic properties and
can be a good candidate for the fabrication of ferromagnetic
components that operate at high flux density, such as the
rotor of SynRel machines. More detailed information about
the electromagnetic characterization can be found in [12].

The rotor prototype (Fig.1b) was manufactured to
demonstrate the possibility of realizing SynRel rotors using

Fig. 3: Torque versus current angle. Comparison between LP
magnetic network and experimental tests on the prototype of
Fig.1b.

AM techniques. The rotor geometry was designed with state
of art methodology with fluid shaped flux barriers. Table I
reports the main parameters of the motor.

B. Lumped parameters magnetic network

The integration of additive manufacturing (AM)
methods into electrical machine fabrication introduces
new opportunities for achieving complex rotor shapes,
necessitating a reevaluation of current modeling approaches.
The possibility of creating rotor structures with numerous
flux barriers requires a model that facilitates the analysis
and design of these solutions. For this reason a lumped
parameters (LP) magnetic network [17] was adopted to quick
analyze multi-barrier SynRel rotors. The model was tested
comparing its results with the experimental measurements
carried out on the SynRel prototype of Fig. 1b. Fig. 3
shows the comparison of the torque versus current angle αe

i .
There is good agreement between the values obtained with
the magnetic network and the experimental results. Slight
differences were expected since saturation effects were not
considered. This model can be used as a first approach in the
preliminary design of the rotor structure, particularly to derive
the optimal number of barriers once the main characteristics
of the motor (size, winding, number of poles, etc.) have been
selected.

C. Finite element model

Finite element analyses were used to more accurately
calculate the performance of the prototype, considering
the non-linearity of the magnetic material and the effects
of saturation. The finite element model was developed
considering the two different magnetic properties (see Fig. 2)
for the stator and rotor as shown in Fig. 4a. The measured
BH curve of the printed material is an essential information
necessary to know to predict precisely the performance of the
motor. The AM prototype was tested and the experimental
results were compared with the simulation data. Table II
summarize the performance of the motor for the nominal
current (6A) and an overload at twice the nominal current



(a) Geometry and ferromagnetic
materials

(b) Mesh

Fig. 4: Finite element model

Fig. 5: Torque versus rotor position. Comparison between
simulation and experimental tests at nominal current.

(12A) where τm is the average torque of the motor, ∆τm
is the torque ripple, αe

i is the electrical angle of the current
space vector and δT is the torque per volume unit which was
computed as:

δT =
4T

1000πD2
eLstk

(1)

Fig 5 shows the comparison between simulations and
experimental tests where the torque versus rotor position is
considered at the nominal current.

III. OPTIMIZATION ALGORITHM AND DESIGN PROCEDURE

Several optimization algorithms were studied and developed
in literature [18]. In this work a genetic algorithm called
NSGA-II has been adopted [19], [20].

The proposed design procedure can be summarized in three
main steps:
A) preliminary design to determine the optimal number of

flux barriers;
B) first optimization of a fluid shaped barrier rotor;
C) second optimization based on Bézier description of the

flux barriers.
These steps will be described in detail in the following
subsections.

TABLE II: Motor performance.

SynRel motor proposed in [10], [11]
Simulation results

I [A] τm [Nm] ∆τm [%] αe
i [◦] MTPA δT [Nm/L]

6 0.21 72.71 45 1.39
12 0.80 62.39 49 5.24

Experimental measurements
I [A] τm [Nm] ∆τm [%] αe

i [◦] MTPA δT [Nm/L]

6 0.21 65.43 45 1.39
12 0.80 59.37 49 5.24
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90°−βk 45°

α
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∑ t bn

Fig. 6: Constraint sketch of the magnetic network.

Fig. 7: Comparison of pareto fronts of rotors with different
number of flux barriers. Results obtained with LP network.

A. Optimal number of flux barriers

Preliminary design to derive the optimal number of barriers
is performed to simplify the optimization process, since the
total number of variables to be optimized depends on the
number of flux barriers. The lumped parameters magnetic
network introduced in Sec. II-B was used to accomplish this
task with the aim of achieving a good compromise between
model accuracy and computational time.

Given the motor main parameters and the number of
barriers, the magnetic network depends on the length ln,
thickness tb and β angles that characterize each flux
barrier. However, each of these quantities must satisfy
specific constraints to avoid considering unfeasible solutions
(overlapping barriers). Eq. 2 summarizes all these constraints
where kir is a coefficient which considers that a minimum
thickness of iron is required between barriers, R is the rotor
diameter and rsh is the shaft diameter. Fig. 6 shows a sketch



Fig. 8: Example of fluid shaped flux barrier.

