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ABSTRACT
Interest in potential of optimization of electric powered motor design is excessive due to the
truth of extended price oélectrical power and pressures for its conservation, plus the
accelerated competition in world matkeThe goal of the optimizatigachnique is normally
to decrease the price of the machine or to maximize the efficietioy ofachine. This thesis
presentan optimum design of three phase squirrel cage induction mgtmh is help for the
producingof this machine in Ethiopia. First mathematical modelling used to be performed
with the aid of calculating all the stationary and rotating phase ofntimtor. During the
modelling the design parameters had been determine which is confined primarily based on
the advantage and disadvantage of increasing andriag@f specificelectricand magnetic
loading. After the modelling was carried out with the aifithe assist of Rotational machine
Expert (RMxprt) software from ANSYS cooperation was applied for simulation. The
simulation result and manual design used to be in contrast which have very minimal deviation
between the two results. By optimizing the disien and shape of stator and rotor slots the
efficient motor was designed. The result of simulation show that the starting torque,
breakdown torque and efficiency of this design had been improved compared with the existing
11kW squirrel cage induction nuot According to International Electrician Commission
(IEC) standard this existing motor operate with starting torque of 157.52Nm, break down
torque of 214.8Nm and rating efficiency of 89.8%. The result of simulation indicated that the
starting torque is ncreased to 161.281Nm, the break down torque additionally elevated
t0223.287Nm and the rating efficiency improved to 92.4%. Therefore didhémcemendf
its efficiency the modelled motor have a long existence time and minimal operating cost when
evaluate with the current one. Finally two dimensional (Maxwell 2D) used to be applied for

evaluation of the magnetic field and flux density has been perfdondte designed model.

Keywords Three phase induction motorANSYS, design optimization, slots, RMxprt



Design and Optimization of Three Phase Squirrel Cage Induction Motor Used for General Purpose
Application

CHAPTER ONE

1.INTRODUCTION
Three phase induction motors are the most broadly isatbmestic, commercial and a
number of industrial applications. Particularly, the squirrel cage type is characterised by way
of its simplicity, robustness and low cost, which has always made it very attractive, and
captured the leading area in industsaltors. Now a day almost 90% of the industry uses
three phase induction motor. As a result of its sizable use in the industry, induction motors
consume a significant percentage of the average produced electrical pbermefore, the
minimization of eleaical power consumption through a better motor design becomes a
principal concern. The interest of optimization of electric machine design is high because of
extended value of electrical energy and pressures for its conservation, plus the increased
compettion in world markets. In the design of induction motors, as in all layout problems, the
engineer is faced with making a selection in the face of competing objectives. The design
trouble is considered as an optimization technique by using which the desepies the
pleasant design. The optimization is executed via applying the ideas of nonlinear
programming In declaring a nonlinear programming problem, the fundamental variables are
to be described and an objective characteristic was once minimized ionireksubjected to
non violated constraints. In the applications of nonlinear programming techniques, to
optimize the design of induction motor the objective feature have been the material cost, the
power factor, efficiency, starting torque etc. In sueBes, the designer deals with the goal
characteristic in a scalar form. In fact, the designer of an induction motor, as in all design
problems, is interested in accomplishing extra than one goal. In such case the goal
characteristic is defined as a vectanction consisting of factors each one representing a
goal. The goals were given equal or exclusive weights according to the design requirements.
In this thesis,design and optimization of three phase squirrel cage induction motor was
modelled and simulatl by Rotational Machine Expert (RMxprgn interactive software
package from ANSYS Corporation. Using this software for design has an advantage of
saung our time consume for desigreduce theoretical hardlculation,minimized the error
occurred during handalculation andncreaseaccuracy of the resulfhe optimized design
was obtained by optimized the dimension of stator and rotor slot with suitable shape for the
objective function of improving the starting torqaled efficiency compared with the existing

International Electrician Commission (IEC) standard motor.

ASTU, M.Sc. Thesis, 2018 1
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1.2 Statement of the Foblem

In Ethiopia, there is no anpdudry which designs and implemerntsluction motors. These
necessary machines ar®roughly imported by hard currency from foreign countries. This is
why initiating the idea of local design and manufacturing of induction machines becomes
very important. Therefore, this thesis focuses on designing an induction motor with improved
operaing efficiency and less production and operational cost, with the aim of producing the

machines locally in the country.
1.3 Objective

1.3.1 General Objective
The general objectivef this thesisis to designan optimizedthree phasesquirrel cage

induction motor.

1.3.2 Specific Objective
The speific objectives of the thesis are
U Design an optimized induction motor for local production.
0 Model and simulate the designed induction motor.
u Draw relevant conclusiorand recommendations for the local production of the

machine.

1.4 Scope of study
The scope of this thesis includes mathematical modelling, desigalationand performance

evaluation of three phaseguirrel cagenduction motor

1.5 Significant of study

All of the motorsused for various purposes in Ethiopia engorted fromEurope, Asia and
other countriesAmong those motors three phase squirrglecanduction motorhave very
wide application in the countryherefore this study isperformingan optimizeddesign of
this important mototo initiate the local production of the motor.

ASTU, M.Sc. Thesis, 2018 2
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1.6 Methodology

The approaches or procedure applied for the design of three phase inductionnnibisr
thesisis as follows On the first stepin order to identify the widely used induction motor and
their rating, datacollection was performed byisiting some industries around Adama
Ethiopia Then thedesignwas done bynodelling the active internal and external part of the
motor. Finally simulationof the modelwas performed by using rotational machine expert
software and the simulation result and the result of manual design was compared. Based on
the two reslts, the relevant conclusion was drawn. At the ,aedommendation concerning

the desigrand manufacturing dhree phase induction motor is made.

ASTU, M.Sc. Thesis, 2018 3
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CHAPTER TWO
2. THEORETICAL BACKGROUND AND REVIEW OF LITERATURE

2.1 Theoretical Background

Three phase induction motor is aleenate currentmotor in whichcurrents in the stator
winding is connected to thaupply unitsmakeup a flux which notives currents to be brought

in the rotor winding; these currents have interaction with the flux to produce rotation. The
rotor receives electrical energy in precisely the identical way as the secondary of a two
winding transformer receiving its energy from primary. That is why dadtion motor can

be referredto as rotating transformein which primary winding is stationary but the
secondary is free to rotate.

Basedontheir rotor typeshree phase induction motors are categoriagdtwo:-

1. Squirrel cage induction motor: Thetoo of this motor is verjhandyand consists of
bars of aluminium (copper) with shorting rings at the end.

2. Wound rotor induction motor: The rotor of this motor consistrad sectionvindings
which is star ©onnected with terminaldrought out to slip ringsfor external
connections.

From thistwo types squirrel cag induction motor is more generallged in industry due to:

1 Robust: No brushes and no contacts on rotor shaft

1 Easy to manufacture

1 Maintenance free besidis bearing and stator winding

1 The coppeloss is low and the efficienayf the motor is high due to the rotor has very
low resistance.

Therefore the motor manufacturing industryuch as ABB (Asea Brown Boveri) and

SIEMENS companyfocus onimplementing ofthe squirrel cage induction motor wide

rangebecauseof the customer preferrethis typeof motor due to its advantagewicated

above.

2.1.1 Three Phase Induction Motor (Squirrel Cage Typg

An AC induction motor consists of two electromagnetic parts
1 Stationary section referred to the stator and
1 Rotating part referred to #ise rotor

These two componenge made up of

ASTU, M.Sc. Thesis, 2018 4
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1 An electricpoweredcircuit: made of insulated copper conductor for stator winding
and aluminium conductor for rotor bar winding, to carry current and
1 A magneticcircuit: made up of laminated silicon steel, to carry magnetic flux
Let asexplainthe two component&tator and rotor) of squirrel cage induction maioe by
one as follows to understand all the internal and external part of the motor.

2.1.2Stator
The staor is the outer stationary sectiohaninduction motor, which consists of
1 The outer cylindrical bodypf the motor called/oke, which is made fromwelded
sheet steel
1 The magnetic pattwhich comprises a set afotted steel laminations referredas
stator core pressedto the cylindrical space interithie outer frame
1 A set of insulated electrical windingsvhich are placed intdhe slots of the

laminated stator

2.1.3Rotor
Rotor is the rotatingection of annduction motor which consists of a set of slotted silicon
steel lamimted pressed together tstructurea cylindrical magetic andelectrical circuit.
Squirrel cage rotor consists of a set of aluminmmtopperbars set up into the slots, which
are linked to an endling at each end of the rotor.
The other componentsvhich are required to complete theyout important pointof an
induction motos are:

A Two endflanges to support the two bearings, one at the drigimdjand the other at

the non diving-end, where the driving gives wpll have the shaft extension.
A Two units of bearings to hetpe rotating shaft,

\ >\

Steel shaft for transmitting the mechanical power to the load
A Cooling fan positionedt the non driving end to furnish pressureabling for the
stator and rotor
A Terminal box on top of the yoke or on side to receive the external electrical
connections
The essential reason of designing an induction motor is to gain the complete physical
dimensions of all the parts of the motorsatisfy the customer specifications. The following
are the design important points which are required

A. The main dimensions of the motor

ASTU, M.Sc. Thesis, 2018 5
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B. Stator windings

C. Designof rotor and its windings

D. Performance characteristics

In order to get the above design dettiks designer needs the customer specifications such as
Rated output power, efficiency, power factor, rated voltage, quantity of phases, number of
poles, magnetic loading, electric powered loading, rotor speed, supply frequency, connection
of stator windiny, kind of rotor winding, working conditions, shaft extension details etc. In
addition to this specification the designer should have the important points related to design
equations based totally on which the layout method is initiated, facts regardiaghtimber

of preference of various parameters, information regarding the availability of specific
substances and the limiting values of more than a few performance parameters such as iron
and copper losses, no load current, energy factor, temperaturedujoste and efficiency.

Let as define the parameters that show the hall bodily dimensions of the motor which is
considering for the duration of design. Those dimensions are the main dimension of the
motor, stator dimension and the rotor dimension.

Before starting to determine the value of the dimensions of the motor, the specification of the

motor is selected. The standards to pick out the specification of the motor are as follows

Criteria for Choice of power factor and efficiency

The criteria forthe doice of power factor and efficiency under full load conditions isddp

on the rating of the motoAs the machine rating enlarges the power issue and effectively of
the machine also increases. This is take place because if the rating of the malthine
increase Percentage magnetizing current and losses turn out to be lower. To determine the
extent of the motor, the unique magnetic and electric loading values are required.

Choice of Specific Magnetic loading or Air gap flux density H+<)

The airgap flux density is one of the foremost factors for determining core loss. There is
additionally every other limitation for deciding on of specific magnetic loading amongst them
the flux density in tooth is much less than 1.8 Tesla and flux density icotees between
1.31.5 Tesla. Within this limitation, selection of specific magnetic loading of higher value
has some advantages:

A Motor size isreduced

A Cost of the motodecreases

A Overload capacity increases

ASTU, M.Sc. Thesis, 2018 6
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For 50 Hz motor, 0.3b 0.6 Tesla is selected.

Choice ofSpecific Electric loading (q)
The specific electric loading indicates the complete stator ampere conductor over the
periphery. The selection of high fee of specific electric loading has the following blessings
and disadvantages
The advantagesar
A Reduce sizef motor and
A Reducehecost
The disadvantages are
A Lower overload capacity
A Higher amount of conducteequired
A Copper losses high
A Increased temperature rise
Normal range is 10000 ac/im450000 ac/m.
After proper defining of specifienagnetic and electric loading then by using the output
equatim the volume or the product @ 0 of motor isdetermined Thenthe main dimension
of the motor is determibased on the criteria of the separation of stator bore diameter and

gross core legth.

2.1.4The Main Dimension of Induction Motor
The main dimensios of induction motoincludethe stator core diametéD) and core length

of staor (L) as shown in the figure 2.1

S\
)]

k|

Figure 2.1 main dimension of induction motor D and L

ASTU, M.Sc. Thesis, 2018 7
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Where
D is stator bore diameter
L is statorcore length

'O is stator outer diameter

2.1.5Separation of D and L

To separate D and L there are a number of design concerns primarily based on which a
suitable ratio between stator core size and pole pitch can be assumed. The separation
standards are summarized in Table 2.1 below

Table 2.1: Separation criteria of outer diameter and length of stator core

Value of gross core length per
Separation criteria pole pitch
To obtain good power factor 1t0o 1.3
To obtain good efficiency 14t01.6
To obtain minimum overall cost 15t02
To obtain good overall design ltol.1

As power factor is improved by power factor correction technique a good efficiency design
plays a very important role on the performance of induction motors specially to minimize
losses and tengpature rise in the motor .Théoee it is advisable taesign an induction

motor for best efficiency unless specified.

