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ABSTRACT Although the performance of an Induction Motor (IM) can be maximized for any speed by
use of an inverter, there is still room to contribute by optimizing the rotor slot shape while decreasing the
mechanical disturbing effects and acoustic noise. This paper focuses on the effect of different individual rotor
slot shapes on the performance of an IM including overall space harmonic, vibration and acoustic effects.
A number of rotor slot shapes were implemented to the rotor of a commercial IM and efficiency of all
designs were maximized for constant torque region by optimization. Afterwards, operational performance
including starting, breakdown and rated operations; moreover, harmonic content and torque ripple were
analyzed numerically in association with the mentioned rotor slot shapes. Best performing 4 rotor slot shapes
in terms of chosen operational quantities were designated. Furthermore, the determined motors were carried
out to vibration and acoustic noise analysis. Superposed acoustic disturbances in terms of sound power
level for different harmonic frequencies were obtained and results are given in comparison. All-in-all, this
paper contributes to associating the end-to-end disturbing effects to certain rotor slot shapes. This study
determines disturbance and performance criterions for choosing an appropriate motor for an IM to be used
in an electric vehicle. It was shown that rotor slot shape still deserves considerable attention to increase the
performance of an IM while decreasing the adverse effects of space harmonics, mechanical vibration and
acoustic disturbance.

INDEX TERMS Induction motor, rotor slot shape, acoustics analysis, mechanical vibration, acoustic noise,
space harmonic.

I. INTRODUCTION
Environmental pollution, global warming, depletion of fossil
fuels and energy efficiency have increased interest in electric
vehicles because of their low fuel consumption and low cost,
quiet operation and low maintenance costs. Increasing inter-
est in electric vehicles has also increased efforts to develop
better electric propulsion motors, which is the most important
component in electric vehicles [1].

Machines designed to meet the desired performance
and reliability requirements for electric vehicles must have
features such as high torque/power density, wide speed
range, overload capacity, high efficiency at all speeds,
quick acceleration/deceleration, low cost/weight, durability
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in harsh environmental conditions, long life and low vibra-
tion/noise. The main types of electrical machines used in
electric vehicles are direct current motor (DC), caged rotor
induction motor (CRIM), permanent magnet synchronous
motor (PMSM), switched reluctance motor (SRM) and syn-
chronous reluctance (SynRM) motor. Cons and pros of these
motors according to some operational criteria are shown in
the Table 1 and it can be seen that CRIM serves low cost, sim-
plicity and robustness, high efficiency, low vibration/noise
with high performance compared to other motors [2], [3].

CRIM having rotor slots with low skin effect have both low
starting torque and high efficiency, while the ones with high
skin effect have both high starting torque and low efficiency.
However, to combine high starting torque and low starting
current with low rated slip and high efficiency, it is possible
to obtain a naturally varying rotor resistance by changing
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TABLE 1. Comparison of electric machines used in electric vehicle
applications (where ’+’ denotes advantages, ’−’ disadvantages,
’0’ neutral rating) [3].

the shape and dimensions of rotor slot while implement-
ing deep-slots and double-cage structures are also possi-
ble [4]. Large bar resistance at low speeds helps in increasing
the starting torque, while large resistance at higher speed
decreases the efficiency. Leakage reactance is increased
by higher rotor frequencies and naturally it is reduced by
decreasing slip. All directly affect the electrical, magnetic,
mechanical and acoustic performance of the CRIM [5].

In [6], shorter and wider rotor slots are recommended for
better starting torque and power factor, while deeper and
wider rotor slots are for better efficiency. According to [7],
the round rotor slot has 4.8% lower vibration than that of
the rectangular rotor slot. In [8], [9], optimal rotor slot size
is determined by using various optimization methods. The
objective of these studies is to obtain a rotor slot geometry
in which maximum motor efficiency is achieved. In some
studies where different rotor slot shapes were compared,
the rotor slot area was kept constant, however rotor slot area
was shown to be effective on machine performance in studies
that make a single type of rotor optimization [10], [11], [37].

A wide variety of speed-torque curves can be obtained by
varying rotor structure. NEMA has defined standard design
series with different speed-torque curves to assist the industry
in selecting the proper motor for a variety of applications [5].
Fig. 1 shows typical rotor slot shapes and speed-torque curves
for the four standard NEMA design classes. The rotor slots
in class A are large while the ones in B are large and deep.
Double-cage rotor is used for class C whilst small rotor
slots are implemented for classD. Some researchers designed
rotor slot types of NEMA classes and made comparative
analysis [12]–[14]. In [14] A, B,C ,D type rotors having same
rotor slot area in order to keep the cost constant were designed
and were examined in terms of performance. It is concluded
that double cage motors are better for both starting and rated
operation.

