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Abstract—In this paper, we investigate two optimization prob-
lems to design the rotor of a synchronous reluctance motor
(SYnRM). Both problems are based on a density-based topology
optimization method. The first problem aims to maximize the
average torque, while the second aims to maximize the saliency
through energy formulation. The study considers different start-
ing points that are represented through a variety of initial
material distributions. The optimization algorithm is based on
the gradient descent method, and the sensitivities are obtained
using the adjoint variable method.

I. INTRODUCTION
The primary objective of nearly all topology optimization

(TO) focused on electric machines thus far has been to
maximize the torque density or shape the torque profile. The
objective function in the literature is typically formulated in
terms of average torque [1]-[2], which is computed by deter-
mining its instantaneous values for different rotor positions.
In principle, the average torque of a SynRM is closely linked
to the saliency ratio. As proposed in [3], the saliency ratio
could be expressed as the difference between the magnetic
energies of the d-axis and q-axis. It is important to highlight
that this method does not require the calculation of the average
torque, which reduces the computation time needed to analyze
different rotor positions.
This paper presents a comparative analysis of two TO prob-
lems, each formulated with distinct objective functions: one
based on mean torque and the other on the saliency ratio.
To address these problems, the Solid Isotropic Material with
Penalization method (SIMP) is combined with the Gener-
alized Optimality Criteria (GOC) algorithm. The nonlinear
sensitivities with respect to a design variable are analytically
derived using the adjoint variable method (AVM).

II. OPTIMIZATION PROBLEMS
The following methodology is applied to design the rotor

of a SYnRM with a pre-designed stator. The stator consists
of 36 slots, with three slots per pole and per phase and the
windings are supplied with a current density J of 5 A/mm².
The design domain is discretized into triangular finite ele-
ments and the total number of rotor mesh elements, Nel,
is equal to 36033. The material property of each element e
is determined by interpolating the reluctivity values of both
air (ν0) and non-linear ferromagnetic material (νf ) with the
design variable ρ of the element e such as:

νe = ν0 + (νf (be)− ν0)ρ
q
e (1)

where νe is the element reluctivity, be the element magnetic
flux density and ρe the element density. In the literature, this
formulation has typically a penalty factor q > 1. In this case,
using reluctivity, the interpolation is naturally penalized, so
q = 1. The goal is to optimize the rotor geometry, finding the
optimal material distribution. The two TO problems are for-
mulated to maximize the average torque (2) and the saliency
(3) while satisfying a total rotor maximum volume (Vmax),
fixed at 60 % to achieve a lightweight motor design. Both
optimization problems are solved using the GOC algorithm
[4]. Gradient-based algorithms are sensitive to the initializa-
tion points and often lead to local minima. For this reason,
different initial material distributions are used to initialize the
problems, as shown in Fig. 1a and Fig. 1b.

A. TORQUE AND SALIENCY MAXIMIZATION

The problem of maximizing the average torque (Tavg)
is formulated as described in (2), while the maximization
of saliency is given in (3). Both problems share the same
constraints, as specified in (4).

min
ρ

ft(ρ) = −Tavg(ρ) = − 1

N

N∑
k=1

Tθk(ρ) (2)

min
ρ

fs(ρ) = −(Wd(ρ)−Wq(ρ)) (3)

s.t.
Nel∑
e=1

ρeVe = Vmax

0.001 ≤ ρe ≤ 1

(4)

The torque in (2) is calculated by evaluating N rotor
positions, with 2◦ steps. The instantaneous values, Tθ, are
computed in the airgap using Arkkio’s method, with a current
phase angle of 45◦. In (3), to determine the two magnetic
energies (Wd, Wq), windings are fed respectively by a d-
axis and q-axis current with a respective current angles of 0◦

and 90◦. Thus, the average torque is maximized through the
saliency.

The sensitivities of the two objective functions with respect
to the design variable are computed with the AVM and,
respectively, for the torque and saliency optimization problem:

∂ft(ρ)

∂ρ
=

1

N
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λT
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ρ

(5)



∂fs(ρ)
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where Km is the magnetic stiffness matrix that contains the
magnetic non-linearity of the material, A the magnetic vector
potential, J is the current density vector and λ the adjoint
state.

The optimization is performed with periodic filtering [5] on
the density (7). This procedure avoid disturbing the optimiza-
tion process at each iteration, leading to a smooth design and
better performance.

ρ̃e =

∑
i∈Ne

w(xi)ρivi

w(xi)vi
(7)

Where Ne represents the neighborhood of the element e, ρi
the element density of the neighbor i, vi the volume of the
element i, and w(xi) a weighting function that depends on
the distance between the elements i and e.

III. RESULTS

The results shown in Fig. 1 summarize the optimal ge-
ometries obtained through the two problems. The torque
maximization problem involves 45 Finite Element Analyses
(FEA), while saliency maximization requires only 2 FEAs.
Those from torque formulation present intermediate materials,
and density projection is a simple solution to remove them.
Applying the projection to geometries of Fig. 1e and Fig. 1f,
the mean torque is kept unchanged but the saliency values are
reduced (Table I).
To compare the two formulations, the mean torque for the
saliency maximization problems is computed at various stages
of the algorithm. This can be observed in Fig. 2, the average
torque is also optimized by maximizing the saliency. The
final maximum mean torque values were obtained for torque
and saliency formulation, respectively: 7.07 N.m and 6.87
N.m when initializing with holes (Fig. 2a), then 6.63 N.m
and 6.83 N.m when initializing with homogeneous density
material (Fig. 2b). All the results are summarized in Table I.

Table I
SALIENCY (Wd/Wq ) AND TORQUE COMPARISON

Initialization Optimization problem Saliency Value Torque [N.m]
Holes Saliency 3.26 6.87
Homogeneous Saliency 3.20 6.83
Holes Torque 3.94 7.07
Homogeneous Torque 3.22 6.63
Holes Torque and projection 2.95 7.08
Homogeneous Torque and projection 2.52 6.62

In conclusion, comparing the two formulations, the opti-
mization considering the saliency maximization decreases the
calculation time by only needing two finite element analyses
per iteration. This formulation allows smooth-shaped barriers

Figure 1. Initialization (a, b) and corresponding optimization results from
saliency formulation (c, d) and torque formulation (e, f).

(a) Hole initialization

(b) Homogeneous initialization

Figure 2. Mean torque comparison between torque and saliency maximiza-
tion problems.

without restricting the mesh design to a single pole, unlike
literature methods that impose symmetries, providing greater
design flexibility.
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