Using the standards in Table 2.1 D and L can be separated from D*2 L product. However the
obtained values of D and L have to satisfy the condition imposed on the value of peripheral
speed. Fothe everyday plan of an induction motors, the calculated diameter of the motor
need to be such that the peripheral speed should be below 30 m/s. But in case of specifically
designed rotor the peripheral speed can be improved until 60 m/s. After separating
finding out the values of the important dimensions of the motor, the internal parameters of the

stator are determined.

2.1.6Stator Parameters

The stator part of an induction motor consists of stator core and stator slots. There are
different sorts of stator slots which are employed in induction motor. Because of the operating
overall performance of the induction motors; efficiency, power factor and starting
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torquehighly depends upothe shape of the slots. Therefarés important to select suitable
slot forthe statorThe thredypes of stator slots are

Semi closed slots

In thiskind of slots, slot opening is a good deal smaller than the width of the slot. Hence in
this type of slots assembly of windings is extra difficult and takes greater time compared to
open slots and for this reason it is costlier. However the air gapdraitsetter compared to

open kind slots.

Tapered slots
In this type of slots also, opening will be a whole lot smaller than the slot width. However the
slot width will be various from top of the slot to backside of the slot with minimal width at the

bottom.

Circular slot
The circular slot is not used most of the time due to difficulty for construciibe.three
types of sttor slots are shown ikigure 2.2

P~ WSS— 4
e S ) |
I 1 | |
: .k
dss q | |
| I | |
| I | !
| | '
| 32 o '
b ol o — " 4 B2
_'ﬁhz - h2
] h4"% I/—h3 l h‘i—\ti ghd
Wo i
a. Semiclosed slot b. Tapered slot
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C . Qrcular slot

Figure 2.2 Types of stator slot

| Witsmin /

Figure 2.3 Slot with stator teeth

Selection of number of stator slots
During the design stage, number of stator slots must be exact selected as such this number
affects the cost, weight and operating characteristics of the motor. But there are no regulations

for choosing the number of stator slots thinking about the blessind dangers of deciding
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on higher wide variety slots. We have the following advantages and disadvantages of deciding

on higher quantity of stator slots.
The advantages are

1 Reduce tooth pulsation losses
1 Reduce leakage reactance

1 Higher over load capacity
The disadvantages are

Increase weight

Increase cost

Increase magnetizing current
Increase iron losses

Poor cooling

= =2 =4 A4 A -2

Increased temperature rise

1 Reduction in efficiency
Based on the abovkactors,the number of slots/pole/phase idested as optimum value.
Within considerationof the abovefactors,the selected number of slot should satisfy the
consideration of stator slot pitch at the air gap surface, which should be bdhbeen2.5

cm.

Slot size

As indicated above, in Figure (2.8&here are three kindsf slots which are employed for
carrying stator windings or conductors of induction motors. These conductors are suitably
organized alongside the depth and width of the winding. Stator slots must now not be too
wide, main to thin enamel width, which makhbs teeth robotically susceptible and maximum
flux density may exceed the permissible limit. Therefore slot width ought to be selected such
that the flux density in tooth should be below permissible limit.

Also the slots must not be too deep in any ottese the leakage reactance increases.
Proper slot insulation as per the voltage ranking of the machine has to be supplied before
inserting the insulated coil in the slots which is known as the slot liner inside a thickness of
0.5mm to 0.7mm. Suitable thiokss of insulation called coil separator separates the two

layers of coils which have a thickness comparable to slot liner. Wedge is positioned at the top
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of theslot to hold the coils in position within a thickness of 3.5mm to 5mm. Lipeo§lbt are

taken 1.0 to 2.0 mn§lot within conductor and insulation details are shown in Figute

Lip
Wedge

Conductor insulat
Slot liner

7

Coil separator
Coil insulation
Conductor

P N e P USRI [V N

MR

o

5 7 4

a. section of slot with conductor and insulation

b. model of slot cover by insulation and conductor
Figure 2.4 Slot insulationdetaik with conductor
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2.1.7Stator winding

Windings have been widely studied for thyg®ase machines in the past; the essential goal
was to achieve sinusoidal magneto motive forces. This property implies correct traits for
machines supplied without delay by way of thpéase voltages. With the eation of
advanced contemporary controls, the necessity of this winding constraint for the dressmaker
Can bere-examined. When each aspect of a coil occupies a slot definitely barring any
different coil mendacity on pinnacle of it and the range of aajjgals half of the range of

slots, the winding is acknowledged as single layer winding. Concentric winding or chain
winding types are frequent and in this type of winding, spibched coils can't be used. The
laying of concentrated winding relies upontbe coil span and the number of slots per pole

per phase. The concentric winding can be in structure of unbifurcatedcgilatf) or
bifurcated (wholecoiled) type. In unbifurcated concentric windings, the coils comprising a
pair of pole phase groups leath adjacent poles are concentric.

The overhangs of these windings are typically arranged in two or three separate tiers or
planes. This arrangement is furnished in order to avoid the crossing of two coils under one
section group. In bifurcated concentwindings, every pole phase group is split up in to two
units of concentric coils and every set sharing its return coil facets with these of another pole
segment crew in the same phase. Single layer winding is common in small ac machines of
power rating blew 15hp, though this by and large depends on the manufacturer. And such
machines have large quantity of conductors per slot. The single layer fractional slot winding
is common in brushless dc machines and permanent magnet synchronous machines (PMSM).
Singe layer windings have greater effectivity and quieter operations due to the openings of
their narrow slots. Single layer windings are especially insulated because of the end
connections that are separated by means of large air spaces which make théenfeuhagh
voltages. The absence of inter layer separator is due to greater space factor. Mesh winding is
relevant in alternating present day stator winding and the coil span is odd. It consists of
lengthy and quick conductors and the range relies upothe variety of slots per pole per
phase. The longer conductors occupy odd slots while the short conductors occupy even slots.
The long and quick conductors are connected. Winding diagram strategies have been a
challenge of lookup for many years of theeyipus century. Many methods have been
developed, each one characterized with the aid of some blessings and drawbacks. Nowadays,
the star of slots is the most vast plan device for electrical machine windings. The star slots

approach was once primarily bdsen Winding Distribution Table (WDT), allows the layout
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of all m-phase single or doublayer windings (including overlapping and neoverlapping

ones), providing fast and automated winding desidie winding distribution method is
primarily based onhe construction of a Winding Distribution Table (WDT), which permits

the project of a unique stator slot to a winding phase section. WDT is a winding diagram
illustration in table shape that can be used in a design tool. In this table every row corresponds
to a phase (m) and number of columns equals to slots per phase (S_s/m). The definition of the
WDT begins with the aid of assigning the slot number 1 to the first cell of table (row 1,
column 1) .Then, the slot number 2 is assigned to the cell whoseceissaequal to pole pair

cells from the first one, the slot number three to the cell whose distance is equal to pole pair
cells from the 2d one, following the orientation of the innovative numbering of the cells of
table. After stator slot over pole passagnments, the process continues by imagining that the
last cell of the table is ideally consecutive to the first: therefore, once thib &lsde factor is
counted, the counting continues restarting from the first cell of the table. If the remember ends
in a filled cell, the adjacent empty cell will be crammed with the counted slot. The manner
continues until the table is definitely stuffed by using the slot numbers. The parameters of the

stator had been described above now the rotor parameters areedeasrfollows.

2.1.8Rotor Parameters

Rotor is the rotating section of induction motor. There are two kinds of rotor construction.
One is the squirrel cage rotor and the other is the slip ring rotor. Based on the kind of its rotor
induction motors are named as squirrel cage or slip (woundjmatgr. Most of the induction

motor are squirrel cage type. These are due to the fact of squirrel cage rotor kind having the
benefit of rugged and simple in construction and comparatively cheaper. This paper centre of
attention on the building of squirredlage rotor type which consists bars of aluminium
accommodated in rotor slots which are shorted at give up ring. Before beginning describing
the parameters of the rotor let as define the air gap between stator and rotor.
There is some hole between statod aotor which is called an air gap size and a very
essential part. The overall performance parameters of the motor like power factor,
magnetizing current, over load capacity, cooling and noise are affected by size of this air gap.
Therefore size of the mhole is chosen thinking about the advaetagnd risks of larger air
holelengthAdvantages

1 Unbalanced magnetic pud reduced

1 Tooth pulsations minimized
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1 Reduced noise

1 Increased cooling

1 Overload capacitys increased

Disadvantages

1 Thepower factoreduced and

1 Magnetising currenhcreased

Because of magnetising current and power factor being very important parameters in deciding
the performance of induction motors, the induction motors are designed for optimum value of

air gap or minimum air gap psible.

Number of Rotor Slots

Numbers of rotor slots are selected proper in relation to number of stator slots in any other
case undesirable consequences will be determined at the starting of the motor. Crawling and
Cogging are the two phenomena which albserved due to incorrect combination of variety

of rotor and stator slots. In addition, induction motor develops unpredictable hooks and cusps

in torque speed characteristics or the motor run with lot of noise.

Shape and Size of the Rotor slots
In generalsemi closed with verparrow openings ismployed for the rotor slots. In case of
fully closed slots the rotor bars are force suit into the slots from the facets of the rotor. The
rotors with closed slots are giving better performance to the motor falkning manner.
1 As the rotor is closed the rotor surfacesmmooth at the air gap and subsequetitly
motor draws lower magnetizing current.
1 Reduced noise as the air gauacteristics are better decreastaiting current.
From this two poirg, it can be concludethat semi closed slots are greater appropriate and as

a result theyare employed in rotors.
2.2 REVIEW OF LITERATURE

Three phase induction motors are extensively used for a number industrial and domestic
applications such as pump drives, variable speed drives etc. Most of the massive sized three
phase induction motors function with low effectivity [2, 3] and low enetgment [4], which

are the most vital motives of terrible electricity issue in industigthilations.

Therefore ,in the threphasenduction motor design optimization with accelerated power

effectivity and energy issue are the key problems of the Flaythe design optimization of
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induction motors, the most frequently used objective features are the motor efficiency. The
information related to motor circuit parameters is very necessary for design, overall
performance evaluation, and feasibility of timanipulate techniques. Several methods have
been used to resolve the plan problems. The conventional methods for estimating the
induction motor parameters are primarily based on the leaked and the no load tests.
However, these techniques cannot bepliad easily. The foremost drawback of these
strategies is that the motor has to be locked mechanically. In the {omkedondition, the
frequency of the rotor is equal to the provide frequency, however under operating condition,
the rotor frequency iabout 1/3Hz. This wrong rotor frequency will motive horrific outcomes

for the lockedrotor test. Besides, in the motors with high power, this test is impractical.
These troubles have influenced the researchers to look into alternative strategies faleparame
estimation. The problem of induction motor parameter estimation has been addressed
extensively by means of many researchers in the past. Deep bar motors had been considered
in [5] and parameter estimation used to be carried out with emphasis on lezketgace in

[6]. The technique of finite issue evaluation was once employed in [7]. Also, parameter
estimation of an induction motor using some evolutionary algorithms is presentéd.ij. [8
Evolutionary algorithms such as genetic algorithm (GA) andigkarswarm optimization
(PSO) seem to be a promising choice to standard techniques.

2.1 Genetic Algorithm (GA)

The GA is a search algorithm based on the mechanics of natural decision and natural genetics.
This method is a computational model and evolutionary procedure which solves optimization
issues applied for induction motor design by using imitating the belvaefgoopulations in

the course of generations and based totally on the concept of evolution. It mimics organic
evolution by using the usage of genetic operators [9]. It assumes that the solution of a trouble
is an character and can be represented thrawggt of parameters. GA investigates the search
space from the points it has to bias the search in the direction of thetirgtoint. This
algorithm is a stochastic search approach and has proven that the reply is gorgeous for
problems where there ameany global minimums or search house is extensive. A effective
val ue, generally <called health wval ue, I S US
chromosome for fixing the problem, and this fee is carefully dependent on its objective value.
The goalfunction of a hassle is an essential supply offering the amesim for evaluating the

status okeachchromosome. It takes the chromosome as input and produces a number or list of
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number s such as goal fee as a measigrae to

fundamental hyperlink between the algorithm and the system [10].

2.2 Particle Swarm Optimization (PSO)

The PSO is a stochastic optimization method, which uses swarming behaviours discovered in
flock of birds. In fact, the PSO was once stimulated lystbciological behaviour related with
swarms. The PSO used to be developed by using Kennedy and Eberhart in 1995 as a new
heuristic approach [11]. Each patrticle in the PSO algorithm is a possible solution for the
optimization problem and keeps track ofdt®rdinates in the problem area and tries to search
the highquality position via flying in a multidimensional space, which are associated with the
high-quality answer (called pleasant fitness) it has carried out so some distance called
APbest . obeAsntod heeasti known as fAGbesto that is
the particle swarm optimizer is the standard fantastic value and it& eghcquired so some
distance via each particle in teearm.Each particle is decided by way of two vest0 -
dimensional search space: the role vector and the velocity vector [12]. Each particle
investigates its search house through previous experience, its existing velocity, and the
journey of the neighbouring particles. The PSO idea is the alternates ipace of each
particle toward its Pbest and Gbest positions in each iteration. In the PSO, acceleration of
every particle is weighted through a random time period [13]. The PSO is a {natmg
algorithm such that, in every iteration, particles usgrthery own behaviour related with the
preceding iterations.