Air-gap magnetomotive force (MMF) waveform, directly
affects operating performance of CRIM related to its har-
monic content. MMF shape is based on the multiplication of
conductor distribution and time-varying current. Depending
on the tooth and slot distribution, MMF is in stepped-shape
serving unavoidable space harmonics to rotor although the

FIGURE 1. Rotor slot shapes and speed-torque curves of NEMA
classes [5].

motor is fed by pure sinusoidal voltage. By Fourier analysis,
harmonic spectrum can be calculated. If the motor is supplied
by an inverter, a collision between time and space harmonics
occur. Space harmonics are known to have negative effects
on machine performance by generating vibration and noise,
reducing torque at rated speed, creating additional losses and
bringing about thermal stress. Effects of space harmonics can
only be reduced by making changes to windings and core of
the motor both on stator and rotor. In previous studies, meth-
ods using different winding connections in the same stator
core were presented [15]–[17] while others use non-uniform
slot and conductor distribution in different ways [18], [19].
Also, rotor space harmonic effects are analyzed by other
authors by changing rotor slot shape and dimensions [20].

Vibration and noise including the effect of space harmonics
can be classified into three main classes as aerodynamic,
mechanical and electromagnetic. Mechanical noise is created
by mechanical factors such as bearings. The frequency of
the generated noise is relatively low and therefore easy to
distinguish from other noise components. Aerodynamic noise
is generated by bodies interacting with air such as cooling
fan or slot openings. Electromagnetic noise is associated
with space and time harmonics, magnetic saturation, phase
unbalance and also reluctance change according to stator and
rotor slot openings and geometry [21].

Electromagnetic noise is formed by radial forces created by
air-gap mmf causing the stator vibrate. The vibrating stator
contacts the air and causes noise to spread from the stator
surface which can be calculated analytically [22]–[25], [38].
These studies include optimisation of main dimensions, pre-
sentation of designs for different numbers of rotor types,
evaluation of operational quantities for determining the
electromagnetic noise without classification.

In this study, different CRIMs were analyzed in terms
of both electromagnetic and mechanical operational perfor-
mance, space harmonic and adverse magnetic noise effects to
serve a better performance to an electric vehicle. A number of
CRIMs having same stator core and winding, but rotors serv-
ing different rotor slot shapes and geometries were analyzed
and the results are presented. Existing and newly created slot
shapes in different dimensions were implemented to the same
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TABLE 2. Motor design parameters and final design dimensions.

TABLE 3. Magnetic constraints of induction machine parts [26].

rotor and 13 motors with different rotor slots were designed
under certain classification. The numerical analysis was per-
formed at constant torque region by 2D Transient FEM. The
results were exported to deformation and acoustic toolboxes.
Results including torque-speed curves, air-gap flux density
distribution, harmonic spectrum, torque ripple, mechanical
stress and acoustic noise are given in comparison.

II. INDUCTION MOTOR DESIGN FOR ELECTRIC VEHICLE
APPLICATIONS
The design requirements for motors used in electric vehicles
are motor power, number of poles, stator and rotor slot num-
bers, speed and acceleration ranges. The values for the motor
to be analyzed were determined from those features used
in practical applications. The chosen motor design criteria
are given in Table 2. The data in Table 2 is derived from
commercial EV traction motors (BMW i3 and Tesla S) [36].

In order to ensure unsaturated operation with a low level
of core loss to contribute to a higher efficiency, the magnetic
constraints shown in Table 3 were specified for various parts
of the motor to be analyzed [26].

Calculated physical dimensions of themachine via conven-
tional analytical methods were implemented into a FEA soft-
ware and those values were optimized by FEA considering
all mentioned constraints and the final main dimensions and
numerical values were determined from the results as shown
in Table 2.
In this study, coupled circuit two-dimensional (2D) tran-

sient magnetic model is used for FEA to optimize and
design. All simulations were performed with Ansys Electron-
ics Desktop which uses the actual B-H curve of magnetic
material that reflects saturation effects. Besides, skin effect
in rotor bar and motion of the rotor with respect to stator
were also considered. During FEA process, magnetic field
was taken to be parallel to center lines of the poles corre-
sponding Neumann boundary conditions. Besides, no flux
passes throughout the outer surface of the stator. By this,
it was ensured that vector potential on stator boundary has a
constant value satisfying the Dirichlet’s boundary condition.