P0(t=0)

P1 P2

P3(t=1)

χ
(t=0.5)

Fig. 9: Example of Bézier cubic curve.

of the constraints to be observed.


βk < βk+1 < 45◦

lmin < ln < ln+1∑
tbn < R− rsh − kir

lmin = 2R sin (α) (2)

The optimization process was carried out for different
numbers of barriers, starting with the simplest case, a
single-barrier rotor, and successively increasing the number
by one unit until no appreciable improvements in motor
performance were achieved. Fig. 7 shows the comparison of
the different pareto fronts obtained with this approach, where
the average torque versus the torque ripple of the motors
is reported. Each front is related to a specific number of
flux barriers. It can be seen that increasing the number of
barriers results in improved performance of the electric motor.
However, considering more than five barriers does not result in
significant performance enhancement, so such solutions would
add complexity to the rotor without having any real return in
terms of performance. Therefore, five flux barriers has been
chosen as the optimal configuration for the following steps.

Fig. 10: Example of Bézier based flux barrier.

B. Fluid shaped barriers optimization

A first optimization based on fluid shaped barriers was
developed in order to obtain rotor topologies with good
performance by exploiting a well-known design methodology.
The nominal working point of the motor (I = 6A) was
selected to be optimized, trying to maximize the average
torque and minimize the torque ripple. The rotor topology
can be obtained choosing the thickness tb of flux barriers and
the iron thickness wc and solving the fluid equations [15].
In this way, the coordinates of the points which describe the
fluid profiles can be computed and the finite element model
of the rotor can thus be realized and solved. Fig. 8 shows an
example of a rotor with two pole pairs where a fluid shaped
barrier is drawn. To avoid unfeasible geometries the constraint∑nbar

j=1 tbj +
∑nbar+1

j=1 wcj = R− rsh needs to be satisfied.

C. Bézier based flux barrier optimization

A Bézier curve [21] is a particular parametric curve which
is described by a set of control points. It has been adopted
because it allows to describe effectively the shape of the
flux barriers with a limited number of points. The proposed
approach considers cubic (4 control points) Bézier curves
described by the equation (3), to model the profile of the flux
barrier, where χ stands for the Bézier curve profile, P0, P1,
P2 and P3 are the control points of the curve and t is the
parameter that belongs to [0, 1] which allows to compute each
point of χ.

χ = (1− t)
3
P0 + 3t (1− t)

2
P1 + 3t2 (1− t)P2 + t3P3

0 ≤ t ≤ 1
(3)

Fig. 9 shows an example of cubic Bézier curve with its
control points. By joining multiple Bézier curves together, it
is possible to create the profile of a flux barrier as shown in



Fig. 11: Example of Bézier profiles computed from fluid
shaped flux barriers.

TABLE III: Control point definition of the Bézier based barrier
profile.

Coordinates Boundaries
x y lower upper

P0 r cos(π/4) r sin(π/4) r rsh
◦ R

P1 P1x P1y P2x 0◦ R

P2 P2x P2y P1y , P2y 0◦ R sin(π/4)

P3 R cos(ϑ3) R sin(ϑ3) ϑ3 0◦ 45◦

Fig. 10 where, for the sake of simplicity, a single barrier of a
rotor with two pole pairs is shown and the symmetry of the
poles is also exploited to further simplify the description of
the barrier. More specifically, each flux barrier is defined by
a couple of Bézier curve (inner and outer profile) and each
curve is describe by 4 control points that can be computed
as reported in Tab. III where variables to be optimized are
highlighted in bold type. The following assumptions were
considered:

• the point P0 belongs to the axis of symmetry,
• the point P3 belongs to the rotor circumference,
• the tangent of the profile at point P0 must be

perpendicular to the axis of symmetry.
Some constraints need to be satisfied to avoid intersections

between Bézier curves that would lead to unfeasible
geometries. Eq. (4) summarizes all these conditions.



r(k) < r(k + 1)

P1x(k) < P2x(k)

P1y (k) < P1y (k + 1)

P2y (k) < P2y (k + 1)

P1x(k)
2 + P1y (k)

2 > r2sh
P2x(k)

2 + P2y (k)
2 < R2

ϑ3(k) < ϑ3(k + 1)

k ∈ {1, ..., 2nbar − 1} (4)

To simplify the search for sets of control points describing
feasible rotor topologies, the optimized profiles of fluid
barriers were used to calculate the respective Bézier curves.