All of the above techniques are based on nonlinear equation solving problem for parameter
estimation. These techniques focus on solving of the given problem only rather than field
analysis in tb mobr. This thesisvas applied a software called Rotational Machine Expert
(RMxprt) and Maxwell two dimensional (Maxwell 2D) used for finite element analysis (FEA)

for analysing of field in the statoair gap and rotor. All the magnetic and electric parameters
are analgised. The design was optimized by optimizing the dimension and shape of the slots

of stator and rotor.
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CHAPTER THREE

3. DESIGN OF INDUCTION MOTOR
Design is a work process whiclasa user perspective and drives improvement based totally
on your unigque customerds needs. Designing
functional, financial and socipolitical dimensions of each the sketch object and sketch
process. It mayontain great research, thought, modelling, interactive adjustment, and re
design.
The principal motive of designing of an induction motor is to reap the complete bodily
dimensions of all the components of the motor to satisfy the client specificatibase T
bodily dimensions are first modelled by means of the usage of the standard mathematical
formula. The formulas required to mannequin an induction motor are beginning with the

output equation.

3.1 Output Equation
Output equation is the mathematieaipression which &rs the relation between thariety
of physical and electrical parameters of the electrical machine. In a three phase induction
motor the output equation determaithe enter apparent pow&) in KVA which is given by
means of eq(l) below as
i GOPOOEBDT 1)
AEFERBAK EBDAOT O

Thisinputapparenpower to the three phases motor is girenther wayas
1 o@6 @) Dpm +6! 2

The voltage induced in the stator windihge to flux induced in the stator is given as
A B A4+BOET4 (3)

o ~
Yo 5 NG + 8 Al O

The induced voltage determine in egn) (8 its maximum or peak value whose rms value is

given as

4 wE 4
% % L 8 1 43 A+ “)
Nc
Egn (5) below indicate the relationship between supply frequency, pole of the motor and

synchronous speed (magnetic field speed).
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0. 0 (5)

£ — —
DCTT

The total magnetic loading in the motor is the product of the flux induced per pole and the
total rumber of pole which is determine as
BO " A$, (6)

The flux produced per pole is the ratio of total magnetic loading to number of pole

" A, @)
5 0
By rewriting eqn(6) the specific magnetic loading is given as
n B_O (8)
AS .

The total electric loading in the motor is determine by using eqgn (9)
ogcz4 @) s )

By rewriting eqn(10) the specific electric loading is determine as
- 024 D) (11)
N e
AS
Assuming thatthe per phase induced voltagé OODPBI UOA Q Aherefore

substitute equation (4) into equation (2), the result is
1 oT18T4A+ ) @pm (12)

Again substitute equatiof®), (7) and(10) simultaneously to equatiqi?2) the inputapparent
power to the three phase induction motor become
1 pp " N$,1 Gon E6! (13)

From eqgn (13) substitute the constant valuetby (
3OA0CEEM DA p " Ngpmn (14)

The final simplified or deduceglquation represent the inpagparenpower is
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1 #%$,1 +6! (15)

Where
Q = the apparent power input to the motor
6 = supply phase voltage
) = stator phase current
% =induced voltage per phase
/E = supply frequency to the stator
P = number of pole

= synchronous speed in rpm
T =synchronous speed in rps
D= stator bore diameter
L= gross core length
4 = number of turns pehase
+ = winding factor
a = flux per pol e
aP

" = specific magnetic loading

total magnetic | oading

@4 ) =total electric loading
g = specific electric loading

# = output coefficient

$ , = volume of the motor

Now the volume of the motor is determine from output equation as follow
1 (16)

After determining the volume of the motor by using ed®) to calculate the main
dimensions of the motor; stator core diameter (D) and stator core length (L) must be separated

from$ , product.

Separation of D and L
To separate D and L there are various design considerations primarily based on which a

appr@riate ratio between stator core length and pole pitch can be assumed. Those numbers of
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format issues are obtaining of right power factor, obtaining of desirable efficiency and
minimizing of the typical cost. Among these considerations obtainingesfise efficiency
has a major aspect on the existence of the motor and the ratio of the core size to the pole pitch
for this design consideration is 1.5. The pole pitch is given by
. A~ ~ . A$

ol PEOGAE o (17)
By using egn(17) and ratio of the core length to pole pitch iim@n dimensions of the motor
is determineAfter separating and determine the main dimensions of the motor the next step is

modelling of the stator

3.2Modelling of stator

Stator is the stationary past an induction motor which consists core and stator slots which is
ready for inserting stator winding. To model the stgiart of this motor determinesll
parameters of the stator. The parameters are number of slot, number of turns per phase, stator
phase current, number of conductor consumed per phase, conductor cross sectional area, area
of stator slot, mean turn length, width of stator teeth, fluxsig in stator teeth, stator core

depth and outer diameter of stator.

Number of stator slots
During the design stage number of stator slots must be properly selected as such this number
affects the cost, weight and operating characteristics of the mobiiselected number of slot
should satisfy the consideration of stator slot pitch at the air gap surface, which should be
betweenl.5 to 2.5 cm. Where the stator slot pitch is given by

OOAGI IBOAE o (18)
Where 3 = number of stator slot
Turns per phase
To determine number of turns per phase of stator winding first deterh@neduced voltage
which is equal to thepplied phase voltage

% 18 #g4 + (19)

Fromequation(19) number ofturns per phase is determine as
% (20)
8 diz+
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Number of conductor per phase
After determining number turns per phase humber of conductor per phase in stator
winding is determine as

q 4 (21)

The total number of conductor in three phase induction motletesmine as
o ¢ B4 04 (22)

Number of conductor per slot is
4 (23
3 3
Where
=number of conductor per phase

Z=total number of conductor in stator winding

: =number of conductor per slot

Conductor cross sectioal area
The cross sectionarea of stator conductors is determine from the stator current per phase
and suitably selected value of current density for the stator windings. The area of the stator
conductor is given as
; 24
A ])_ (24)

When the &tor current per phasegé/en as
) 1 (25
o6 Al On»

Where

1 =current density in stator winding

) =stator current per phase

AT Gpower factor
A suitable value of current density has to be selected considering its advantages and
disadvantages.

Advantages of higher value of current density
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{1 reduction in cross section
1 reduction in weight
9 reduction in cost
Disadvantages of higher value of current density
1 increase in resistance
1 increase in coppdoss
1 increase in temperature rise
1 reduction inefficiency
Shape and size of the conductor can be decided based on the conductor cross sectional area.
Area of stator slot
Slot is occupied by the conductors and the insulation. Almost 25% of the stator area is
employed by insulation. Once the number ofawctors per slot and cross sectional area of
the conductor is decided slot dimension is determine as
O : @A (26)

Then the stator slot area is
O . A (27
O b ABMRA OO BAEMA OT O

Where

s=slot dimension

I =stator sloarea
Space factor=constant number indicate the space of slot occupied by insulation which is vary
between 0.25 and 0.4

After decided the lip, wedge and height of slot the depth of stator slot is given as
A 1T EBAACBAECEDO (29

Mean Turn Length (i} )

Mean turn Length is calculated using an empirical formula

I ¢, ¢ mr (29

Width of stator teeth
The width of stator teeth is the difference betwslenpitch and slot width which is given as

ASTU, M.Sc. Thesis, 2018 23



Design and Optimization of Three Phase Squirrel Cage Induction Motor Used for General Purpose
Application

B (30

Flux density in stator tooth
After knowing the dimensions of stator slot pitch, width of the slot and width of the stator
tooth flux density in the ator tooth can be calculated as

. _ B (31)
3 X
0 ’

Where
, =net iron length=L+ stacking factor

Stacking factor is assumed as Ov@ich is standarébr induction motor design

Stator core depth

Thereis a certain solid portion abovke slots in the stator which is called the depth of the
stator core. This depth of the stator core can be calculated by selecting suitable value for the
flux density in the stator core (). Generally the flux density in the stator core varying

betweenl.2 to 1.4 Tesla. Depth of the stator core can be calculated as follows

Flux in the stator core section ( )
Flux in the stator core is half of the flux per pole in the motor
5 B, (32
Area of stator core (Ay)
After determining the flux in stat@more and select the suitable of flux density in the core area

of stator core is determine as

B 5 i (33)

Then the stator core depth () is calculated by

A L (34)

The outer diameter of the stator cofe is calculated as

$ $ c¢A CcA (35
After modelling all parameters of the outer or stationary part of the motor now the next step is

modelling of the internal rotating part of the motor.
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3.3 Rotor modelling
Rotor is the rotating part of induction motor. To model the squirrel cagetyp®formulates
all the parameters in this rotor. Those parametersiwer diameter of rotor, number of rotor
slot, length of rotor bar, rotor bar resistance, end ring cyraegea of end ring, resistance of
the two end ring, flux density in rotor teeth and rotor core depth.
Before start to modelling the rotor part first determine the air gap length between stator and
rotor which is given by empirical formula in egn (36) as
o S, 0 (36)
Where

O = air gap length between stator and rotor

Outer diameter of rotor
After deternine the air gap length the outtimmeter of the rotor is determine as

$ $ (37)
Where

$ =outer diameter of rotor

Number of rotor slots
Numbers of rotor slots are selected properly in relation to number of stator slots otherwise
undesirable effects will be found at the starting of the madtbose undesirable effects are
cogging and crawling torque, synchronous hoahkd noisy.Therefore wherselecing the
number of rotor slotve must avoid those problems by selecting in the following way.
To avoid crawling and cogging torque:
3 3,3 3 cO0
To avoid synchronous hooks and cusps in torque speed characteristics:
3 3 Ohg@vo
To avoid noisy operation
3 3 phch 0 ph 0 ¢
Where
3 101 AlA@ @jia o

P= number of poles

Rotor bar current

Current in the rotor bar of a squirrel cage induction motor is determined by
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Q) 4 + DA (39

3
Where

) =rotor bar current

b Apower factor

Cross sectional area of etor bar

The cross sectional area of the rotor bar can be calculated by rotor bar current and assumed
value of current density for rotor bars. As cooloanditions are better for the rotor than the
stator therefore higher current density can be assumed which is lead to reduce sectional area
and hence increased resistance, rotor conductor losses and reduced efficietiosr:. word

with increased rotor resance starting torque wilbe increasd. Based on thisnerit and

demerit the value of rotor bar current density can be assumed between 4-te).7After

assuming current density the sectional area of the rotor batsecealculated by using egn
(39)

) (39

1

Where

I =area of rotor bar

1 =current density of rotor bar

Once the cross sectional area is known the size of the conductor can be selected from

standard.

Shape and size ofator slots

In general semi closed or closed slots with v@nall or narrow openings are employed for

the rotor slots. In case of fully closed slots the rotor bars are force fit into the slots from the

sides of the rotor. The rotors with closed slots are giving better performance to the motor in

the following manne

1 As the rotor is closed the rotor surface is smooth at the air gap and hence the motor draws
lower magnetizing current.

1 Reduced noise as the air gap characteristics are better reduced starting current.

From this two poinit can be concluded that semi closed slots are more suitable and hence are

employed in rotors.
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Length of rotor bar
Thelength of rotor bar is the sum of the stator core length and allowance length for skewing.
The skewing factor is about 20% of the clamgth.

I, Al 1T xBAIOBAXET C (40)
Where

I = Length of rotor bar

Rotor bar resistance
The resistivity of the conductor is selected from type of conductor used and after knowing the
length of the rotor bars the resistance of the roéws can be calculated as

mi 3 (41)

I
Where

I rotor bar length
2 =rotor bar resistance

M = resistivity of the bar conductor

End ring current (&)

All the rotor bars are short circuited bgrmecting them to the end rings both the end of
rotor. The rotating magnetic field produced induce an emf in the rotor bars which will be
sinusoidal over one pole pitch. As the rotor is a short circuited body, there is a current flow

because of this enmiduced. These current is determine as

, )3 (42)
AO
Area of end ring (Ap
After knowing the end ring current and assuming suitable value for the current
density in the end rings cross section area of the end ring can be determine as
) (43)

]

Resistance of the two end ring
To determine the resistance of the end ring firsamlength of the current path ) in end
ring can be calculated 1t 6 s asal cul at ed

| AS (44)

ASTU, M.Sc. Thesis, 2018 27



Design and Optimization of Three Phase Squirrel Cage Induction Motor Used for General Purpose
Application

When$ is the mean diameter of end ring assumed as 4 to 6¢cm less than that of rotor inner

diameter. Then the two end ring resistance is determine as

¢ ¢ mB (45)
! !