Previous studies proved that skewing the rotor slots con-
tributes in cancelling the adverse effect of space harmonics
and one rotor slot skewing was shown to be a proper solu-
tion [26]. In this study, one slot skewing was applied to all
rotor designs.

Electrical and magnetic performances of a motor are
directly related to stator and rotor slot geometries. The change
in rotor slot geometry of CRIM directly affects the change
in rotor resistance, leakage inductance and space harmonic
distribution. This change has a direct effect on all opera-
tional quantities and rated values including stator current,
torque and shaft power. For a better comparison of the effect
of change in rotor slot geometry, no change in stator slots
were made and rotor main geometrical dimensions are kept
constant. A double-layer winding with two parallel branches
having 12 conductors per slot was implemented to the stator
slots. Stator slot design providing a constant tooth width
was chosen and M19-29G material was used in stator and
rotor cores. Aluminium was used for rotor bars. For a better
examination of space harmonics effects, mesh structure was
preferred to be overly dense in return for time consuming
analysis.

A. CALCULATION OF ROTOR SLOT PROPERTIES
Rotor slot shapes used in commercial CRIMs have different
types of shape. For the sake of the study, rotor slot geome-
tries used in this study were inspired from those used in
commercial ones and 13 different rotor slot geometries were
created mainly in three classes which are rectangular, oval
and trapezoidal. All mentioned three classes consist of deep
slots and multiple cage with expanding or narrowing slots
towards rotor shaft. In addition, all 13 rotors have closed slot
openings to reduce parasitic torque and noise. The designed
rotor slot geometries are shown in Fig. 2.
In previous studies, rotor slot areas were mostly kept con-

stant to compare the effect of different rotor slot geometries
over the performance of the motors [7], [11], [27], [28].
However, in studies analysing and optimising the effect of
single rotor slot shape, rotor slot area is mentioned to be
highly effective on the performance of a CRIM [9], [13], [29].
Therefore, keeping rotor slot area constant at a certain value
for all rotor types can provide a good performance for some
rotor slot types while others show poor performance in terms
of operational performance parameters such as starting cur-
rent, starting torque, power factor and efficiency. Since the
focus of this study is the best performance, authors preferred
not to keep the rotor slot area constant.

Rotor slot dimensions for each slot shape were optimized
to provide the best efficiency among constant torque region
while considering the magnetic limits specified in Table 3.
A commercial magnetic analysis software was used for the
optimisation to choose the best dimension for each slot
shape given in Fig. 2. For a better comparison, values
given in Table 4-8 are normalised according to that of o1
rotor slot type and its value is inserted as 1 pu to the
tables.
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FIGURE 2. Rotor slot shapes of designed motors.

TABLE 4. Rotor slot areas of designed motors.

Calculated areas for the rotor slot shapes are given
in Table 4 after slot area optimisation. It can be seen from
the table that oval rotor slot family requires more area to
meet the desired magnetic and operational requirements in
Table 2 and 3.

III. PERFORMANCE COMPARISON
A. SPEED-TORQUE CHARACTERISTICS
In a conventional CRIM, at rated operation, motor has low
resistance and impedance at a relatively low rotor frequency,
lower rated slip than that of starting and high efficiency.
At starting, resistance is higher related to skin effect, motor
impedance and rotor frequency are higher related to higher
slip. Therefore, for a motor for uninterrupted operation, rotor
has to be designed with a low resistance to ensure a high
efficiency while starting torque is low and starting current is
high.

For a frequently starting motor, rotor has to be designed
with a higher resistance to ensure a low starting current and
high starting torque. Related to skin effect, effective rotor slot
area changes according to slip although the physical rotor
slot area remains the same. The change of rotor slot effective
area and leakage flux distributions among rotor slots can be

FIGURE 3. Speed-Torque curves of a) d1, d2, d3, d4, d5, b) o1, o2, o3, o4,
c) t1, t2, t3, t4.

adjusted by changing the shape and dimensions of the slots
and also by injecting multi-material inside the slots. Deep slot
design and double cage structures are used to ensure high
rotor resistance at start-up and low rotor resistance at rated
operation.

A rotor having slots formed by different geometric shapes
those placed one on the top of another can be referred as a
multi-cage rotor having cages in electrical connection those
have a common end-ring.
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TABLE 5. Starting characteristics of the designed motors.

