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Optimal Shape Design of Rotor Slot in Squirrel-Cage Induction Motor
Considering Torque Characteristics
Gyeorye Lee, Seungjae Min, and Jung-Pyo Hong
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Induction motors are widely used in various industrial applications with different torque-speed characteristics. Since the configura-
tion of the rotor slot has a great impact on the electromagnetic torque-speed characteristics, a design optimization process is necessary to
improve the motor performance of the induction motor. The material boundaries of the rotor slot are represented by a level set function,
and a voltage driven time-harmonic field analysis is performed to estimate the characteristics of the induction motor. An optimization
problem is formulated to maximize the torque at one speed either a rated or starting condition constrained by the torque at other speeds,
starting currents and efficiency. A level set equation with an augmented Lagrangianmethod is derived to find the optimal design. Optimal
results are achieved by updating the sequential changes of the material region driven by the shape derivative. The design flexibility of
the proposed method is confirmed to obtain National Electrical Manufacturers Association (NEMA) designs satisfying different torque
characteristics.

Index Terms—Induction motor, level set method, optimal design, rotor slot, torque-speed characteristics.

I. INTRODUCTION

I NDUCTION motors are widely used in various indus-
trial applications due to their simplicity, robustness and

low cost. Because the torque-speed characteristics of induction
motors vary for many applications, the National Electrical Man-
ufacturers Association (NEMA) classified motor characteristics
mainly into four designs and explained their applications [1].
The torque-speed characteristics are critically affected by the
shape of the rotor slot, thus studies on the geometry of the
rotor slot to improve motor performance have been performed.
The rotor slot design process traditionally results in shapes
that are not radically different from existing designs and thus
depend upon the designer’s intuition from work experience
of many years. However, many studies, including shape opti-
mization, have been carried out to improve the performance of
induction motors. The optimization of the geometry of closed
rotor slots to obtain maximum efficiency was proposed using
a deterministic optimization method [2]. Stochastic methods,
such as genetic algorithms, were applied to find the global
minimum [3] and identify multiple optima [4]. However, the
desired improvements in motor performance are elusive using
these methods, as the set of a priori known design parameters
and dimensions are controlled. To overcome this limitation,
the topology optimization, which finds optimal material dis-
tributions within a given design domain subject to certain
criteria, has been applied to the design of induction motors [5].
Conventional element-based topology optimization methods
suffer from mesh-dependent boundaries for motor design
problems. Recently, level set based design optimization has
been successfully applied for the stator design of the permanent
magnet motor to determine the optimal distribution of nonlinear
ferromagnetic material [6]. This can naturally avoid numerical
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problems in boundary expressions and represent the geometric
boundaries precisely.
The rotor design of an induction motor is critical to satisfy

the performance specification because the torque speed profile
is largely determined by the rotor configuration. One important
focus is on the shape of the rotor slot, as it is one of the most im-
portant factors in improving the performance of induction mo-
tors [7], [8].
In this paper, the level set function is employed to represent

the material boundaries between the rotor slot material and the
nonlinear ferromagnetic material in the rotor. Additionally, the
relative permeability property of the material is determined by
the level set distribution. The optimization problems are formu-
lated to maximize the rated torque under the starting torque con-
straint or maximize the starting torque under the rated torque
constraint. In addition, the starting current, efficiency and ma-
terial usage can be specified as constraints. To deal with the
objective functions and multiple constraints, an augmented La-
grangian method [9] was applied. For the time-harmonic mag-
netic field analysis, a voltage driven analysis was performed due
to the changed shape during the optimization process. The im-
plicit material boundaries were moved by the speed function,
which governs the level set equation and normal velocity calcu-
lated using the sensitivities of the objective function, as well as
the constraint via the adjoint variable method.

II. PROBLEM FORMULATION

A. Shape Representation in the Magnetic Field

The level set function [6], defined non-parametrically
as a set of real-valued functions, is introduced to represent the
boundary between the rotor slot domain and the core domain,
where stands for an arbitrary position in the design domain.
Using the level set function, an arbitrary shape for the rotor of an
induction motor composed of aluminum (Al) and ferromagnetic
material (FM) can be implicitly represented through an interpo-
lation scheme based on the magnetic permeability. By assuming
that the level set function is also implicitly a function of the fic-
titious time , as time is advanced, the boundary is updated as
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an evolving boundary process that would reach an optimal con-
figuration.
To represent the distribution of aluminum and nonlinear fer-

romagnetic material in the rotor, the magnetic permeability ,
varied by the level of the magnetic flux density and elec-
tric conductivity , are employed as the constitutive parameter
and can be defined using a level set function as

(1)

where and are the electric conductivity, and
are the magnetic permeabilities of the aluminum and ferromag-
netic material respectively, and is the smooth Heaviside
function where it is continuous near the boundary, to avoid nu-
merical instability.

B. Performance Calculation

Since this study considers steady state conditions with sinu-
soidal supply, a time-harmonic approach has been used to per-
form the machine simulations. The governing equation of the
two-dimensional electromagnetic field computation model with
electrical angular speed and rotor slip is written as follows:

(2)

where is the magnetic vector potential and parallel to , the
current density in the stator slots.
To consider the change of the electromagnetic parameters

caused by the shape change of the level set function, a voltage
driven finite element analysis is performed. The voltage equa-
tion is formulated as

(3)

where is the total resistance of the motor, is the leakage
inductance of the end coil and is the back EMF of the motor.
As the shape of the rotor slot changes during the optimization
process, an updated induced current is estimated by the voltage
equation.

