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Induction motors (IMs) with varying torque-speed characteristics are widely employed in various industrial
applications. However, designing an efficient induction motor requires some of the main parameters of the
motor (torque, speed, and efficacy) to beinvestigated and optimized. Furthermore, due to the significant

Accepted 01 June 2024 influence of the rotor slot configurations on the electromagnetic torque-speed envelope, a design
optimization procedure is required to optimize the induction motor's dynamic characteristics. In this paper,
Keywords: the impact of rotor slots’ geometrical modifications on the behavior of 3-phase, four poles, 36 slots, and

double-layer squirrel cage IM are presented and considered as examples of optimization. Moreover, the
effect of the air gap dimensionand bore diameter of the stator and rotor parts are investigated. The predicted
results demonstrate that the constructed geometry of the rotor slots has an observable effect on the
performance of an (IM).
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1. Introduction

Squirrel cage-type IM is considered one of the most powerful electric

machines. This is due to the basic construction of rotor parts, robustness,
and high efficiency [1]. However, it is critical to understand the required
machine performance, such as its efficiency, torque-speed characteristics,
current and voltage requirements, and the application for which it is being
developed. The desired rotor resistance and inductance characteristics of
the IMs as a function of slip frequency must be analyzed and matched
with acceptable rotor bar geometry [2]. The skin effect is essential in the
bar, especially in deep-bar designs which exploits to improve the starting
performance of cylindrical cage-type machines. Consequently, during
startup, it has a high AC resistance and a low inductance [3,4].
The rotor resistance and rotor leakage reactance are affected by the cross-
sectional area of the rotor slot [5,6]. The rotor and stator material type is
an important factor and should be considered while investigating 1M
starting performance taking into account the skin effect and leakage flux
saturation with cast aluminium or copper rotors [7].
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The geometries of squirrel cage induction motors (SCIMs) with different
shapes of rotor bars such as rectangular, trapezoidal, T-inverse, and other
geometrical shapes are considered as an important leading parameter and
should be investigated precisely, taking into consideration the skin effect
and saturation effect. [8]. The ratio of bar height to bar thickness is also
an important factor and is recommended to be considered correctly in the
geometry optimization of IMs, due to the direct effect of the starting
torque and the starting current [9].

The effectiveness of rotor slot dimensions on the power factor, torque,
and efficiency of the motor is investigated in [10]. A variation of rotor bar
dimension and area has a direct effect on the rotor current and rotor flux
linkage causing the variation in the magnitude of the electromagnetic
torque generated in the rotor [11]. On the other hand, the shorter and wider
slot openings play an effective role in producing better-locked rotor
torque and a better force factor. While the use of deeper and broader slot
dimensions will produce higher operating efficiency [12].
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Nomenclature:

ly Length of air gap

Ko  Air permeability (4me”)
L Stack length

Ys  Slot pitch

W,  The width of the slot.

Iy The length of air-gap

Ho An Air permeability which is a (4ne-7)
Bay A specific magnetic loading

Kyq The Carters gap coefficient

Maxwell software is one of the recommended FEA software used in
optimizing processes. The main design parameters of SCIM such as
changing the rotor slot type, stator slot type, steel sheet, and rotor material,
analyzing the output and predicting results to obtain the most efficient
characteristics can be optimized by Maxwell [13]. The materials of
conductor bars such as silicon, copper, and aluminium can be utilized
through different finite element approaches to estimate the input and
output power relationships to compute the resultant torque. Consequently,
the result confirms that the starting current is significantly reduced when
silicon copper is used to create a long-neck shape [14]. Using the
parametric approximation approach IMs performance is altered by
varying the rotor bar’s structure, which has a direct influence on magnetic
and electrical circuit models [15]. The investigation shows that the
efficiency rises as the slot structure changes; with the decrease in rotor
resistance, the rated torque falls. The size of the rotor slot structure has an
important effect on the weight of the motor [16]. The genetic algorithms
approach ae used to study the geometrical dimensions of the IM's stator
and also, rotor bars parametrically [17]. The algorithm uses the survival
of the fittest concept to identify improved approximations to achieve the
goal, the GA will often involve the three basic genetic operations of
selection, crossover, and mutation. The process of choosing individual
possible solutions (individuals) based on their level of fitness results in a
fresh set of approximations at the end of each generation [18]. The
predicted results clearly show that the leakage inductance should be kept
to a small value to improve the breakdown torque and to get a wide speed
range. However, higher breakdown torque is produced by shorter and
wider stator-slot shapes. In this paper, the investigation of induction motor
geometry is presented. More specifically, the effect of the rotor bar
variation with air gap is analyzed using multi-objective genetic algorithms
in Ansys Maxwell software. Furthermore, to study the observation of the
variations of the magnetic flux distribution in the airgap by changing the
diameter of the airgap, as well as the effect of this change on the losses in
the rotor and the overall efficiency of the induction motor.