Where
) =end ring current
1 =current density in end ring
I =area of end ring
I mean length of current path
$ =mean diameter of end ring

2 =resistance of end ring

Flux density in rotor tooth
Flux density in rotor tooth ideterminedafter the area of the tooth is calculatétlis area is
calculated as

x , 3 (46)
0

Then the flux density in rotor tooth is determine as

. B B (47)

Where
I =area of the rotor tooth
x =width of rotorteeth
, =netiron length
" =flux density in rotor tooth
The value of area and width of teeth is determined in suitable value to get the value of flux
density which is less than 1.8 Tesla.
Assuming that during design depth of tlmeor core is equal to depth of stator core because

the same material is used for both parts which have the same flux per pole and flux density.
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Rotor core depth (H )}
The rotor core depth is the length of the rotor core excluding the depth ofdhslatt This
depth is determine as
., B (48)
A == ——

Finally theinner diameter of rotor is given as

$ $ c¢A CcA (49
Where

$ =inner rotor diameter
A =rotor slot depth
A =rotor core depth
This is all about the modelling of the two main part of the motor; stator and rotor. Now based

on those models the performances of the motor is evaluated.

3.4 Performance of motor

The performance of the induction motor can be evaluated based oledigm data of the
stator and rotor. The parameters for performance evalsati@no load current, no load
losses, conductor losses (load losses), no load power factor, full load power factor, full load
efficiency, full load slip and shaft torque. Based these performances value tliesign

parametewalues of stator and rotor can be justified.

No-load current
The no load current of induction motor is the sum of magnetizing current and core loss

current. Those current are determining as follows.

Magnetising current per phase § )
AO! 4 (50)
o4 +

Where

AT= total magnetising magnetootive force (mmf)

AT= Magnetising mmf for air gap HMagnetising mmf for stator core +Magnetising
mmf for stator teeth + Magnetisimymf for rotor teeth + Magnetising mmf for rotor core
Magnetising mmf is calculated by the help of magnetising (BH) curve and physical

dimensions of stator teeth, stator core, rotor teeth and rotor core.

ASTU, M.Sc. Thesis, 2018 29



Design and Optimization of Three Phase Squirrel Cage Induction Motor Used for General Purpose
Application

Mmfinairgap (i 1

To determine the mnif air gap first calculate the effective air gap length which is affected
by stator and rotor slot openiragnd ducts on the air gaphese slots openingnd ductsare
made some gap factor whish determine as follows.

The gap constructiofactormade by the star slot opening is determine by egn (51) as

Y GHY

E B S——
u E "

The gapconstructiorfactor made by rotor slot opening is determine as

Y (52

E B T S —
u E "

The gap construction factor made by both stator and rotooésting is determine as
E E E (53

The overall gap construction factor made by the slot opening and ducts is determine as
E EE (59

Now the effective air gap between stator and rotdetermine multiplyinghe air gap length

by the overall gap construction factor.

| 1 E (55)

Where
E =cartero6s coefficient for stator sl ot
E =gap construction factor due to stator slots
E =carterds coefficient for rotor sl ot
E =gap construction factor due to rotor slot
E =gap construction factor due to slot
E =gap construction factor due to ducts=1
E =over all gap construction factor
| =effective air gap length
After determininghe effective air gap length the mnaefquired in air gap is given as
"1 @pm (56)

i £
Gt
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Where
" =air gap flux densityp® ¢ 4 AOI1 A

t =permeability in air  AJp Tt

Mmf in stator teeth ( T "),

After determine flux density in stator teeth themresponding to this flux density the ampere
turns per meter required are readnfr BH curve of the material that the stator core made
from. Then mmf in stator teeth is given as

i 1T £ 1" 4A Gpm (57)
Where

I 4 =ampere turns per meter in stator teeth corresponding to flux densittoneeth

A =depth of stator slot

T

Flux density in stator core is assumed then corresponding to this value ampere turn per meter

Mmf in stator core (I

is read from BH curve of the steel used for stator core. Then mmf in stator core is given as
T A& a4l (59)

The length of magnetic path through statore is determine as

AS CcAgGpn A Gpn (59
ob

I
Where
I 4 = ampere turns per meter in stator core corresponding to flux density in stator core

I =length of magnetic path through stator core

Mmf in rotor teeth (i T ")

Flux density in rotor teeth is assign and corresponding to this flux density ampere turn per
meter is read from BH curve of the steel used for rotor construction. Then mmf in rotor teeth
is given as

i £ 1 4A pm (60)
Where

I 4 =ampere turns peneter in rotor teeth corresponding to flux density in rotor teeth

A = rotor slot depth
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Mmf in rotor core (1 T “H)y
After flux densityis determiné in rotor core then corresponding to this flux density value
ampere turns per meter required in rotor core is read from BH curve. Then mmf in rotor core
is given as

i /£ 14l (61)

Length of the magnetic path through rotor core is determine as

AS Op Tt (62

ob
Where

I 4 =ampere turns per meter in rotor core corresponding to flux density in rotor core
I = length of magnetic path through rotor core
The total ampere turn in the motor i®thum of ampere turn in air gegiator and rotor core
and stator and rotor teeth.

L4 14 T T ATTETTIAEITTE (63)
Where

AT = total mmf required

No load losses
No load losses are the constant losses inditmolu motor which includes irotossin stator

core iron loss in stator teetlstray lossfriction and windage losses.

Iron loss in stator teeth
To determine iron loss in stator teeth weight of the steel in stator teeth is first determine as
follows.
First determine volume of the teeth as
6 | PA Gprmi (64

Then weight of the teeth meterminedoy multiplying the volume of teeth by density of the
core made from.
7 6 GAAT OEHEADAOEAI (65)

Finally the iron loss in stator teeth is the product of the specific iron loss fondtexial the
core made from and weight of the teeth.
0 ObA AERYEH 870 (66)
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Where
6 =volume of stator teeth
I =area of stator teeth per pole
7 =weight of stator teeth

0 =iron loss in statoteeth

Iron loss in stator core
To get iron loss in stator core the volume avelght of iron in stator core is first determine.
The volume of stator core is determinesing eqn (67) below

6 $ cAgpmn ANA G (67)

Then weight of theore is given as
7 6 OAAT GEEDAT OA (68)

Iron loss in stator core is finally determine as
0 ODPAARYEHAD (69)
Where
6  Volume of stator core
7 =weight of stator core

0 =ironloss in stator core

Total iron loss (E)

Total iron loss is the sum of the loss in stator teeth and core.

0 =Iron loss in stator teeth + Iron loss in stator core

No load loss is the sum of the total iron loss in stator, stray loss, frictioniaddge loss

No load loss = Total iron loss + Friction and windage loss + stray loss

Note that iron loss in rotor is negligible because of low frequency when compare with stator

supply frequency.

Loss component current per phaseg()
The loss componerdurrent per phase at no load is the ratio of the total no load loss to the
supply phase voltage which is given as
41 GAIT AROO (70
06
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After determine the magnetising and core loss component current the no load guyrsnt (

given as
(71)

No load power factor
No load power factor is the ratio of core loss current to no load current which is given as

P /£ ;— (72)
Where

) =magnetising current

) =core loss current due to hysteresis and eddy current

b A&no load power factor

Load loss
Load loss is the power loss in stator winding and power loss in rotor bar and end ring when
the shaft of the motor is rotating with rating values.

Load loss= stator conductor loss + rotor conductor loss

Stator conductor loss
The power loss due to stator conductor is calculated by determine firsediséance of
winding is calculating by using eqn (73he resistivity of the conductor is read from the wire

used for winding.

) m4a (73
A
Then the power loss in stator conductor is determine as
0 ) 2 (74)

Where
2 =resistance of stator winding
m =resistivity of the stator conductor used for winding
A =area of wire

0 =coppefoss in stator winding

Rotor conductor loss

Powerlosses in rotoconductorare the sum of Powéoss in rotor bar aneind ring.
Powerloss in rotor bar ("Eyy~y 1) 1

The total power losm rotor bar is determine as
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C

0) O (79)

Powerloss inend ring("E i 7 "1} 7 1
The power loss at the two end rings is determine as
0 ¢ O (76)

Total conductor loss in rotor of squirrel cage induction mottnassum of the loss in the bar
and the two end ring.
217 01 O

(]
o

(77

Total loss of motor
Total power loss in induction motor is the sum of no load power loss and load power loss.
0 TT110ADOT AROO (78)

Slip (S)

Induction motor is always rotate by speed less than the rotation of magnetic field which is
called synchronous speed. The difference between the rotation of rotor of induction motor and
the rotation of magnetic field in the motor is called slijne ull load slip is given as

21 O1 O (79
21 01 O I OOPO®AO

Or

5 (80)

Where
T =synchronous speed in revolution per second

I =mechanical speed of tietor in revolution per second

Output torque
Theoutputtorqueconvert electrical power to mechanical povwgegiven as

I OOPD®AO O (81)
AT Cc GO DMAEE A £6

V4
Where

z =shaft torque
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Efficiency
Efficiency indicates how much perseat the electrical power convert to mechanical power

which isdetermine as

| OOPO®AO 82)
® TOOPOBADI T RARODI RAOO

3.5Design

As per the survey conducted factories adama agricultural and anhinery industry and
adama fete factory arouncadamaalmostall the motors deployed to drive machinestaree
phasesquirrel cagenotor. Those motors aevailable with dferent rating varying from 3kW
to 20RV. A leading number of the motor hameating between 8kw to 15kV@n the basis
of this dudy, for the sample desigran 11 kW rated motor is selected with the following

parameters as given Trable 3.1

Table 3.1: Design specification of induction motor

General data
Type of motor 3 phase squirrel cage induction motor
rating or output power 11KW
Rated voltage 380V
frequency 50Hz
Winding connection Delta
Number of pole 4
Reference speed 1450 rpm
Stray loss 0.1% of output power
Frictional and windage loss 1.5% of output power
Power factor 0.84
Efficiency 89%

Now, based on the design spégdttion given in theélable 3.1and the equati@described in
section 3.4, the motor important dimensians calculated.

From the output equationtheinput apparent power (Q) inA is determind as follows
output powerKW 4 (83
efficiency‘m.wwwéhsfactor

Q:
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To determine the output coefficient {, eqn (84) beloware usedIt consistsof constant
value of specifienagnetidoading(" ) and electric loadingq) and winding facto(E ).
# pm@E @ oNDn (89

The specific magnetic loading is one of the major factors for determuoirggloss. There is
also another limitation for choosing of specific magnetic loading arttearg the flux density
in teeth has to bkess than 1.8 Tesla and flux density in the coteas to be between 1135
Tesla.Based on this limit for specific magieloading and the advantage and disadvantage
for selection of higher value of specific electric loading listed previously their values are
choice as
" =0.55Tesla
KE25000amper.conductor /m
Kw=0.955
Substitute the valuef " , gand Kwto egn(84) the output coefficient is determined

# pAOBovP@mMdIc ¢n@oum ppu
The synchronous speed { of the motor in revolution per minutegalculated as

pPCAE pg@ T
0 T

(89

puLTODI
The synchronouspeed in revolution per secoisddetermined usinggn (86)as follows
i — —i62 — cuopo  ©9

Then, usingthe value of (Q), #) and { ), determiné in eqn (83), (84) and (86)

respectivelythe volume of the moto( , ) is calculated allows.

1 PRPT ' (87)
$, 77 pp@cuT[SIHUIpC

To separate the stator core length (L) atatorbore diameter (Dfrom eqn (87)usethe
maximum efficiency criterionThis criterion stated thabre lengh per pole pitch is equal to
1.5which is given as
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From egn (88) put stator core lengtitermsof bore diameteas below
8 8 8

, 0P U (89)

Now aubstitute egn (89) into eqB7) to determinethe value of stator bore diameter

$ pp X XL $WBITTLIP ¢ (90)
$ 88 & Wp T (91
$ WM Dpm i ™ oelb poebix pxni i (99

Thebore diameter is determined in egn (92) nowdbee length is calculated by substituting
egn (92) into eqgn (89)
. PR US P W x I TRI ¢ il (93)

Maximum peripheral speeé () is given as
6 AS$T op WYX Dcup &1 UID (94)

3.5.1Stator Design

The design of stator is started from the selection of number of stator 3lpté\ (criterion

for selection of theaumber ofstatorslots should satisfy the consideration of stator slot pitch
at the air gap surface, which should be betwkénto 2.5 cmTake the number of sl®per
phase per poléd\ 0) to fulfil this criteria. Thereforenumber of stator slot is given as

3 | PN o@tPo o0 (95)
Where

m=number of phase
P=number of pole
N =number of slot per pole per phase

Stator slot pitch{z ) at the air gap surface is

NS OB WP BAL (96)
3 o

Flux per pole (@)
Theflux per pole of the motor is calculated by using eqn (97) below.
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A, T OO0 W X A T

97
5 0 T

mip o oxtAAA O

Turns per phase {j; ;)

To determine number of turns per phase assume that the induced \tgge équal to the
suppliedphase voltages( ).

