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ABSTRACT

ANALYTIC DESIGN SOFTWARE FOR SINGLE-SIDED LINEAR
INDUCTION MOTOR

GERCEK, A. Suat
PhD in Electrical&Electronic Engineering
Supervisor: Asst. Prof. Dr. Vedat M. KARSLI
July 2009,122 pages

Linear induction motors have an increased use ifmal movement due to direct
adaptation to linear movement, less friction, lesgntenance, high reliability and
ease of implementation. Although the analytic inigedion of this type of motors
has gained attention and has been the subjectrafugastudies in the literature,
research efforts are still continuing in this fieRhrticularly, needs on more accurate
design and analyzes of a motor is a strong reqanémT herefore, this study aims to
develop a novel design software for linear inducttotors. The originality of the
developed software is not only being linear induttmnotor design software, but also
modeling of secondary iron impedance using Leasta&q method for linear
approximation. Thus, this new approach improvesatbcuracy of the performance
calculations. Although the proposed method is caatmnally intensive, it is still
preferable to existing methods because of its mighecision obtained at around 40
Hz.

The analyzed values of the design parameters wbitained with the proposed
software are compared with the experimental datth@fCanadian Guided Ground
Transportation motor and observed to be in gooceeagent with them. The
experimental thrust observations suggest thatdfierare with the novel approach is

highly promising.

Keywords: Method of layer, single-sided linear induction prptcomputer-aided

design, secondary impedance.



OZET

TEK-TARAFLI DO GRUSAL ENDUKSIYON MOTORUNUN
ANAL ITIK TASARIM YAZILIMI

GERCEK, A. Suat
Doktora Tezi, Elektrik - Elektronik MUhendigli
Tez yoneticisi: Yrd. Dog. Dr. Vedat M. KARSLI
Temmuz 2009,122 sayfa

Dogrusal endiiksiyon motorlari, gaudan d@rusal hareket ggamasi, az surtinme,
az kayip, yuksek guvenilirlik ve kolay imalati nedde dogrusal hareket ggama
da artan bir kullanima haizdir. Her ne kadar buntiptorlarin literatiirde analitik
incelemesine odaklanilsa da ve bir ¢cok ggad yapilsa da, bu alandaki gtrema
cabalari devam etmektedir. Ozellikle, motorun ddbgru tasarim ve analizinde ki
ihtiyaclar c¢cok ©nemli bir gereksinimdir. Bu nedenlbu calgma dgrusal
enduksiyon motoru igin yeni bir tasarim yazihimiligemeyi amaclamaktadir.
Gelistirilen yazilimin orijinallgi, sadece dgrusal enduksiyon motoru igin bir
tasarim yazilmi olmasi @g ayni zamanda da sekonder demir empedansinin
belirlenmesinde lineer bir yakinsamayla ¢cok kiciakeker yontemi kullanmasidir.
Boylece, bu yeni yakkam performans hesaplamalarinda kigddugu arttirmstir.
Her ne kadar, dnerilen yontemlemsel ygunluga sahip olsa da, 40 Hz deki ytuksek
duyarliligindan dolayr mevcut camalara tercih edilir. Onerilen yazilimla elde
edilen tasarim parametrelerinin analizgelderi Kanada Enstitist Kilavuzlu Kara
Tasimacilik motorunun deneysel sonuclari ile kiyaslgnve bu sonuclarla iyi bir
uyum icinde oldgu g6zlemlenmtir. itme kuvveti icin yapilan deneysel gézlemler,
yeni metoda go6re getirilen yazilimin oldukga Umit verici oldwnu

gostermektedir.