C. Design Optimization

The level set function to represent the rotor slot is the design
variable where the boundaries between the ferromagnetic
material (rotor) and aluminum (rotor slot) evolve. In order to
improve the motor performance, an objective function is pro-
posed to maximize the rated or starting torque
in the air-gap at a specific rated rotor slip depending on the
torque characteristics. Based on the magnetic field distribution,
the electromagnetic torque was calculated using Maxwell’s
stress-tensor method [10]. The first constraint is the starting
or rated torque which is not taken as the
objective function. Since an excessive starting current affects
performance, the second constraint restrains it by the maximum
allowable current value. The volume fraction (VF), ratio of
the material used and the volume of the design domain
of the rotor slot is specified as the third constraint. Lastly, the
efficiency is included in constraints to guarantee the minimum

design requirement. The output power and the power
loss are considered in the evaluation of the efficiency
and the power loss consists of the copper loss and the core loss
[11]. Therefore, the design optimization problem to maximize
the torque using the level set method can be formulated as

(4)

The evolution of the boundary is obtained
by differentiating with respect to time and yields, the fol-
lowing Hamilton-Jacobi convection equation. The optimization
problem is solved by providing the appropriate velocity func-
tion values of and the optimal configuration can be obtained
when the optimality conditions are satisfied as

(5)

where the Lagrange multiplier is determined by the active
constraint condition.

(6)

More accurate numerical results can be obtained by initializing
the level set function as the signed distance function
.
The flowchart in Fig. 1 illustrates the overall procedure of

the proposed method. The level set function is initialized as a
signed distance function. Next, the equilibrium equations of the
time-harmonic field are solved to compute the magnetic poten-
tial using the finite element method at a specific rotor slip where
the objective function is then calculated. Thereafter,
the evaluation of the sensitivities of the objective function and
the constraints with respect to is performed to compute the
normal velocity. Finally, the level set function is updated based
on the level set equation.

III. DESIGN EXAMPLE

The proposed method is applied to the optimal shape design
of the rotor slot in a three-phase induction motor [12] with 20
aluminum cast slots at their rated load, the fixed rotor slip value
of 0.034 as shown in Fig. 2. The air-gap is 0.5 mm thick and
the stator has a distributed double-layer winding with 208 turns
per phase. The stator and rotor magnetic cores made of lami-
nations are nonlinear, with a saturation flux density of 2.1 T.
The dimensions and specifications of the induction motor are
summarized in Table I. The boundary conditions consist of zero
magnetic flux on the outer surface of the stator and the inner
surface of the rotor and the periodicity on both sides of the de-
sign domain. The reference design involves the time-harmonic
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Fig. 1. Optimization process.

Fig. 2. Induction motor: (a) reference design; (b) design domain.

TABLE I
DIMENSIONS AND SPECIFICATIONS OF INDUCTION MOTOR TEST CASE

nonlinear operation of a double cage induction motor, and the
end ring resistance is considered in calculating the rotor slot re-
sistance. A voltage driven analysis is performed to consider the
variation of the electric parameters including the current with
respect to the shape change. For optimal design, the efficiency
of the reference design must be secured so that the minimum
value of efficiency is set to 86.5% throughout the example.

A. Design for NEMA Design C

Since the reference design corresponds with the NEMA De-
sign C, the optimization problem is formulated to maximize
the starting torque subject to the minimum rated torque and the
maximum induced current as shown in Table II. Fig. 3 shows the
configuration comparison of the rotor slot between the reference

Fig. 3. Optimal design of rotor slot (a) reference model; (b) design C without
VF; (c) design C with VF.

Fig. 4. Torque-slip characteristics of example A.

TABLE II
PROBLEM FORMULATIONS FOR NEMA DESIGNS

design (a) and the optimal designs when VF is not constrained
(b) and the same amount of material in the reference design is
specified (c). It should be noted that both the optimal configu-
rations are converged to the double cage with an hourglass-like
shape and the straight line at the top is identified to optimize
the torque. The case without VF generates a larger area of rotor
slot by 3.3% compared to the others and the case with VF has
a different shape at the top and bottom portions compared to
the reference model. The corresponding torque-slip profiles are
drawn in Fig. 4, and the case without VF outperforms the other
designs. The data of optimized performance are summarized in
Table III.

B. Design for Other NEMA Designs

The optimal shape design of the rotor slot by controlling the
objective torque and the constraint limits enables the reference
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TABLE III
PERFORMANCE COMPARISON

Fig. 5. Optimal design of rotor slot (a) design A; (b) design B; (c) design D.

Fig. 6. Torque-slip characteristics of example B.

design to provide different operating characteristics. The rated
torque is maximized under the minimum starting torque con-
straint to simulate NEMA Design A and B, and vice versa for
NEMA Design D. The maximum induced current constraint is
applied to the NEMA Design B only. The specific data for the
optimization problem formulation are listed in Table II.
Fig. 5 shows the optimal shape of the rotor slot in eachNEMA

design case. Since no VF is restrained, the material boundary
is moved to optimize the target torque within a feasible region
constructed by constraints. It is noted in Fig. 6 that the corre-
sponding torque-slip profile has good agreement with the typ-
ical operating characteristics. It is found in Table III that perfor-
mance satisfies the constraints.

IV. CONCLUSION

The optimal configuration design of the rotor slot to con-
sider the operating characteristics is achieved by using a level
set based design optimization incorporated with time-harmonic
magnetic field analysis. A new optimization problem formula-
tion is proposed for the universal design of an induction motor
and the target torque is maximized while all the constraints
are satisfied. It is confirmed that the optimal shape design of
the rotor slot has a substantial effect on the torque-slip char-
acteristics of the induction motor. The NEMA design exam-
ples demonstrate outstanding flexibility in handling geometric
changes of the rotor slot with different torque-slip characteris-
tics.
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