(98)

4 S po®OO

Number of conductor per phase’ ;)
Number of conductor per phase indicates the amount of copper use in one phase out of three
phases which calculated &gn (99).

C D4 cpotcodl T ACDNVBEADAANOE O/ (99

Number of total stator conductor (2)
The total stator copper use in the stator winding is calculated as
i ocoa i @ aac oy (100)
AT T A GOVON GEEDRDSAOE TOAET C

Number of conductor per slot {H;)
The number of conductor per slot indicates the amount of capgentedin one slot which is
calculated as

: Prmt 101

3 o« ¢q (100

oo

Stator current per phase §)
Stator current per phase determine from input power and supply voltage which is given by
egn (102) below

1 P PDp T (102)
% AT Omdopamt P 2ow

Conductor cross sectional arealf)

The conductor cross sectional area of stator windngalculated after determine of stator
phase current and select a suitable value of stator winding current density which is taken by
considering the advantages and disadvantages of higher value of statargwendient
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density The adantages are reduoti in cross reduction in weight and reduction in cost
section of conductoand the disadvantages are increase in resistance, increase in copper loss
andreduction in efficiencyThereforesuitable value of current density for stator windings f

this despn is taken as { p® i | ). By using stator phase current calculated in egn
(102) and the selected value of stator winding current density the conductor cross sectional

area is calculated as

p& @
pd

(103

) w .

A = p i
1

Based on the sectional arshape and size of the conductor can be decided. If the sectional

area of the conductors is belawii then usually circular conductors are employed. If it is

abovev {I  then rectangular conductors will be employed.

Area of stator slot
Area of stator slois determine from number of conductor consumed in slot multiply by cross

sectional area of the conductor dived by space factor which is given in egn (104) below.

@A C Q@uepl | (104

l . e ii
' ODAEREOT O txol

Wherethe space factor is assumh@s0.4. This indicates the space covered by insulaiar

the slot

Size of stator slot

The size of stator slot indicates the depth and width of the Iidoshape isndicating on

figure 3.5which is narrowed on the opening minimize the noruniformity of the air gap
between stator and rotoAmong the three type of stator slotrcular, tapered and parallel
tapered slot typés applied for this design hich have a lowest air gap factor on the opening
and easiestfor manufacturig. Thedimensionsof the slotwere selected based on the limit
value and for this design each top and bottom width is selected with optimized value as

suitable for a good design with good performance.
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Tl

Figure 3.1Tapered stator slaype with dimension

Where
" = slot opening width with a limit value between 0.35mm to 1.5mm
" = upper side slot width with limit value of 7mm to 20mm
" = bottom side slot width with limit value of 11mm to 13mm
( slotopening height (lip) with limit value of Imm to 2mm

( =height of slot wedge with limit value of 1mm to 5mm
(  =bottom side height with limit value of 15mm to 22mm

For these design the input of the above parameters are taken as

" =1mm

" =10mm
" =11mm
( 1.5mm
( =1.5mm
( =17mm

Stator slot depth @),
Stator slot depth is the summation of the slot opening height, slot wedge height and bottom

side height which is calculated as
A ( pp gm i ¢di (105)

Stator slot pitch (0 )
Stator slot pitch is the distancettveen the successive slots which is help full to know the

width of the teeths within limit value.lt is calculated as
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A$ o Wp x i
3 (o ()

(106)

U pul i
Length of the mean Turn {; + )}
The mean turn lengtis the length of the coil inside the slot without including the outer coil

around the opening of the slot. This length is called active length which is detg@asine

R AS 10
I ¢, C¥z T T c,ciﬁrF L (107
. D0 1D
CO | q 062 ﬂfﬁ)xn&T
0.95m=950mm

Coil span (A)
Coil span is helpful during inserting a conductor in the slot. After entering the incoming coil
into the first slot the outgoing coil is inserted into the slot whose distarempial to coil span
for single layer winding.(This has to be calculated above

" % 0T ¢ (108)
Stator Winding
Stator winding is the way of inserting conductor coil into stator shkfter calculatingthe
major parameters required for wding suchas number of stator slot, number of pole, number
of phase number of slot per pole per phagele pitchand coil spanthe conductor coil is
insert into stator slot by using winding distribution table (WDOm)this tablenumber of row
equas to phasenumberand number of columns equals to slots per ph&sén). As
calculated previously number of stator sldt ( o § number of phase (m=3), slot per pole
per phaseN o), coil span# ) and pole (P= 4, wherepole pair is 2). The Table is
filled in pole pair = 2 filling cycles, each one corresponding 3dpole pair = 36/2=18
assignments. By starting from placing slot numben the first ell (row 1, col. 1), the slot
number2 is placed afterge pairs= 2 cells (row 1, col. 3), till sionumber 18s assignedo
the 35-th cell (row 3, col. 1}, which corresponds to tf7D | P A Es3ignment and the first
filling cycle is completed. The second cycle starts by countolg pairelements from de
number35, which corresponds telement number 3 However, due to the periodicity of this
winding configuration 3 =36), the elemennumber 37corresponds to the firstlement.

Therefore, the slot number 18Il be placed in the adjacent empty second cell (row 1, col. 2).
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This configuration is shown in ¢htable3.2. The vertical double bar in the table separates the
active conductors with positive EMF from those with negaiviF.

Table 3.2: Winding distribution table for 36 stator slot

1 19 2 20 3 21 4 22 5 23 6 24
7 25 8 26 9 27 10 28 11 29 12 30
13 31 14 32 15 33 16 34 17 35 18 36

(phase 1: red, phase 2: green, phase 3: blue).
The WDT facilitates the practical arrangement for assembling the coils and form the final
winding configuration. Indeed, the WDT contains information about which of the slots belong
to each phase section. In fact, once the WDT has been created and tseaphalsdined for
each slot, the end winding can be chosen in order to reduce the connections length between
positive and negative slots (coil sides) of the same phase. For this purpose, WDT can be
directly used to represent in plane the active coil swhesto identify their phase by simply
following the WDT rowswhere every slot is already characterized by its EMF phase colour
and byits sign, a positive in column one or a negative in coltvwm depending on the sign

of each WDT element.

Flux density in stator tooth (A ),
After knowing flux per pole, coil span, width of stator teeth and net iron length the stator flux
density is calculated

Net core length §)
Net core length is the pure length of the laminated steel without its stacking [Eoggbt this
length the stator core length is multiplied by its stacking factor.

., , P00AAELEA QRO @G T Yin (109)

Where stacking factor is 0.9

Stator tooth width (1] - ),
The width of statotooth defines in suitable way which indicates the strength of the steel
between theslots To maximum this width has positive effect on its strength but has a

necative effect on theore loss. Therefore during design consither width of the tooth is
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fulfilling these two factorsin addition to these factors the flux density in the teeth is less than
1.7 Tesla. Itdos calcul ated as

B IpooTU (110)
3 o, paowomy U
PG

(exp

7

Since the calculated value sfator tooth width is to small take the value of 6mm for stator
tooth width to get appropriate design. Therefore e @ i | for calculation of flux
density in stator tooth.

Then flux density in stator tooth is

. B TIPCOTU
#7 WIATEL T @D I

(112)

pg 4 Ad4 A

Depth of stator core {H )

Depth of the stator core can be calculated by assuming suitable value for the fluxidensity
the stator core. Generally the flux density in the stator owarying between 1.2 to 1.6
Tesla. Then depth afie stator core can be calculated as follows.

Flux in the stator core ( -)

Flux in stator core is half of flux produced per pole which is given as

B ™ipoot
5 C C

1B T oA A AR (112)

Area of stator core (A

The aea of stator core is calculated by dividing flux in stator core to flux density in the core.

I — — mint be ta g (113)

Where
" = flux density in stator core assume as 1.35T
In other form area of stator core is given as

! , A (114

By using eqgn (109) and (113) the depth of the stator core is calculated as
A ! BT T @
, Yl

) o 11
g xlo ¢y | 19
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Stator outer diameter (A )
$ $ ¢A (A myxncdmicccdmicd TR o (116

cotl |

3.5.2Rotor Design

Before starting rotor desigthe air gap between stator and rotor is deterdiingt.

Air gap length (i-)

An air gap between stator and rotor is a very important parameter because the magnetic field,
flux density and induced current in the stadoe flow to the rotor by induction through air
gap.The higher value of this gap has a disadvantage of reduced femt@ and increased
magnetizing current. Therefore a suitable value of the air gap between stator and rotor is
calculated to get a good performance of the motor. Its limit value is 0.7mm. By hsing t

empirical formula on eqgn (1} 1s value is calculad as

i ™ S, il ™ xRl ™ (117

Rotor outer diameter (A)
The outer diameter d@gherotor isthe distance between the centoéshe shaflandthe air gap

which is calculated as
$ $ ¢l pyxmiicameii powilli (118

Number of rotor slots (f})

The numbers of rotor slots are to be selected compared with stator slot to avoid cogging,
crawling, unpredictable hooks and rating speed minimize. Therefore for this design the
number of rotor slot is selected as

3 quy

Rotor slot type and dimension

Rotor slot is usedby inserting the casting aluminium babDue to its advantageentionon

stator slot aboveapered type of rotor slot with the following dimension is usedthics

design.
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Figure 3.2 rotor slot with dimension
The slot dimensionare determinedas follows The dimensions are takemany times by

considering the motor performansach as efficiency power factor and magnetizing current

and finally these values of rotor slot dimensioare selected to get the desiredotor

performance.

" =1lmm ( =1mm

" =9mm ( =1mm

" =11mm ( =2mm
( =18mm

Rotor slot depth ('H )

Rotor slot depth indicates the total height of the slot which includes the active height cover by

rotor bar and the height covered msulator and the opening height. It is calculated by
sunming up those heights.

A (0« ( P PG PpW I ¢gqgil (119
Rotor bar current (&

Rotor bar current is the currgmtoducedn the rotor badue to the voltage induced in the bar
asshorted bytheend ring. This current isalculated by using eq(iL18)

) CPlod4 O+ @) @b ACDoDp dnd L Gp @ DR T (120
3 Cuy
G i X !

Cross sectional area of Rotor bar’iy

By selecing the suitable value of rotor bar current density ( ¢ i I ) and using eqgn
(121), the cross sectional area of the rdiaris calculated as
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Length of rotor bar (i)
The length of rotor bais the sum of the length of stator core and allowance length due to

skewing of rotor bar.
I, Al T T xBAODBAxESEni ltni i ¢gomili (122

Where

Allowance for skewing is 40mm

Resistance for each rotor bar 'y
To calcuhte the resistance of rotor bérst the material the bar made framselectedThen

resistivity of that materiails readfrom standard. In this design the bar is made from

aluminium whose resistivity is{ 18t 1 o T XLIB-e— ). After knowing theresistivity and

using eqn (121) and (122he value of resistance of each bar is calculated as

m] BT orxl,lriqif o T i (123

The total bar resistance is calculated by multiplying the number of slmbto resistance of
each bar which is connected in series
2 30 c¢Wxm@pn T@Tpwoll (124

End ring current (&)
The current at the two end ring is calculated as

) )3 G WX Dy (129
AO oP T '

Area of end ring (A

To calculatearea of end ringa suitable value of the current density in the risgdentified
Due to the short circuitf the two end ring maximum amount of current is produced in this
point Therefore to reduce the temperature,rtte value of cuent density in end ring is
higher when compadewith current density in stator winding and rotor bar. For this design
current density in rotor end ring is assumedyas (¢ 7 1 ).

) 990!

" pmr vl w
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Resistance of two end ringr{-)
The two end ring are made from the same materias tha of the bar. Thereforetheir

resistivity is the samasthe bar and the resistance of the two end ring is calculated as

5 cm i cMAS C I8t 1 GTQEI&TQT{SIT ninatnnpo (127
! ! Yol
Where
$ ismean diameter of end ring which is taken as 4cm
Flux in rotor corel§ ) is half of the flux produced per pole which is
(128

B MWipootTuy "
B T I X XA

Area of rotor core (A }
Before calculatinghe area oftherotor core depththerotor core is first determirge But depth

of rotor core is equal to depth of stator core which is 25mnby using this value and egn

(122 the area of rotor core is calculated as
! A @, cul Bctmi Tommk (129

Flux density in rotor core (| , }
After determiningthe flux and area of the rotor core the flux density in the rotor core is

calculated as
T3t A .

! @t Tt

Rotor inner diameter (A)
The inner diameter of the rotor determinedoy subtract the core depth and slot depth from

outer rotor diameter
$ $ c¢A ¢A powiic@cuvilcacgii xuvlili (131
Rotor slot pitch (0 )
The distance betweehe successive rotsiotsis calculated as
. A i1 ..
N $ oWy oi (132
3 cy
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3.5.3 PerformanceEvaluation

The stator and rotor parameters are calculated by @jng83) to (132. Basedon those
parametershe performace of the motor igvaluatedThese performance parametars iron
losses in the stator, magneto motive force (mmf) in the air gap, mmf in stator and rotor,
magnetizing current, total no load lpsstal load loss, full load slip, output torque, efficiency

and power factorTheseperformancgarameters arevaluated one by one dsllows.