Keywords: Katman metodu, Tek tarafli gausal endiksiyon motoru, Bilgisayar

yardimiyla tasarim , Sekonder empedansi
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CHAPTER 1

1.1 Introduction

Linear induction motors (LIM) have recently gaingteat popularity for use in
transportation and industrial applications nowad#ys because they consume low
energy, cause low pollution and in addition to tlalvantages such as less friction
and maintenance compared with traditional transggiort vehicles and their simple
implementation [1]. Due to such reasons, they lghly preferred for linear
movement requirements in industry. Research stu{®e4] in the literature
attempted to develop mathematical models to anaamb design such type of
motors. Although their models were adequate foresgarticular cases, changing
conditions and technology require the researchersmprove such models or
develop new ones. As a result, research effort tverLIM is still an essential
subject since required precise results in such radtas not been obtained yet.

In order to improve the accuracy and the perforraafahe LIM, an understanding
of its physical structure and properties should fo# into the research. One
important point to deeply comprehend the internals the LIM is the
electromagnetic phenomena that occur due to itsipalyproperties and structure.
An adequate treatment of such phenomena is a paait in calculation and
estimation of performance of the LIM. The study ghjows that the proposed
mathematical models in the literature could notiethe desired accuracy due to the
lack of adequate consideration of such phenomena.

The phenomena that primarily effect the performasateulations of the LIM can be
listed as; the longitudinal end effect which iscm®equence of the limited length of
the LIM, the transverse edge effect which is altesfithe lack of a specific path for
the induced current, the slot effect, the satumat@md hysteresis effect which
happens due to the existence of the secondarylilentromagnetic analysis should

be done in order to investigate these phenomereamiéthod of layer technique is a

1



frequently utilized technique in the literature flectromagnetic analysis, and this
study also makes use of it as well. The electromigrequations obtained as a
result of this technique are not only useful fag grerformance calculation of LIM,
but also required for the acquirement of parameteas is used at the design and
analysis of the LIM. Utilizing the equivalent ciitwas a part of electromagnetic
analysis is observed to be appropriate since dapptication of electromagnetic
equations for the purpose of design is known tdirbéed [3]. Hence, this study

uses the equivalent circuit approach for the meetiopurposes.

Although, there are several studies in the litemtuhich considers the equivalent
circuit technique together with aforementioned img@ot phenomena to make an
accurate analysis, it is seen that the studiestamrne of the mentioned phenomena
such as the saturation and hysteresis effectsifirmadequate. Main reason of this
is the errors in the parameter values, which ard baimpossible to measure, such
as secondary impedance. In this study, a statistiethod is used to estimate such a
widely misevaluated phenomenon. Least Squares meth@ linear approximation
tool is employed in order to correctly estimate #econdary impedance. The
outcomes of the proposed method are then compaitadive results of Canadian
Institute of Guided Ground Transportation LIM. Aarfas the results of this
evaluation are concerned, the consideration ofmtip@rtant phenomena is observed
to be adequate. Also, when the proposed methodngpared with similar studies
from the literature, it is seen to be superiomten, as well especially at 40 Hz.

On the other hand, advanced design of a LIM reguarcomputer software not only
to accurately determine the performance of a LIMyieen design parameters, but
also will provide an interactive interface in thesgyn of a LIM for a given set of
specifications [2]. For this purpose, the proposeéthod of this study is
implemented in a combination of software tools sastMATLAB and VC# .NET .
More technically, the core components of the predudesign software are
implemented by using MATLAB since it is an appregpei software environment for
scientific purposes. Although MATLAB provides poviidrscientific tools, it is not
capable of producing user-friendly software programarticularly for end-users.

Thus, Visual C#.NET is utilized to build a userefrdly interface program for the



core components of the design software. The deedlgoftware is introduced in
the chapter 5.

1.2 The Layout of Thesis

General literature reviews for analytic methodsduseanalytical modeling of linear

induction motor are summarized in the chapter 2.

A detailed analytical modeling of the linear indoatmotor based on the method of
layer in two-dimension (2D) taking into account lohgitudinal end, transverse
edge, saturation, slot, hysteresis effects and linear magnetic permeability

occurring during the steady state operation of Sidiresented in the chapter 3.