Fig. 12: Pareto comparison. Results obtained with finite
element analysis.

(a) Fluid (b) Bézier

Fig. 13: Example of optimized rotor solutions. Green rectangle
of Fig. 12.

Fig. 11 shows an example of a fluid barrier rotor structure on
which the respective Bézier curves calculated with a fitting
function were superimposed. The set of solutions obtained
with this method was used as the initial solution of the
Bézier-based optimization process.

D. Optimization results

All the optimization procedures were characterized by a
population of 120 samples and a time stop criterion set to
24 hours. Fig. 12 shows the comparison of the pareto fronts
obtained from the two optimizations presented in III-B and
III-C. It can be noticed that the rotor structures modeled
with Bézier curves result in better performance especially in
terms of average torque. To try to further improve the average
torque and torque ripple, a modified version of NSGA-II called
R-NSGA-II [22] was tested. The difference between the two
algorithms is that in R-NSGA-II, target values are set for
τm and ∆τm that the algorithm tries to satisfy as a priority.
Therefore, the optimization process will tend to favor the
reproduction of intermediate pareto front solutions close to
these target values. As a result, the optimization process is
improved and the pareto front is found more quickly.

An example of optimized rotor structures is shown in
Fig. 13. In particular, these geometries refer to the solutions
contained in the green rectangle of Fig.12. These topologies
were chosen since they have the same torque ripple. It can be
observed that the Bézier curves allow for more freedom in the
flux barrier profile, which is thicker in the inner zones, but



Fig. 14: Direct and quadrature flux-linkage. Comparison
between optimized and not optimized topology. Simulation
results.

Fig. 15: Torque versus current angle for In and 2In.
Comparison between optimized and not optimized rotor
topology. Red dots highlight the MTPA working points.
Simulation results.

still tends to narrow by increasing the iron portion relative to
the airgap portion.

IV. OPTIMIZED MOTOR PERFORMANCE

In this section, the performance of the optimized motor
(Fig. 13b referred to as optimized) will be discussed in detail.
Specific finite element simulations were conducted to estimate
different quantities that characterize the electrical machine.
The results are compared with the simulations of the motor
shown in Fig. 1b (referred to as not optimized) to exhibit the
improvements achieved with the proposed optimization. The
comparison of the flux-linkages of the two rotor geometries
is shown in Fig. 14 where the increasing on the d−axis
flux-linkage in the optimized geometry can be observed
particularly at nominal current. Fig. 15 shows the torque versus
current angle αe

i while Fig. 16 exhibits the torque ripple of
the motor for the nominal current and an overload at twice
the rated current. In both cases αe

i was set equal to the MTPA
angle respective to the considered current. Table IV shows the
numerical values. It can be observed that the proposed solution
significantly improves the performance of the electric machine.

(a) I = 6A

(b) I = 12A

Fig. 16: Torque versus rotor position for In and 2In.
The current angles αe

i is the equal to the MTPA angles.
Comparison between optimized and not optimized rotor
topology. Simulation results.

TABLE IV: Motor performance comparison.

SynRel motor proposed in [10], [11]
I [A] τm [Nm] ∆τm [%] αe

i [◦] MTPA δT [Nm/L]

6 0.21 53.82 45 1.39
12 0.80 44.78 49 5.24

Optimized SynRel motor
I [A] τm [Nm] ∆τm [%] αe

i [◦] MTPA δT [Nm/L]

6 0.26 10.36 45 1.72
12 0.87 22.97 53 5.77

Considering the rated current, the average torque is increased
by 23.8% with a torque ripple reduction of 43.5%. The same
is true if an overload of 2In is considered. In this case, the
average torque is improved by 8.75%, while the torque ripple
is reduced by 21.8%.

V. CONCLUSION

In this paper, a design procedure to realize SynRel rotors
using AM was studied. The topology of the barrier was
described using Bézier curves. In this way, the flux barriers
can be defined with a limited number of control points
while still maintaining a wide freedom in the profile. This
type of modeling was used together with the NSGA-II
genetic algorithm to optimize the rotor geometry and



improve the average torque and torque ripple at the nominal
operating point. The proposed procedure achieves significant
improvements in motor performance.
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