TABLE 6. Maximum and rated torque characteristics of the designed motors.

FIGURE 4. Starting characteristics of designed motors.

In this section, torque-speed curves for the motors with the
given rotor slot shapes (those grouped in families in previous
sections) were obtained and curves for the same slot shape
families are compared accordingly. Steady state power and
speed values are obtained for a constant torque value for each
slot type by 2D transient FEA. The analyzes are repeated for
different torque values and integrated torque-speed curves are
derived by merging the steady state values for each slot type.
Additional operational parameters are extracted from numer-
ical data of an individual analysis. The speed-torque curves
for different slot families are shown as subfigures in Fig. 3.

Besides, starting performance comparison for all men-
tioned motors is given in Fig 4. illustrating the markings
those represent the ratios of rated and starting values for
current and torque. Calculated characteristic values which are
current, torque, resistance and reactance at starting are given
in Table 5. Loading capability, pull out slip, pull out torque,
rated reactance and resistance, rated slip and efficiency values
are shown in the Table 6. All mentioned data were obtained
by FEA and represented in perunit according to o1 values.

As seen in Fig. 3, the rotor slot type with the highest start-
ing torque is d4 with its highest rotor resistance in Table 5.
The highest maximum (pull-out) torque belongs to t1 ensur-
ing the lowest rotor leakage reactance. In detail, t1 also has
the highest pull-out slip ensuring the highest ratio of rotor
resistance over rotor leakage reactance. It can be seen in Fig. 4
that the starting current and torque of o4 (which has the largest
starting reactance in Table 5) are both the lowest. Besides,
it was seen that rotor slots (d4, d3, d2) having lower ratio
of ’upper (cage) area to total slot area’ have higher starting
torque related to increased skin effect. Fig. 4 can also be used
for determining the rotor slot type suitable for the desired
starting performance with low current and high torque.

Although it is very well known that starting performance
of an IM can be adjusted, here in this study only the effect of
rotor slot geometry is analyzed regardless to different control
strategies and supply types. All FEA performed under rated
voltage and frequency to obtain overall disturbing effect.
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FIGURE 5. Magnetic flux density distributions of a) d1, d2, d3, d4, d5, b)
o1, o2, o3, o4, c) t1, t2, t3, t4.

Pull-out torque is an important but not the only criterion in
choosing a traction motor for EV applications. All torque val-
ues including rated, starting and pull-out are related to rotor
circuit parameters directly associated with rotor slot shape
and current density distributions. Hence, although the starting
performance is controlled by motor drives, the correlation
between starting and pull-out torque (also the rated torque)
cannot be ignored. The main objective of this study is to
compare operational performances of different IMs, not to
compare dynamic performances of EVs.

FIGURE 6. The radial component of the air gap magnetic field density
waveforms of a) d1, d2, d3, d4, d5, b) o1, o2, o3, o4, c) t1, t2, t3, t4.

Change of rated slip is directly related to rotor resistance
as can be seen in Table 6. Table 6 proves that rotor slot types
providing higher rotor leakage reactance at full load has a
lower maximum torque that is irrelevant to rotor resistance
at full load. When it comes to loading capability, the best
performance belongs to trapezoidal (t) slot family, whilst oval
(o) slot family performance is the worst.
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FIGURE 7. Harmonic spectrum of radial component of air gap flux density of designed motors.

B. MAGNETIC PERFORMANCE
Numerous transient magnetic analysis are completed for
different slot shapes to obtain torque-speed curves for
each. Fig. 5 illustrates the magnetic analysis result samples
for all slot shapes grouped in families in sub-figures to pro-
vide the reader a good visual comparison. All figures are
scaled for the same maximum and minimum values.

C. HARMONIC ANALYSIS
Space harmonics, known as MMF harmonics, have adverse
effects on motor performance like noise, vibration and addi-
tional losses. Only physical changes in the core and/or wind-
ing can possibly eliminate and/or reduce the effects of these
harmonics.

Harmonic spectrum contains only odd harmonics related
to quarter-wave symmetry. Besides triplen harmonics (order
of 3k) do not generate a rotating field and are insignificant.
Thus, only orders of (6k±1) harmonics exist in a symmetrical
three phase winding. Harmonics of orders of (6k + 1) rotates
in the same direction with the fundamental, while those of
order of (6k − 1) rotates in reverse direction [30].