The equivalent circuit technique (ECT) in calcwatiof the performance of single-
sided linear induction motor (SLIM) is presenteds@® novel approach for the
estimation of secondary iron impedance of the SLidM offered. Developed

computer code for analysis of SLIM is validatedusyng experimental results and
simulation data already exist in literature in thapter 4.

A design methodology of SLIM based on the analyibol are given and
implementation tool of a computer-aided design l0\Bis presented in the chapter
5.

In the chapter 6 final conclusion and recommendatifor future works are

summarized.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

There are a lot of studies on the analysis of limeduction motors in the literature,
but very few papers focus directly on the desigra @giingle-sided linear induction
motor (SLIM). An analysis and design of a lineaduntion motor are based mainly
on two different methods: analytic and numeric tegbhes. Linear induction motors
have different characteristics from rotary inductionotors due to having a
beginning and an end in the direction of movemé@ihiese features cause some
phenomena which effect on the performance of thgleisided linear induction
motors. The longitudinal end and transverse edfpetsfare the phenomena which
affect the performance of the linear induction m®to In order to get the high
accuracy for the performance, these effects mustaken into account. In the
literature, different methods have been proposeatrder to take into account these
effects in calculations of the performances of lihear induction motor. And the
influence on the performances of the differentdmmduction motor configurations
has been investigated. There has been also stuttyirgfuce these effects on the
performance of the linear induction motor. Literatueview has been classified as

numeric techniques and analytic techniques.

2.2 Analytic Techniques

Yamamura, [5] studied the theoretical aspect addminduction motors, especially
the influence the longitudinal end effect on thef@enance of linear induction
motor. The linear induction motors were also inggged [6], especially single —
sided linear induction motors is well discussedhair studies. Finally, the most

recently book has been published and this bookrsoak aspect of the subject,



including constructional features, applicationsgcélomagnetic effect and design

[7].

An experiment was carried out for high speed lingatuction motor with a
saturable iron secondary by use of a rotary typeféeility. This experimental study
was compared to the calculations by a new theoryetk equations considering the

end effect and the magnetic saturation [8].

A number of assumptions which are frequently madehie analysis of linear
induction motor were examined. Thrust and attracfiorce measurements which
made on a 2-m diameter test wheel fitted with ipacked aluminum sheet
secondary and arc type primary, were compared neghlts from three-dimensional

field analysis [9].

A quasi three- dimensional mathematical model waxsebped for the design of
linear induction motors constant current and caoristeltage excitation. In this

study, the described analytical approach leadsatih@matical model which is also a
practical design tool for designer [10]

A summary of experimental research project to eatalua single-sided linear
induction motor (SLIM) as an integrated suspengimpulsion system (ISPS) for
guided ground transportation vehicle was presefitgéf Also experimental results

for rotating wheel tests of a full size sectioraddLIM was presented

A single-sided linear induction motor with solidiir secondary was studied [12]. A

computer model described for the purpose of priediaif the reaction forces

Calculation of magnetic flux density, currents, cies and power losses was
performed for two layers of a secondary using Feoigi series method [13].

Conducting plate thickness and currents in thersgay back iron were taken into
account in an idealized LIM model.

The Fourier series method was used to solve diffede equations in linear

induction motor (LIM) is based on a computationadal in which the real primary

5



is replaced by a series of fictitious primariestribsited along the direction of
motion. The distance between adjacent primariehtotmbe big enough to avoid
the influence of the primary field on the followimge. A method was proposed to

determine of this distance [14]

The performance of the single-sided finite lengitedr induction motor was
analyzed with the special emphasis on the influerideysteresis effects in the rotor
yoke. The working parameters were significant esfigan the low slip region. The
dimensionless characteristics were obtained asnetifun of slip via Maxwell's
equations in the air-gap and rotor yoke [15].