1.1. Rotor design aspect

The slot design of the IM has a significant impact on its performance. For
conventional motors deep slots are frequently used to improve start-up
characteristics which results in a significant skin effect and increased rotor
leakage resistance. Consequently, to reduce rotor leakage resistance,
constructions with different slot geometries are employed, which will then
increase the starting torque and power factor (PF) [19].

On the other hand, an interaction between the basic magnetomotive force
(MMF) and harmonics of magnetic conductivity depends on the width of
the slot opening. Therefore, utilizing a semi-enclosed slot reduces copper
loss and the motor's harmonic current, as well as the harmonics that the slot
generates [20,21] Furthermore, it is necessary for the structure of the slot
to be wide at the top and thin at the bottom to achieve a parallel tooth
structure for superior quality so that high-frequency harmonics can be
efficiently eliminated [9]. The effect of the rotor slot can be summarized as
follows where the hyo, hi1, ez, bro, br1, and by, are the dimensions of the rotor
slot shown in Table 1.
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. The opening bar's width, by: Both noise and magnetizing current are
decreased when the slot opening is narrow. But it raises the reactance of
zigzag leakage. It may have an impact on the leakage inductance and air-
gap permeance of the motor. On the other hand, the smallest feasible
hole is preferable [22,23].

. The width of slot arms b, & by,: The rotor slot must be constructed with
a narrow bottom half and a broad upper segment, according to the design
idea. To avoid the large range of optimizing parameters and the high
effort, the two variables (b, and by,) are optimized individually in a
variety of ranges by unique rules related to the mechanical design
[22,23].

. The height of the slot head is (hyo): It is better to be a small value, which
can be considered equal to the slot opening effect on the design [23].

. Height of slot hy;: The rotor slot's current density changes as a result of
the slot's area changing as the value changes. The efficiency of the motor
and rotor copper loss is impacted by variations in current density (J) [24].
The rotor leakage reactance increases and the rotor resistance decreases
with increasing rotor slot area [25,26]. A relative equilibrium in the
efficiency value may be attained with the appropriate selection of the h,,
value.

Table 1. Rotor Dimensions of the proposed IM

Symbol Definitions of symbol Value (mm)
hrt The height of the slot head 0.6
hr, Height of slot 12
bro The width of slot opening 2
b width of slot shoulder 4
b The width of the slot arm 2

1.2. Flux line transfers

The magnetomotive force (MMF) in the air gap of the IM is initially
affected based on the opening width of the bar, in other words, by the type
of the bar itself, whether it is closed, open, or semi-open [25,26]. Moreover,
the transmission of the magnetic flux lines from the stator to the rotor
through the air gap is affected by several factors, including the material the
motor is made of, as well as the type of bar. The following cases show the
difference:

Case 1: As shown in Figure (1) the smooth iron surface on both sides of
the air gap; the flux line's transition is straight and uniform. The
reluctance of the air gap can be calculated as [27]:

_ b
Sy =1 1)
- )
9 po*LrYs

Case 2: Open rotor bar Figure (2) shows the magnetic flux lines in the case
of an open bar with concentration in the tooth width. Consequently, the
effectiveness of air gap flux is decreased, and the reluctance of air-gap is
increased and could be calculated [27]:
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The MMF in air gap with open and semi-closed slots is calculated as:
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Figure 1. Flux Line Form in Air Gap with Closed Rotor Bar
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Figure 2. Flux Line form at the Type of Opening Slot [27]