In this study, the radial component of air-gap is extracted by
using the embedded calculator of the commercial software.
Harmonics of the radial component are calculated by fourier
analysis. The change of the radial component of air gap
magnetic field density distribution for each slot type was
obtained and results grouped in families are given in com-
parison in Fig. 6. Radial component of air gap flux contains
space harmonics created by both stator and rotor. It can be
seen from Fig. 6 that motors having different rotor slot shapes
have different distributions, although the stator structure is
kept unchanged. Harmonic spectrum for each wave in Fig. 6
is given in Fig. 7 in comparison. Harmonic spectrum for slot
types are different from each other, although stator contribu-
tion is the same for all, while the rotor harmonic contribution
is altered according to rotor slot shape.

This is because the change in rotor slots shape directly
affects the rotor space harmonic distributionwhich is added to
air gap harmonics. Although the most prominent stator mmf
harmonic is the 5th, the order of the most prominent total air
gap mmf harmonic can be different related to the effect of

FIGURE 8. 5th and 7th harmonics of radial component of air gap flux
density of designed motors.

rotor slot shape as shown in the Fig. 7. 5th and 7th harmonics
are given in comparison in Fig. 8.

D. TORQUE RIPPLE ANALYSIS
The steady-state torques including all ripple effects for all slot
types are obtained by 2D Transient Magnetic FEA Model.
The changes of torques according to mechanical rotation
angle of rotor are shown in Fig. 9 as a function of different
rotor slot types.

By means of obtained results from numerous transient
magnetic analysis, form factors (FF) and ripple factors (RF)
of steady-state rated torques for all motors are calculated by
(1) and (2). Calculated ripple factors for all motors are given
in Table 7. All given data in Table 7 were represented in per
unit with reference to o1.

FFTorque =
Torque(RMS)
Torque(AVG)

(1)

RFTorque =
√
FF2

Torque − 1 (2)

As seen in Table 7, the lowest ripple factor belongs to o4,
the highest to t4. Torque ripple is an important but not the only
criterion in choosing a traction motor for EV applications.
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FIGURE 9. Torque as a function of rotation angle for different rotor slot types a) d1, d2, d3, d4, d5, b) o1, o2, o3, o4, c) t1, t2, t3, t4.

TABLE 7. Ripple factors of all designed motors.

Further investigation is needed for overall operational perfor-
mance considering ‘‘pull-out torque, load capability, starting
performance, efficiency, harmonic content, motor vibration
and noise’’. Although o4 has a good performance in terms
of ripple factor, it is not a good candidate in terms of other
operational parameters.

E. VIBRATION AND ACOUSTIC ANALYSIS
Radial forces on the surface of the stator tooth due to the
air gap magnetic field density are the main cause of electro-
magnetic induced vibration and noise and can be analytically

calculated by Maxwell’s stress method [31]. Force density
of different harmonics can be evaluated as a function of
position (θ) and time (t) by using superposition principle as
in (3) where Pn is normal electromagnetic force density, Pe,
amplitude of the electromagnetic force of eth harmonic, we,
angular frequency and φe, phase angle [31].

Pn(θ, t) =
n∑
e=1

Pe · cos(wet − eθ + φe) (3)

The process of creating acoustic noise in electromechan-
ical energy conversion systems is shown in the Fig. 10.
Mechanical structure is stimulated by electromagnetic har-
monic forces to create acoustic noise. Current passing
through slots interacts with air gap magnetic field har-
monics that results in high frequency forces acting on sta-
tor core. Mechanical vibration within respective frequency
range is caused by these harmonic forces that stimu-
late stator core. Forces created on different parts of sta-
tor core have changing directions and magnitudes causing
vibration. Resulting vibration at any point causes a dis-
placement at that part of stator core (especially at teeth).
The direction of displacement is related to interaction
between the instantaneous values of both harmonic flux
and current that corresponds to harmonic force frequencies.
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FIGURE 10. The process of creating acoustic noise in electromechanical
energy conversion systems [21].

Consequently, interplay between vibrating stator core parts
and air causes acoustic noise [21], [32], [33], [34].

Three methods which are Sound Pressure, Sound Power
and Sound Intensity are used to measure the sound amplitude.
Since sound power definition represents only the power of
sound source in dB regardless to distance, this method was
used for comparison.

Acoustic analysis was performed for the most prominent
harmonics (5th and 7th) which have the greatest disturbance.
Only 4 motors were chosen for acoustic analysis which are
o1 as the reference motor, t4 with the least harmonic content,
d5 with the most harmonic content and d4 with the most
appropriate operational performance considering ‘‘starting
current, starting torque, efficiency, harmonic content and
torque vibration’’.