The influence of the secondary solid ferromagngilate thickness on the
performance of the single-sided linear inductiontor® was analyzed for two
different reaction-rails which are a simple soltdpsand an aluminum cap over a
solid steel core. An equivalent circuit of the $@gided linear induction motor,
with speed and frequency dependent parametersusexs The magnetizing and
secondary impedances were evaluated from the solati the two —dimensional
field distribution in the machine. The analyses evealidated by test results and
were used to evaluate the effects of varying dteéekness under constant voltage

and constant current excitation [16].

A single-sided linear induction motor with a doeibayer reaction-rail has been
studied. This reaction-rail configuration consisfsa conducting plate over a solid
steel core. The width of the conducting plate iedent than the width of the
secondary steel core and the thickness of the atinduwverhand is different from
that over the steel core. A method for computing 8LIM with a double layer
reaction-rail has been developed under constantemuexcitation. This method
takes into account the reaction of the secondady edrrent on the air-gap field,
transverse edge effect, longitudinal end effedts effect, saturation, nonlinear
magnetic permeability and hysteresis in the soligels core of reaction-rail.
Equivalent circuit parameters have been derivedhftbe two-dimensional (2D)
electromagnetic field distribution. The developegbressions in this study can be

used for small and large LIM’s and also be usedbdnstant voltage excitation [2].



The influence of conductive cap thickness on thdopmance of a single-sided
linear induction motor with reaction-rail formedif a conductive cap over a solid
or laminated steel core was analyzed. The resaits heen shown that the thickness
of the conductive cap affects performance through ¢hanges in the effective
secondary impedance. The analysis was appliedamiee the effects of changing
the cap thickness of four single-sided linear iniucmotorg[17].

A study was made on the design of the single-siitedr induction motors for urban

transit. The performance characteristics were tatled using a space harmonic
analysis. The outline of the practical design @&f $ingle-sided linear induction motor
was presented and various ways to determine thgrdparameters were pointed out
[18].

A hybrid method was used for analysis of the sksgled linear induction motor.
This analysis method consists of field theory apphoand a multilayer approach.
The double layer secondary reaction-rail has nealinpermeability due to the
consisting of the solid steel core. In this methib# secondary iron permeability
was adjusted to match tangential magnetizing figld conjunction with each layer

using proposed iterative method [19].

The calculation method of the linear induction moperformance based on the
Fourier series technique and takes into accountuhent assymetry caused by the

end effects was presented [20].

The phase unbalance conditions due to the asymrokthe primary winding and
the end effect in single sided linear induction onatvas evaluated by two methods.
One of these is analytical method based on thevalgnt circuit model and another

is finite element method [21].

An analytical method was presented for calculathmgthrust of single-sided linear
induction motor, including the effects of both phasnbalance and higher time
harmonics. An analysis for computing the thrust aofIM including the time

harmonics and phase unbalance effects was validatedthe test results from a



large-scale six-pole LIM. It was shown that theselgses can be applied to
machine designed for transportation drives [22].

A method of the stray losses calculations in shsgied linear induction motors was
described. The stray losses produced by the higiiere harmonics of the primary
winding and the primary slots were discussed arainge calculations for a small

and a large-scale linear induction motor were edraut [23].

An analytical layer model was developed in whicé pinimary core was modeled by
two different layers representing the yoke andnteat regions. A two-dimensional
electromagnetic analysis was formulated for a rayiir linear induction motor

model [24].

An improved analytic method and performance equatizvas derived for the
estimation of the performance characteristics &eddiesign of the linear induction
motor. To simplify the estimation of the performancf the single-sided linear

induction motor, an approximation was presented. [25

A new factor was established to thrust of a linealuction motor which named
“Relation factor”. This factor does not require Isuectric circuit. In this study, one

more analysis tool for linear induction motor wasgented [26].