1.3 Design optimization

The optimization for a proposed three-phase induction motor involves four
steps as illustrated in Figure (3), it starts with the implementation of a basic
model of a motor with fixed parameters such as the number of pole pairs,
stator number of slots, stator, and- rotor slot dimensions and rotor number
of slots. After that the initial design is simulated and analytical model
behaviour is examined by torque waveform, output power, efficiency, as
well as power factor [28]. Furthermore, the initial design is verified by finite
Element Analysis for verification. Moreover, the multi-objective
optimization methodology is performed using a multi-objective genetic
Algorithm (MOGA) method taking into account the effect of changing the
rotor bar dimensions to study the machine's performance and enhance
efficiency [29].

2. Simulation results and discussion

Optimization methodologies for different parts of the induction motor are
carried out to improve performance and increase efficiency. However, the
rotor bar resistance is inversely proportional to cross-sectional and,
conductivity. The rotor resistance increases with the decreasing of the

QUES
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cross-section area since the SCIM at the starting affects the skin so these
influences will change the performance of the motor. Furthermore, the
length of the air gap between the stator and rotor influences motor
performance in terms of overload capacity, magnetizing current, thermal
considerations, and vibration & noise [30]. An extremely narrow air gap
leads to increased harmonics and losses. While a wide air gap affects
efficiency and power factor. Consequently, for the proposed optimized
model air-gap dimension is reduced during the optimization from (0.5 mm
to 0.4 mm), which leads to an increase in the power factor from (0.75 to
0.83) P.U [31,32], this can be predicted as shown in Figure (4).
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Figure 4. Power Factor for Basic and Optimized Motor

The flux linkage, absorbed from the stator and crossing to the rotor part
through the air gap has a considerable influence on the cross-sectional
area of a rotor bar [33,34]. However, there will be certain flux lines that
do not flow between the stator and rotor, causing a flux leakage that may
be seen at the slots and air gap (zigzag leakage), as shown in Figure (5).
It can be noticed that compared to the basic model the leakage flux across
the air gap for the optimized model is reduced, and this means that it
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moved to the rotor better in the improved model. Moreover, a high current
density produces a large torque, which has a positive effect on the starting
performance, Figures (6-&7) illustrate the linkage flux and current density
distribution lines and waveforms in the rotor bar. Consequently, the
predicted waveform shows an increase in flux line through the rotor bar
by (7.78%) for the optimized proposed model [35].
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characteristics can be achieved [36], Figures (8 & 9) depict the MMF
waveforms in the air gap region as well as the estimated harmonics.
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Figure 5. Flux Line Pass-Through Air Gap
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Figure 7. Magnetic Flux Density in Optimize Model

The optimized value of slot opening width (1.45 mm) as well as the
estimated value of the airgap length (0.4 mm), have an effective role in
increasing and capturing the maximum value of the linkage flux through
which a maximum value of the magnetic and electric loading
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Figure 9. Harmonic of Air Gap for Basic and Optimized Model
3. Conclusion

Optimization methodologies for different parts of the induction motor are
carried out to improve performance, to increase efficiency, and to be a good
contender for different industries, domestic, andelectric vehicle
applications. This paper focuses on changing the dimensions of the rotor
bar and studying the associated effect that may occur in the model
performance.

The proposed geometry of the SCIM model is simulated and modeled using
the Maxwell Ansys software based on two steps: firstly, by utilizing the
RMXprt property and secondly, by implementing the mechanical laws of
design through the program's parametric drawing feature.

Moreover, the optimization processes are executed based on the genetic
algorithm strategy, including multi-objective and random genetic
algorithms. The detected results showed that changing the shape of the bar
in addition to the size of the air gap will increase the work efficiency and
the power factor to 10.67% by reducing the leakage flux occurring in the
gap during transmission. On the other hand, reducing harmonics and
improving the amount of current induced through the rotor bar by 38%, will
reduce copper losses, which in turn also contributes to increased motor
efficiency by 6.67%.
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