Iron losses

Iron loss is one of the components of no load loss which is occurring in the core of the motor.
This loss is directly proportional to the frequency of the rotating magnetic field or supply
frequency in the stator. U2 to the slip the rotor speed is less than that of the magnetic field
speed in the stator. Therefprghen compare frequency of the rotor with that of stator the
rotor frequency is very small. Due to thison loss in the rotor core is neglected in this
calculation. The two irolosses in stator are statortte®os®sand $ator core losses

Stator teeth iron loss (& w1 )i 7 1
To compute the ironoks in stator teetlthe parametersequirel are area of stator teeth,

volume of the teét andweight of the teeth whichrecalculated one by ores follows

Area of stator teeth (A ),
Area of stator teeth is the productf width of the teeth and net core length whiate
calculated as

! x . 1t®ui Goyniipxodli minmmnyyxo (133

Volume of stator teeth (),
After calculating area of the teetlblume of stator teeth is calculated by multiplying this area
by the height of the teeth.

6 ! E minngx@msiccipdo@p i (134
Where

E  Height of stator teeth whidls equal to 22mm
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Weight of stator teeth(fj ~ ),
To get weight of the teetlhe density of theore materialis read from standard firstn this
design the core is made from M19_26G steel which has a density of 765DKfjfen the
weight is calculated as
7 6 GAAT OHEFAA OA Opddpan | @x o v WEC (135
™®UEC
Finally, theiron loss in the teeth is calculated by multiplying specific iron loss which is

5.5w/kg for this steel by weight of the teeth

0 ODAﬁEH)CEE-"I'+l£~8xOAE¢@©A@A,©OE (139

=5.5w/kgx0.15kg=0.825w
Iron loss in stator core (B4 1) 7 1 3
To computeiron loss in stator core volume and weigtitthe coreare determind first as
follows.
Volume of stator core iy )}
Volume of stator cores calculated by using egn ()33elow as
6 $ ¢cAGon ANA Gomi (139
TR COp P T4 0P TWNRA WG @P T A
MinqQy
Weight of stator core @r v
Weight of the core is calculated by multiplyimglume of the core bgensityof the material
that core made from which is similar to density of the teeth
7 6 GAAT OBE@wd ydx pv MEC ¢ @ ¢ EC (139
To get thdron loss inthestator corgethe specific iron loss multipliedby weight of the core
; e L OO . L . (13
0 ODAE@‘I@E—&GXAE@E@AMIU@%@Q@CB( 9
pPpYx
Total iron loss (E 1 1) v 1

Total iron loss is the summation of iron loss in stator teeth and iron legstam core
0 EOT T BOAAGEDT 1 BB OAc v xp p Yxp p w: (140
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mmfinairgap (i i

To calculate the mmf in the air gdprst determine the facteithat change the uniformity of

the air gap between stator and roftnesefactas changethe air gap length and the effective
air gap length isleterminedby considering those factors. The factors are stator slot opening,

rotor slot opening and ducts.

Gap construction factor due to stator slot § =)

The gap factor made Isgator slot opening calculated by using eqn (4delow as

U pul I (141
YU + 7 puiilmomii PEVO

Gap construction factor due to rotor slot € =)

The gap construction factor due to rotor slot opening is calculated as

U ol | (142
YU v 7 ol mommii PE®

Gap construction factor due to slot § )

The gap construction due to both stator and rotor slot is calculated as
+ + + Pt L PPt W PP L (143

Overall gap construction factor € )
The overall gap construction factor is the multiplication of the factor made by slot and the
factor made by ducts. But there are no any ducts between stator and rotor. Therefore gap

construction factor due to ducts is 1.
+ + + pdpUWp pdpuU (144

Effective air gap length {-y)
To get the effective air gap lengtletiveen stator and rotahe air gapengthis determined

by the overall gap construction factor.
| I+ ™ol Bppuv et il (145

Thenmmf in the air gap is calculated as
" p® @ "l P @D W T Dp T (146
Gt Gt QT Ndp Tt

pwpx ! | BOOAS

i £
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mmf of stator teeth { © ",

The dator core is madéom M19

26G steelThe BH curve of this steel is shown on figure

3.7 below. Anpere turs per meter regjred in stator teeth corresponding to flux density in

stator teeth areead by using table 3.3'he flux density irstator teeth is calculatagingeqn

(111 which is equal to 1.Zesla.At flux densityof 1.4 Tesla 1193.735 ampere per meter is

required which is read fronTable 3.3. Thereforeampere turn of stator teeth 4) is

1193.735A/m. The magneto motive force in the stator teeth islatdduby using eqn (147

below

T £ ! 4A Goml pp 6o B¢ cpdn (147)

4.00

c® AI DAXDO®

M19_26G

B ftesis)
Fa
=
[=]
IIII|IIII|IIII|IIII

0.00 T T T T

0.0D0E+DDD 5. 0D0E+DODS 1.00E+DD6 1.50E+006

H (A_per_meter)

Figure 3.3 BH curve of M19 26G steel

Table 3.3: ampere per meter at diffent flux density for the Bldurvein figure 3.3

H [&_per_meter) | B [teszla]
10 [477.45 1.28
1153661 1.33
12 |795.77 1.6
13 [1591.5 1.44
w3183 1.52
15 |4774.5 1.58
16 | 5356, 1 163
17 |79E7 7 157
18 [15915 18

Length of magnetic path through stator core { )4
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The magnetic path through stator core is calculated as

‘| NS ¢ApTn cAgmn (148
cO
i @ pi @ c1di
oPp TP X T c@cogp:n ¢ D o w

Flux density in stator core imkenas 1.35Tesla. At this flux densitythe ampere turn per
meter required is read frodH curve whch give as 742.7167 A/m. Théoee, the ampere
turn in stator core! (4 )isx T& p @K |

mmf in stator core (I T “Hy
mmf in stator core is calculatdxy multiplying the length of thenagnetic path in the core by
the ampere turn in the core

i1 £ 141 xt1&p@wiowu Al bADB (149

mmf in rotor teeth (i 1 ")

Flux density in rotor teeth is assumed as 1.65T and at this point the ampere turn per meter
requiredis read fom theBH curveon figure 3.7 As the rotor and stator are made from the
same steelthe ampere turn in rotor teeth read from the cunegjisal to(! 4 x p @&p ),

by using the curve used foreth stator core mmf calculatioBy using this value and rotor

teeth depth the magneto motive force in the rotor teeth is calculated as

i1 £ '4A xp@®@wicclipuo@i bADDK (150

Length of magnetic path through rotor core { }4
The mmfof rotor coreis determinedy fist calculatingthe magnetic path length the core
which is calculated as

AS Dot o WX Wp T (152

b ot 8P 0ol

mmf in rotor core (O O )
Flux density inthe rotor core iscalculatedby eqn(128) which is equal td.1 Tesla. At this
point, the ampere per meter required in rotore asread from the BH curves (I 4
o Y ¥ ). By usirg egn (15) and the ampere tuin therotor core is calculated as
1T £ 141 Yy oyusddmogdAl b ADO B (152

Total mmf (AT)
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Total mmf in the motor is the sum of the mmf in air gap, mmf in stator and rotor core and
mmf in stator and rotor teeth.
4 1T E£ITTEITIETIEITTAAS (153
PUPXOCR O UART pudo x& Al DAOA
Topoo! | BOODA
Magnetizing current (& )
The magnetizing currenis the component of no load current which is calculated as
ANO! 4 o Wt c& OO (159
¢ + ©3p 0 DL L X® !

No load loss
The No load loss is the losshen the shaft is not connected to the load but operated within
the rated supply voltag&his loss is the sum of total iron loss, stray loss, friction and windage
loss.
T TAROOT EGOI T OBOE MIBRAET ARICAOOGA WO (159
= (119+165+11) w= 240w

Loss component current per phaseg()
Loss component currentamother component of no load current which is calculated as
Ol OAIT AROQs o wx (156

I
06 GQGqJnC")T[&p'

No load current (&)

No load current is the current at no load which is calculated as

) ) ) TP X xPpmno! (157)

Load loss (k& 7) -y v

Load loss is the power losgcurredwhen the load is connected to the motor shafttaed
motor is operating at ratadlues.This loss is the sum of the loss in stator copper and loss in
rotor conductors.

Load loss=stator conductor loss + rotor conductor loss (158

Stator conductor loss (B4 9 1 7
To get stator copper loshrst the resistance dhe conductor in stator winding isalculated
using eqgn (157)
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M4 i T8t G gg-l;flfﬂpoﬁn&)ul' (159
2 , T & p 1]
A yep I
By using eqn (102) and (157) the power loss in stator copper is calculated as
0 )2 p&PIWP PO (160
Rotor conductor loss
Conductorosses in rotor are the sum of the loss in rotor bar anidsken end ring.
Rotor bar loss("Eyyy 1) 1
Thepowerloss in the rotor bas calculated as
0 )2 CWHXDBITPGp @ P X (161)

Endring loss('E i 1 1) 7 4
The powerloss in the end ring is another component of the conductor loss in the rotor which
is given as

0 ) 2 oodIEimmp opR Yx (162

Total conductor loss in rotor of squirrel cage type of induction motor is thetloss in the

bar and end ring.

21 01 O 0 0 POYLRW P C B P X (163

By using eqn (160) and (1pfhe total load loss is calculated as
0 0 TEITTOOEADT OCApAMAaBQu B U (169
o Y@ P x
Total loss of motor
Total power loss in induction motor is the sum of no load power loss and load power loss.

0 TT1 10 ADIOT AR OPX0+385.58 625.58w (165

Full load slip (S)
Slip is the speed difference between rotating speed of the magnetic fietdesnator which
is calculated as

21 01 O N JURS (166)
2T 0T 0 T 60POBAOC@yxpprnme
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Rotor speed in rpm (g )
The rotating speed of the rotor in revolution per minute is calculated as

p 3 pumpt ™I PpTXTMODI (167
Rotor frequency (k)
Rotor frequency is calculated by multiplying the slip by the supply frequency
A 3%E mi@un p(U (168
Rotor angular speed ( ; )
0 g T X T @OBoD T N
\ ¢ pIXT@OIBT oA (169

oTt O T

Output (rated) torque
Theshaft torqueor output torquef aninduction motor is given as
| OOPDO®AO O PPTMTT ; (170
2 oAl CHODAABEA D  wopome LB TE

Input power ("E )
From the apparent input power the active or useful power converted to the mechanical power
is calculated as

0 T OOPOR®AOT DA pnmrey p&EcuLEXx (17)

Rated power factor (pf)
Rated power factor is the power factor at rated power whichidgsilated as

DE)TB@C)&A@@EAE)H AQNAXOAEAPEAAD (172
41 CFAIDADDPABRRAOOK A DI K3
PPXEU
DT YbBT T

Rated efficiency ()
The rated efficiency of the motor is calculated as

0 PP TTT X 73
5 0 ppnnn%cuxn&)oww@p

In this chapter the manual design of three phase squirrel cage induction motor is performed.
In the next chapter simulation of this design is performed by using rotational machine expert

software.Then the result of simulation and manual design is compared.
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CHAPTER FOUR

4. SIMULATION AND RESULTS

Simulation is a represtation of the functioning of theystem.The act of simulating a system
first requires that a model of that system must be develoffes model represents the key
characteristics, behaviours darfeature of the selected systeihe system mdelled to
simulate in this thesiss three phase squirrel cage induction motor andsitmellation was
performed by using a rotational machine expert (RMxprt) softwlatd versions The
parameters of stator and rotor calculated in chapter threesatkas input of the software.
The simulation output or the result of simulations keked rotor operatignbreak down
operationrated parameters, data sheet and performance curve of the Taaim of this
simulationis evaluating the performance of the modelled motor and comparing the result of
the simulation with that of the manual desiBeforestartto use this software leswefine its

input parameters and expect outcomes in the next topic.

4.1 Overview on Rotational Machine Expert Software

Rotational Machine Expert (RMxprt) is an interactive software package from ANSYS
Corporation used for the dgsing and analysing of electrical machines. When a new project

is started in RMxprt, the type of motor is to be selected. The parameters associated with the
selected machine are given as input in the property window. The property windows are
accessed by icking each of the machine elements; for example, stator, rotor, and shaft under
machine in the project tree. Solution and output options such as the rated output, torque, and
load current, etc., are set by adding a solution setup in analysis of the megethe basic
process in RMxprt for designing of three phase induction motor is illustrated with the help of
the flowchart shown below.
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Start
Define input datf or t hree phase induction. Tha
General input data, stator input data and rotor input data
General Data Stator Data Rotor Data
x Machine type x  Quter diameter x Quter diameter
x  Number of poles x Inner diameter x Inner diameter
x Stray loss x Length x Length
x  Friction loss x  Type of steel x  Type of steel
x Windage loss x  Stacking factor x  Stacking factor
x Reference speed x  Number ofslots x  Number of slots
x  Slot model x  Slot model
x  Slot dimensions x  Slot dimensions
x  Winding details x  Skew width
x Rotor type
Analysis of Machine
x Add a solution setup
x Validation check
x Analyse
Design Output of Machine
x Design sheet
x Performance table
x Performance curves
Figure 4 1 Flowchart for basic process in RMxprt
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Now open the software and inpdéita that given in the flowchart. The value of those data is
taken from manual modelling. By inputting the input parameters to the software then the
software made the model of stator core, stator slot, stator winding, rotor core, rotor slot and
the modelwhen the rotor insert in the statdihose models are described one by one in the
following figures.