An analytical technique based on the equivalerdudirwas developed to use the
performance prediction of single-sided linear irteut motors. In order to account
the longitudinal end effect analytically new apmioavas developed in this study. A
new method for calculation of the equivalent resise of the hypothetical layer
with the thicknesglr' was proposedin this method, the equivalent resistance is
evaluated for the integrated secondary with twalpgraluminum and iron layers.
New dr equation, which was derived according to the abdea, was compared to
the other two equation of tly' and good correlation with the experimental results
was obtained [1].

The determination of the equivalent circuit parargta new non-iterative method

was derived. Prior to this, relative permeabilifyttie back iron was calculated by a
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non-iterative method. If the input current, inputeduency and dimensional
characteristics of the linear induction motor axailable, the equivalent circuit

parameter values can be obtained in each slip siaple substitution [27].

A new analytic method based on the air-gap fluxsdgrequation was developed to
calculate the performance of the single-sided linaduction motor taking into

transverse edge, end, and skin effect account [28].

The design, the realization and the control ofnadr induction motor devoted. In
this order, a first modeling approach exploiting amalytical analysis technique
articulated on the layers method was developedvalidate the previous results, a
second modeling approach, exploiting numerical neples was elaborated around

a discretization by finite element [29].

The influence of the design parameters on linedudtion motor end effect was
investigated by using analytical method. A fact@pending on the number of
magnetic poles, secondary resistivity and frequemag developed. These design
parameters influence the end effect of the lineduction motors. According to
this parameter, the variation of this factor famelar induction motor end effect

analysis was investigated [30].

Design optimization of a low speed single-sidededin induction motor for

improved efficiency and power factor was studiedmAiltiobjective optimization

method was used to improve both efficiency and pdaetor simultaneously. To
calculate the efficiency and power factor was eariout by using analytic method.
So that, the effects of the various motor spedifices on the efficiency and power
factor could be investigated [31].

An analysis of the single-sided linear inductiontomnowith a solid-steel reaction
plate was presented by solving for the-two dimemaidield distribution in the air-
gap and in the secondary [50]. For motoring and dlugging operation under
constant-current conditions was computed and comdpavith the experimental
results from a large-scale test linear machinaalé observed that the experimental

and simulations results were in good agreement.
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2.3 Numerical Techniques

The FEM of the eddy current problem subject todbevective diffusion equation

was applied to the numerical analysis of the lowespand high speed LIM’s [32].

The linear induction machine thrust and normaldos@s calculated using the Finite
Element Method (FEM). The Lorentz formula and Mahkvetress tensor method
were used to calculate the thrust. Some improvesnenthe accuracy Maxwell

stress tensor calculations could be achieved breasing mesh density in the air
gap [33].

The electromagnetic field in linear induction nrstare subjected to the convective
diffusion equation is difficult to solve analytibal The numerical method such as
Finite element method was applied to them. In #tisgdly, an Upwind Galerkin
Finite element method was proposed for electrontagfield problem in moving
media [34].

A performance analysis of low speed linear inductmotor with a solid steel
secondary was carried out by the finite elementhowtcombined with the
impedance boundary conditions at the surface ok&wendary steel. It was used a

numerical tool [35].

A new method in which an analysis calculation ire ttnoving rail gives a
convolution equation on the interface with the rooless region was proposed by
[36]. This convolution was used as boundary coaditin the motionless region

where the computations use the finite element nietR&M).

A single-sided linear induction motor with a shgtimary and complicated
secondary structure, which consists of solid-ptateductor section and a winding
one, was analyzed [37]. To do this, electromagretid analysis by 3-D FEM was
combined with electric circuit analysis and motexjuation

To investigate the drug plate linear induction mo{®P-LIM), the Fourier

transform model was used considering saturationsiimd affecting the back iron.
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The Fourier transform model was obtained from tB®Fanalysis. The aim of this
study is to analyze DP-SLIM from viewpoint of itauitbility for different
applications [38].