The magnetic results of these 4 motors were transferred to
acoustic toolbox of FEA program and the magnetic acoustic
noise generated by space harmonics was calculated. First of
all, the deformation of the motors were obtained by 2D tran-
sient magnetic analysis results. Afterwards, the noise emitted
from the stator core for each of 4 motors was computed using
the deformation results. Deformation and acoustic analyzes
were performed from 0 Hz to 5000 Hz with regards to the
sensitive of human ear between 1000 and 4000 Hz. Sample
results for deformation at the X-axis are given for 1000 Hz
in comparison in Fig. 11. In the figures, it was seen that the
deformation is more in the stator slots than in the stator yoke.

Fig. 12 illustrates the sound power level spectra for sample
motors in comparison. Although the sound analysis was per-
formed for sound power level, to convert the results into tele-
phone influence factor (TIF) which represents the sensitivity
of human ear is more useful for a better interpretation. TIF

FIGURE 11. Sample deformation results at 1000 Hz for a) d4, b) d5, c) t4,
d) o1.

which is obtained by physiological and audio tests determines
the influence of power systems harmonics on telecommuni-
cation systems. It is a modified THD in which the root of the
sum of the squares is weighted using factors (weights) that
reflect the response of the human ear in (4) where wi is the
TIF weighting factor of ith harmonic, K (i), sound magnitude
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FIGURE 12. Sound power level spectra of d4, d5, t4, o1.

TABLE 8. TIF values of d4, d5, t4 and 01.

to be calculated as weighted.

TIF =

√∑
∞

i=1(wiK (i))2√∑
∞

i=1(K (i))2
(4)

Calculated TIF values using sound power spectra are shown
in the Table 8 in per units referenced to o1. It can be seen that
the best acoustic performance belongs to t4 rotor slot type.

IV. CONCLUSION
This paper focuses on the effect of different rotor slot shapes
on motor performance together with space harmonic, vibra-
tion and acoustic effects. Same structure and winding scheme
is used for stator core and 13 different rotor slot shapes
grouped in 3 families were implemented to rotor to obtain
performance change where standard rotor slot shape (o1)
performance was accepted as reference. Starting, pull-out and
rated operation and effects of rotor resistance, rotor leak-
age reactance were analyzed and results were represented in
comparison.

Since the aim of the study is to obtain the best perfor-
mance for each rotor slot shape, firstly rotor slot area for
each shape was optimized parametrically. All motors were
analyzed under constant torque constraint.

Best average starting performance belonged to rectangular
slot family followed by oval and trapezoidal ones. Narrowed
slots towards centre provided better starting torque than
enlarging ones. Best average starting current performance
represented by oval family while trapezoidal slots performed
the worst.

Highest efficiency belongs to oval, trapezoidal and rectan-
gular families, respectively. The order of the loading capabil-
ity calculated by ‘‘pull-out torque/rated torque’’ was shown
to be as trapezoidal, rectangular and oval.

In terms of space harmonic effect, especially belonging to
5th and 7th, the least harmonic content belongs to t4 while
the highest belongs to d5. d4 was shown to exhibit the most
appropriate operational performance considering ‘‘starting
current, starting torque, efficiency, harmonic content and
torque vibration’’.

Torque ripples (by itself, which is an important but not the
only criterion in choosing a traction motor for EV applica-
tions) were also compared and o4 was shown to be the best,
while it has one of the worst performances among all.

Moreover, acoustic analysis for 4 chosen motors were
performed and results were shown to be in harmony with the
harmonic analysis results.

This study is mainly a multi-case study and the main
contribution of the authors and the study is to present overall
disturbing effects analysis associating rotor slot design to
acoustic effect. The manuscript includes analyzes for innova-
tive and previously unused multi-sectional rotor slot designs
together with several well-known ones associating all space
harmonic, torque ripple, vibration and acoustic disturbances
to each other for all those given individual slot designs.

All-in-all, in this paper, disturbance and performance cri-
terions for choosing an appropriate motor accommodating a
certain rotor slot shape for an electric vehicle were investi-
gated and it was shown that rotor slot shape deserves consid-
erable attention in choosing and increasing the performance
of the inductionmotor while decreasing and/or optimizing the
adverse effects of space harmonics, mechanical vibration and
acoustic disturbances.

As a future study, the authors aim to optimize each geo-
metric parameter of the rotor slot shapes with meta-heuristic
algorithms. It is possible to used different methods for this
purpose to have result in comparison.
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