A model shown in figure 4.Below was an outer stationary part of induction motor which is
called stator core. This stator core was modelled from K8G non oriented electric steel
which hascharacteristic®f lowest core loss, excellent permeability at lamd intermediate
inductionsand good stamping properties. Thiator corenodel is made with 36 slots which

was ready for inserting stator windiag conductors.

Figure 4.2 stator core with 36 slet

Thefigure 4.3 shown below indicatése model of one of stator slot with its dimension and
shape.The slot shape and dimensida®m one of the major factors that affect the motor
performance. Therefore the optimized value of the motor performance is get by properly
choice the shape and dimensions of the slot. The stator slot shape in figure 4.3 is called

tapered type which is select for optimized design and easier for manufacturing industry.
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Figure 4.3 stator slodimension and shape

A model on figure 4.4hows when stator winding is inserting in the stator slot. This winding
was made from copper wire with concentric type of winding arrangement. Each slot contains
twenty six conductors with three slots per pole per phase and four poles. Number of total
corductor consumes and conductor per phase was calculated in chaptanthredken as

input to the software

Figure 4.4 Stator winding with copper conductor

Figure 4.5shows a model of rotating part of an inductimotor whichis called rotor core.
This rotor core was made from the same stathl stator core shown on figure 412 contains

twenty eight slots which is ready for casting rotor bar.
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Figure 4.5 rotor core with slot

The figure 4.6shown below indicates the model of one of rotor alith its dimension and
shape. This type of rotor slot shape is called tapered type which is @roogeimized design

and simplify for manufacturing

Figure 4.6 rotor slotdimension and shape
Figure 4.7below shows when rotor core is insertetbigtator core with a suitable air gap
between themit contains the wholenodel wherstator core mode, stator slot model, stator
winding, rotor core, rotor slot and shaft goging togetherThis is the final model of three
phase squirrel cage inductiamtor. Then to analysing the modelled motor performance first
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check the validity of the input parameters by clicking on the validity checker. Then if the
input parameters are valid the next step is click on the run mdteu.clicking the run menu
the smulation result is given as outpufhcse results are different break down operation

performance of the motor, different locked rotor operation performance of the motor, rating
operation parameters, performance curves and data sheets.

Figure 4.7 Rotor insert in the stator
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4.2 Simulation Results

4.2.1The modelled Motor Performances

This displaya Data field witha dropdown menu that allowsiewing many different data
tableswhich indicates the performance of the masishown below

Table 4.1 indicates different performance parameters during starting time of rotor to rotate.
Those parameter values are called locked rotor parameter values dhd palformance of

the motor at starting time

Table 4.1 Locked rotor operation

Marne | Walue | Irit

1 | Locked-Raotar Tarque 161,281 M ewtonkd eter
Locked-Rotor Phaze Current 73155 i
Locked-Hatar Tarque Ratio 22014

+ |Locked-Rator Current Ratio 5.32632

k2

[

3 | Stator Resiztance 0232047  ohm
% | Stator Leakage Reactance  1.64419  ohm
7 | Rotor Resigtance 1.45938 ohm

5 | Rotor Leakage Reactance 2497587 ohm

Table 4.2 shows the performance of a motor at rated values of supply voltage and frequency.
This table indicates the hall performance of a motor at rated value and the motor selection is

specially focused on this rated performandt other factors.

Table 4.2 Rated Performances

Mame | Walue | itz
1| Stator Ohmic Loss 124189 i
2 |Rotor Okmic Loss 512183 i
¥ |lran-Care Loss 149758 it
4+ |Frichonal and YWWindage Losz 107576 i
|5 | Shray Loss 11000 riiw
& | Total Loss I4TOE
7 | Dutput Pawer 11000800 i
& | Input Power 11905600 v
= |Efficiency 52 4011 %
| 19 | Power Factor 0.751178
1] Fated Torque T3.2626 Mewtonheter
12 |Rated Speed 1433.89 TP
13 | Rated Slip [0.0440754
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Table 4.3 shows the break down operation of motor. These parameters are slip, torque and

phase current beyond rated value. Those parameters indicate the limit of the opérdton

motor to be breakdown or come to stop. Beyond this value the motor is start to come to rest.

Table 4.3 BreakdownOperation

M arne Yalue Urits
1 |Break-Down Shp 0.35
2 |Break-Down Targue 223,287 Mewtonbdeter
¥ |Break-Down Torgue Ratio | 3.04777F
t 1Break-Down Phaze Current 577887 ma

Table 4.4 below shows the value of electric data required at rated operation. Those values are

phase current, magnetiziegrrent, current density and specific electric loading.

Table 4.4 Rated electric data

Table 45i ndi cate the magnetic data during

M ame | Walue | Iriitz

1 | Stator Phase Current 133565 ma

2 | Magnetizing Current 4603.3 i,

# |lron-Core Loss Current 140.78 i,

+ |Rotor Phase Current 112354 mé

5 | Amnature Thermal Load 2EF1FT AR mm ™3

¢ | Specific Electic Loading 234083 A _per_meter

7 | Armature Current Denzity 1141380 A_per_m2
B8 Ratar Bar Current Density 1532270 &_per_m2
B8 Fiator Ring Current Density 8225470 A_per_m2

magnetic flux density and ampere turn in different parts of magnetic circuit.
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Table 4.5 Rated magnetic data

Mame | Walue | itz |
1 | Stator-Teeth Flux Density 1.43912 tesla
2 | Rator-Teeth Flux Dengity 167474 tesla
B Statar-vake Flux Density 1.38738 tesla
+ | Rotar-v'oke Flux Denzity 0411712 tesla
5 | Air-Gap Flux Density 0581482 tesla

Stator-Teeth Ampere Turmz 31.493 aT
Fatar-Teeth Ampere Turns 164185 AT
Stator-v'oke Ampere Tumns 43.333 aT
R atar-voke Ampere Turnz 0861868 AT
Air-Gap Ampere Turmz 191,208 AT

| l;.| m| nJ| -.I| -

Table 4.6 shows rated parameterstator and rotor during rating operation.
Table 4.6 Rated parameters

Mame | Walue | Unitz |
1 | Stator Resiztance 0232047 ohm
2 | Stator Leakage Reactance 289154 ohm
¥ | Rotor Resizstance 133815  ohm
+ | Rotor Leakage Reactance 793487 ohm
3 | lron-Core Loszs Resiztance 201873 ohm
6 | M agnetizing Reactance ¥6.9467  ohm
7| Stator Slot Leakage Reactance 150776 ohm
& |Stator End Leakage Reactance 0475103  ohm
B Stator Differential Leakage Feactance 090867 ohm
10 | Rotor Slat Leakage Reactance 23232 ohm
Kl Fatar End Leakage Reactance 0100708  ohm
2 | Rotor Differential Leakage Reactance 1.52615  ohm
13 | Skewing Leakage Reactance 351048 ohm

4.2.2 Performance Curves

This displays the plots that were automatically generated by the sdhexe are a lot of

curves shown below that indicates the performance of the motor at different rating point.

As shown on figure 4.8 phase current and speed of the motor has inversely proportional. At
starting point the phasmirrent isabout 6% of ratig current and as speed increase the current
start to down and finally as the speed of the rotor is equal to synchronous speed the phase

current become almost zero because at this point the motor is stop to rotate
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Figure 4.8 Phase current vs speedrve

Figure 4.9below shows efficiency vs speed of a motor from starting to stopping on an
operation. As showan the figure efficiency and speed of the motor has directly proportional.
To improve thespeed of a rotor during design as much as possible masithizefficiency
doing this also save the life of motor by decreakisges
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Figure 4.9 Efficiency vs $eedcurve

Figure 4.10shows a curve of output power sgeed of a motor. The output power and speed

is directly proportional until 25kw and 1175 rpm. Beyond this point the two parameters have
inversely proportional and finally the rotor is stop to rotate at synchronous speed and there is
no any output powerranechanicapower at this point.
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Figure 4.10 Output power vs geedcurve

As shown on figure 4.1below torque and speed of motor has directly until the torque is
reach its maximum point which is 223.287 Nm and beyond this point the torque is &lrt to
and stop at synchronous speethe lockedotor torque is around 161M-m, twice as that of
ratedLoad torqueWhile breakdown torque is around 4 times that of rated value.
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Figure 4.11 Torque vs Peed curve

Figure 4.12ndicates a curve that shows a phase current vs output power. The two parameters

have directly proportional as shown on the curve.
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Figure 4.12 Phase current vsufput power curve

Figure 4.13shows a curve of efficiency vautput power. The efficiency is almost constant

with a little variation from 5kw to 15kw
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Figure 4.13 Efficiency vs Output powercurve

Figure 4.14shows a curve of power factor gatput power. From the curve we conclude that
the power factor is almost constant and maximum from 10kw to 14kw. Therefore this design

is operate with good power factor when the load is varied from 10kw to 14kw.
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As shown on figure 4.15s slip increase the output power is also increase but the speed is
decrease because slip is the speed difference between synchronous or field speed and motor

shaft speedTherefore at rated speed the slip is 0.04 for @apubypower of 11kw.
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Figure 4.15 Slip vs Qutput power curve
As shown on figurel.16 the torque and output power are directly proportional. This is why
output power is the product of rotor speed and shaft torque. But this proportionality is
continuous until breakdown (maximum) torque, after this point the torque is start to fall
becausefithe torque is increase rapidly the magnetic field induced in the motor which Couse

for saturation.
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Figure 4.16 Torque vs @tput powelCurve

Figure 4.17shows a curve that indicates torque vs slip of the motor. As the slip increase the
rotor speed islecreaseA value of slip one mears rotational speed of rotor is zero which
means the motor is at starting point and the value of torque is 161.281Nm as shown on the

curve.
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Figure 4.17 Torque vs 8p Curve
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4.3 Design sheet
The result below showshe design data for 11kwlhis design sheeindicates the data
required for design and materials conceptairthe end of desigit is subdivided as general

data, stator data and rotor dafdue material conceptioshows all the material consumes at

the end of design.

4.31 General data

General data is the data input to the softwahes datais shownin Table 4.7 below

4 .32 Stator data

Table 4.7 General data required for design

Given Output Pawer [kKw: 11
F ated Yalkage [ 380
inding Connection: Delta
Mumber of Poles: 4
Given Speed [rpm): 1450
Frequency [Hz): a0
Stray Logs P 11
Frictional Logs [ il
indage Loss D] L]
Operation tode; bd akor
Type of Load: Constant Power
Operating Temperature [C): Fis]

Statordatais theinput data to thesoftwarefor the statormodel It is givenin Table 4.8

below

Table 4.8 Stator data required for design

Mumber of Stator Slots: 36
Outer Diameter of Statar [mm]; ZE0
Inner Diameter of Stator [rm): 170
Type of Statar Slok; 2
Stator Slot

hz0 [rnm]: 1.5

hz1 [mm]: 1.5

hz2 [mm: 17

bz0 [rmm]: 1

bz1 [mm]: 10

bz [mm]: 11
Top Tooth 'Width [mm]: RATTA
Bottorn Tooth ‘width [mm]; 73443
Length of Statar Care [mm]: 200
Stacking Factor of Stator Core: 0595
Type of Steel: k19290
Mumber of lamination sectors 3
Fresz board thickness [mm): ]
ki agnetic press board Mo
Murnber of Parallel Branches: 1
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4.3.3 Rotor data
The rotor datdo the softwares given in Table 4.9 below.

Table 4.9 Rotor data required for design

Murmber of Rotor Slots: 28
Wir Gap [rm]: 04
Irner Diameter of Rotar [mm): B0
Type of Rotor Slot: 2
Rotar Slot
hz0 [mm): 1
hz01 [rmm]: 1
hz1 [mm]: 2
hz2 [rmm]: 18
bzl [mm): 1
bz1 [rmm]: ba|
b=2 [rmm]: 11
Cast Rator: Yes
Length of Rator [mm]; 240
Stacking Factar of Ratar Care: 0.95
Type of Stesl: k19240
Sk Width: 228571
End Length af Bar [mm]; 11
Height of End Ring [mm]: 11
idth of End Ring [mm): 9
R esistivity of Rotor Bar
at 75 Centigrade [ohrm. mm”™24m); 0.0434733
Rezigtivity of Rotor Ring
at 78 Centigrade [ohm.mm™2/m): 0.0434783
b agnetic Shaft: ez

4.3.4 Material consumpgions
Material concurption, shown in T&ble 4.10 indicates materiglarametersfor software
simulation of designethotor.