A new time-stepping, three-dimensional (3-D) numedrianalysis method based on
the magnetic equivalent circuit was proposed [39]this method, the analyzing
linear induction was performed faster computatiometand less memory than the

conventional methods

The model suggested by Duncan for simulation ofdminduction motors was
modified by means of the Finite Element Method (FH¥]. The modified model
includes such effects as longitudinal end effeafdverse edge effect and saturation
of the back iron. And this model computes the lefdhe saturation by both simple
calculation and an iterative method firstly thercimputes the equivalent circuit
parameters using FEM. There is a change in magngtlzranch due to the end
effect between this model and classical equivatéctit. The magnetizing branch
impedances were determined the results by the atdndst. So, it was estimated

that this model is not appropriate for the design

A boundary structure for improving performancessifgle-sided linear induction
motors was studied [40]. The transient phenomenachwltause undesirable
influences on the machinery at the basic boundactsires were discussed by

adopting a three-dimensional finite element method.

The primary and secondary leakage inductance paessnevas estimated by
parameter estimation methods for linear inductiastanthat utilizes pulse width-
modulator. This method was yield mutual inductalngeumerically solving a third

order polynomia[41].

A single-sided linear induction motor was modeled] ssimulated using finite
element analysis based on MagNet 6.13. Torque lardifkage characteristics of
the machine were analyzed with respect to variatiorthe air gap, material

variation, variation in secondary plate thickne&2| [
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The end effect in linear induction motors was itigeged by using the Finite
Element Method. This study focused on two develapedel for investigation. The
normal component of flux density distribution inetlir gap was investigated by

means of the end effect at different conditiong.[43

The dynamic characteristics of a single-sided lineduction motor (SLIM) having
the joints in the secondary conductor and the lrackwere analyzed and discussed.
In this analysis, the time-stepping finite elemem¢thod and the moving mesh
techniques were used for simulation. As a resultheg simulation, the junction
between the secondary conductors created a disodgtiof the eddy current and

fluctuations of the thrust and the normal force][51

A single-sided linear induction was analyzed byngsiwo dimensional time-

stepping finite elements. The analysis model has lbeken into account transverse
edge effect and primary moving. The Maxwell stresssor was used to calculate
the thrust and normal force at different speed. Jihmulation results were found to

be good agreement to the thrust characteristids [52

An accurate d-q axis equivalent circuit model ofelr induction motor for drive

system simulations was built based on nonlinearsteat finite element analysis to
obtain the asymmetric d-q equivalent constantstatic end effect and distorted air
gap distribution by velocity for dynamic end effedhe effectiveness of the
proposed d-q equivalent circuit model has beeredestrough implementation of
vector control examples taking into consideratioa $tatic and dynamic end effect
[53].

The characteristic analysis of single-sided lineduction motors (SLIM’s) with a

short primary in accordance with the secondarytr@adlat structure was described.
The equivalent parameters according to the secgndanductor shape were
calculated and estimated using 2-D FEM. Additiopnalthe basis of the comparison
of the static and transient characteristics resiitailated by the FEM program, it
has been determined that secondary conductor wteucffects the secondary

impedance of the equivalent circuit of the SLIM]54
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The interpolating linear moving boundary methodMBM) in FEM to calculate
transient electromagnetic field of SLIM was develdpand the longitudinal end
effect was analyzed taking into consideration edalyents in secondary plate. The
results of this analysis have been indicated tlsatha excitation frequency and
primary speed raise, the longitudinal end effeci§ wmcrease. And also, the
efficiency of ILMBM has been confirmed in accordaneith the computed result
[55].

The influence of the longitudinal end effects tafpemance of linear induction
motor was considered through equivalent electravaotforce (EMF). The
transverse edge effects were painstaking with tine t® the conductivity of
secondary and ferromagnetic secondary by diffeneodified coefficient. Thrust
and normal force was computed by a model of a stagled linear induction motor
under different air-gap and current frequency. €hesults have been applied to the
single-sided linear induction motor to predict performances. The calculated

values of thrust and normal force were very closié measured values [56].