Table 4.10 Materialconceptios for thedesignof the motor

A rmature Copper Density (kgdm™3); g300
Rotar Bar M aterial Denzity (kgdm™3); 2700
Ratar Ring Maternial Density (kgdm™3); 2700
Armature Core Steel Density [kadm™3): B0
Rotar Core Steel Density [kadm”™3): FBR0
Armnature Copper Weight [kag): 39.0982
Raotar B ar M atenial \Weight [kg): 4 BR473
Rator Ring katenal Wfeight [kg): 0262337
Armnature Core Steel Weight [ka): 31.8423
Rotar Core Steel Weight [kg): 22,738k
Tatal Met wWeight [kg): 986231
A rmature Core Steel Conzumption kgl 100.537
Rator Core Steel Conzumption [kg): 51.7205
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4.35 Detailed data at rated operation
The detailed datandicated in Table 4.1indicates theperationaparameters of the motor at

full load operation for the modehotor.

Table 4.11 Detailed data at rated operation

ASTU, M.Sc. Thesis, 2018

Stator Slot Leakage Reactance [ohm); 1.50772
Stator End-winding Leakage

R eactance [ahm; 0475103
Statar Differential Leakage

Reactance [ohm; 0 902666
Rotor Slot Leakage Reactance [ohm); 232268
Fotor End-winding Leakage

Feactance [ohm: NE2454
Fotor Differential Leakage

Reactance [ohm; 1.52614
Skewing Leakage Reactance [ohm): 251046
Stator Winding Factor: 0955795
Statar-Teeth Flus Denzity [Tezla): 1.43912
Fotor-Teeth Flux Denzity [Tezla): 1.67474
Stator-r'oke Fius Density [Tesla): 1.28¥394
Rotor-r'oke Flux Dengty [Tesla): 041172
Bir-Gap Flus Density [Tesla): 0581432
Statar-Teeth Ampere Turns (AT 31499
Rotor-Teeth Ampere Tums [&.T]: 164,185
Stator-voke dmpere Tums [4.7); 48,333
Rotor-voke Ampere Turmns (477 0.861353
Air-Gap Ampere Tums (A7) 191.209
Carection Fachar for M agnetic

Circuit Length of Stator roke; 0.430134
Comection Factor for Magnetic

Circuit Length of Raotar voke; 07
5 aturation Factor for Teeth: 20234
S aturation Factor for Teeth & voke: 228089
Induced-Yaltage Factar; 05933143
Statar Current Density [&/mm”2); 114138
Specific Electic Loading [./mm]; 23,4083
Statar Thermal Load [&"2/mm”™3); 267177
Fatar Bar Current Density [&mm”™2); 153228
Ratar Ring Curent Density [A/mm”™2) 822503
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4.4 Maxwell2D (two dimensional)Simulation

The purpose of Maxwell2D simulation is to understanding the distribution of magnetic field
in the modelled motor. To open the window of Maxwell2D first the modelpea®rmed by
RMxprt software. Themight click on setup of this model; under the setup click on create
maxwell2D. Now the maxwell2D window is open with quarter part of the modelled motor
shown on the screen. On the top the window click on the validateekeh if it is valid then

the input parameters were selected. In this paper the input parameters were field overlays.

How it is selected and simulate is explained below.

4.4.1 Field Overlays

Field overlays wer¢he way of analysinghe distribution of flux lines andlux densityin the
modelled motor. To seledteld overlays as input from maxwell2D window first select the
hall part of the quarter part of the modelen right click on field overlays; then under this
field click on symbol A and B e by one. Symbol A contains flux vector and flux lines and
symbol B contains flux density lines and its magnitudiew after select these symbols click

on the setup and adjust the time that thi@r rotatesnside the statorinally click on the
analysis; after a few second the rotating animation is display on the screen and the field
distribution is easily understantihe simulation results wefkix and flux density distribution

in the motor indicated in the following figes.

Figure 417 showsmagnetic fluxline distribution in stator and rotdor the quarter ofthe

cross sectional view of theodelledinduction motor. As showim Figure 4.17at the left

hand of the figurgtheflux is symbolized by A vector whicts measured by weber per meter
(wb/m). The value of this vector is read by checking a colour of the magnetic flux in the
figure and looking the corresponding number given within that colour at the lefsidendf

the Figure From the figure ti is observd that the lines are not so dereed free from

magnetic field saturation problem
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Figure 4.17 flux line plot

Figure 4.18indicates the magnitude of flux detysin the stator and rotasf the modelled
motor at rated speedt can be observethat the stator yoke flux density is around 1.49T

which is in the desired limit
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Figure 4.18 flux densityplot
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4 .5Video

The video shown in figure 4.21 from A to D is one of the simulatsaltsfrom maxwell2D.
This video shows the animation of the distribution of flux vector and flux density during the

rotating of the rotorThe rotating sanip time is adjusted by uséro open the video click on
each figure then click again on play and seeathmation.

AN Wl
flux vector.avi flux_lines.avi

A. A video show flux vector B. A video show flux lines

i ;

Al
i densiyvectoravi  mangiude.offuxdensiy.avi

C. Avideo show flux density in stator and rotor D. A video show magnitude of flux density

Figure 4.19 Video that showvilux and flux densitydistribution

ASTU, M.Sc. Thesis, 2018 76



Design and Optimization of Three Phase Squirrel Cage Induction Motor Used for General Purpose
Application

In this chapterthe simulation result from RMxprt and Maxweillas performedThose results
were display in form of tables, curves and videos. In @raffiree manual design was
performed. Now comparison of the rdisfrom simulation andnanualwasindicated intable

4.12 below

Table 412: Comparisorof manual and simulation results

Manual Simulation

No. Parameters Unit Calculation | result

1 | Stator core diameter mm 170 170
2 | Stator outer diameter mm 264 260
3 Stator core length mm 200 200
4 Number of stator slot _ 36 36

5 Number of turns per phase _ 134 134
6 | Air gap length mm 0.56 0.4
7 Rotor outer diameter mm 169 169.2
8 | Rotor inner diameter mm 60 60

9 Number of rotor slot _ 28 28
10 | Rotor length mm 240 240
11 | Stator phase current A 12.91 13.36
12 | Magnetizing current A 7.37 4.6
13 | Iron core loss current A 0.297 0.14
14 | Stator current density il 1.5 1.14
15 | Rotor bar current density il 2 1.53
16 | Rotor ring current density il 8 8.2
17 | Specific electric loading Ljl 25000 23408
18 | Specific magnetic loading Ljl 0.55 0.58
19 | Stator teeth flux density T 1.4 1.43
20 | Stator core flux density T 1.35 1.38
21 | Rotor teeth flux density T 1.65 1.67
22 | Rotor core flux density T 1.1 0.41
23 | Air gap flux density T 0.748 0.58
24 | Stator teeth ampere turn AT 26.26 31.499
25 | Stator core ampere turn AT 51.24 48.33
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26 | Rotor teeth ampere turn AT 175 164.185
27 | Rotor core ampere turn AT 7.5 0.86
28 | Air gap ampere turn AT 191.17 191.209
29 | Iron core loss w 119 149.76
30 | Friction and windage loss w 165 107.576
31 | Stray loss w 11 11
32 | Stator ohmic loss w 160 124.2
33 | Rotor ohmic loss w 225.58 512.2
34 | Total loss w 725 904.706
35 | Rated speed rpm 1470 1433.83
36 | Rated torque Nm 79.44 73.26
37 | Rated slip _ 0.02 0.044
38 | Output power kw 11 11
39 | Input power kw 11.725 11.9056
40 | Rated efficiency % 93.8 92.4
41 | Rated power factor _ 0.79 0.78
Where

V is Voltage 1ji | is Ampere per square millimetre

Hz isHearth A/m is Ampere per meter

Mm ismillimetre W is watt

A is Ampere KW is kilowatt

TisTesla Nm isNewton meter

A.T is Ampere Turn rpm isRevolution per minute

As it is observed from the table 4.12 there is a very small deviation between the |
design and simulation resulhe cause of this deviation is at the time of manual tation
the numbers were takemnce and it is constant. But during calculationsoftwarethe
numbers for example the value mérmeabilityis varied which cause the deviation betwe
the manual and software result. Because of ¢hisse a small deviation between th®

result was occurred

ASTU, M.Sc. Thesis, 2018 78



Design and Optimization of Three Phase Squirrel Cage Induction Motor Used for General Purpose
Application

A comparison of the simulation reswit this thesis with the standard existing matbithe
same rating, thas define bythe International Electrician Commission (IEC) is describec
the table4.13 below. The table indicatethat the simulationresult improved the startin
(blocked rotor) torque, starting current, rating torque, break down torque and

efficiency but decrease the rating power fastdren compared with the existing one

analysing of the induction motor performance thaceficy and power factor improve
parameters are inversely proportional. That means the parameters applied to i
efficiency of the motor during design has a negative effect on the power factomobtitie
Therefore in this papehe efficiencywasimproved because the efficiency oétmotor has
direct effect on the life of the motor. Butet power factor is improved with different pow

factor correction techniques during motor installation.

Table 4.13: Smulation resul comparison with existingiotor of 11kw, 4pole 380V, 50Hz

No Parameters Simulation Result Existing Motor
1

Starting (Blocked Rotor) Torque 161.281 Nm 157.52 Nm
2

Starting (Blocked Rotorurrent 79A 160A
3

Rating Torque 73.26 Nm 71.6 Nm
4

Break Down Torque 223.287 Nm 214.8 Nm
5

Rating Efficiency 92.4% 89.8%
6

Rating Power Factor 78% 86.5%
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The total material required in thisodeled motor with its total costs shown in table 44

Table 4.14 Material required with its cost for thedekd motor

Unit Total Total price
price price in Birr
Material in in 1USD=

No | Required Quantity | Unit | USD USD 27.5Birr

1 Stator copper conductq 30.0982 | kg 6.67 260.785 | 7171.58

2 | Aluminum in rotor boar| 4.68473 | kg 2.17 10.166 | 279.56

3 | Aluminum in rotor ring | 0.262337 | kg 2.17 0.569 15.65

4 | Stator core steel 100.537 | kg 0.83 83.446 | 2294.77

5 Rotor core steel 51.7205 | kg 0.83 42.928 | 1180.52

6 | Grand total 196.31 kg 397.894 | 10942.085

According to the International Electrician Commission (IEC) the current price of three phase
induction motor is $1000 for the rating of 5kW up to 20kW. Again from SIEMENS factory

for 0.55kW up to 200kW rating of threda@se induction motor their current price is $960 to

11183. When compare this cost with the modeled motor with total cost of $397 the modeled

motor has lower cost. Therefore implementing of this motor in Ethiopia has an advantage in

decreasing the initialdrd currency that the country pays to buy these motors.
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CHAPTER FIVE

5. CONCLUSION
Design of induction motor has many parameters associated to every other. Therefore, the
optimization problem of design has many local minimum or maximum values as a substitute
than global minimum or maximum values. In this thesis, design of three phaselstage
induction motor used to be first made manually. Then by way of the assist of RMxprt
software, the design and simulation of the motor used to be performed. By using this
software, the overall performance parameters have been determined. Toptibgged and
efficient design was once get via optimizing the shape and dimension of stator and rotor slots.
The tapered shape of stator and rotor was selected in this design. Maxwell two dimensional
(Maxwell 2D) used to be utilized to analysed the magrfetx and flux density in the motor.
The manual design and simulation end result are compared. The difference between the two
outcomes is not immoderate and confirms the modelling correctness of the study. Finally, the
model is compared with the paramet of existing motor in terms of locked rotor torque,

starting current and rating efficiency is improved.

5.1RECOMMENDATION

The applications of induction motor in Ethiopia haveenstart from small home equipment
up to higher industryn very wide rangeAlmost all the motor operate in this country is an
induction motor But this very useful and interest motor is expfrom foreign country by
high hard currency. Theref®rto implement this motor in thisountry to decreasforeign
hard currencyand inceasethe industries benefit from their produgtstandard optimized
designof the motoris required. In this thesis manual desigfollowed by RMxprt software
simulation wagperformed.To getthe optimized desigthis paper focusesn the shapand
dimensionof stator and rotor slavhich have a direaffect on the performance of induction
motor. In future worls a prototypeor sample ohardwaredesignof this is implementing. As
recommend for thi€ o unt r y 0 sspecialyg theaonecwhe gfession on the design of
electric machine cawork together to implementis very important motor for the country
Again recommend forhe industry in Ethiopia highly focus on the area of implementing this

very important mototo save the country frofoereignhard currency.
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