The single-sided linear induction motor with a ddteel reaction plate was
analyzed by solving the two-dimensional field disition in the air gap and in the
secondary. Mutual and secondary impedance wergedetaking into account the
longitudinal end effect, transverse edge, the tilesk of the secondary plate and
skin effect. Simulation results created by thispmsed method have been a good

agreement with the traditional results under conistarrent conditions [57].

2.4 Summary

It is clear from the literature review that a lasgaount of work has been carried out
in the analysis of SLIM using different numericahda analytical techniques.
Compared to rotary induction motors; linear indoctimotors have special
electromagnetic phenomena: electromagnetic lodigith end effect and transverse
edge effect. These effects influence the performariche linear induction motors.
Recent works were focused on the investigatiohe$e effects on the performance

of the linear induction motors using analytic anoineric techniques. The main goal
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of these studies anticipated to get the best pedoce results of the SLIM. In
addition to that, in the literature there existoatgéher studies for compensating the

longitudinal end effect which has the major affectthe performance of the SLIM.

Limited work has been done in the design of SLIMhsidering all effects. As a

result of literature survey, it is obvious thatreasing the accuracy of performance
calculations requires adequate treatment of electgmetic phenomena in order to
enhance the existing models in the literature.oligh these improvements it would

be possible to realize high accuracy SLIM analgsid design.
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CHAPTER 3

ANALYTICAL MODELLING OF SINGLE-SIDED LINEAR INDUCTI  ON
MOTOR

3.1 Introduction

The studies of an analytic modeling of various tgbdinear induction motor are
still subjected to research. Actually, there isywech literature related to this type of
modeling that includes an experiment and uncomglegsearch [1] and [30].

In the literature, the steady-state performanceaderistics of linear induction
motor have been determined using one-, two- andeethrdimensional
electromagnetic field analysis including the londihal end effects, transverse edge
effect and reaction of eddy current in the second@}. From the computational
point of view the calculation of two-dimensional field in a longlinal section of a
SLIM is preferable to a full three-dimensional aysé& and is entirely adequate for
performance evaluation [2n design consideration of SLIM, a direct applioatiof
the field equations is restrictive and using theiegjent circuit is convenient in
such a case [3Fo0 that, analytic tool based on the design of thgles-sided linear
induction motor is appropriate for the analysis atebign using the equivalent

circuit approach.

The design of the linear induction motor can beead using analytic techniques
and numerical techniques. In order to carry outdbsign of the linear induction
motor, an analytical or numerical modeling of therious phenomena during the
operation of the motor is essential. A preferabledet should not require an
excessive processing time and includes a minimusinaplifying assumptions. The
appropriate analytic model of the single—sided dm&duction motor should be
chosen with respect to this aim for developing cotep aided design software.
There are several analytic methods to model thglessided linear induction motor

proposed in the literature [2],[3],[6].
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The method of layer is the analytic method whiclwidely used for analysis of
SLIM in the literature [50]. It seems to be usednmdel of SLIM for two-
dimensional analysis of SLIM. The equivalent citcparameters for SLIM are
derived from the two-dimensional field analysisngsthe method of layer. So, the
performance calculation can be carried out by usipgvalent circuit parameters of
SLIM.

In this chapter, the structure and principle operadf SLIM is presented. Then, the
method of layer is also presented in detailed, ralenoto model the steady state

performance characteristics of SLIM analytically.

3.2 Operation Principle of Single-sided Linear Indwtion Motor

The various types of the linear motors correspamdhe various rotary motor
because the linear motor is only developed fromrti@y motor. It generally uses
the primary and secondary terms to indicate ingectind induced, instead of stator
and rotor respectively. In addition, functions bktsingle-sided linear induction

motor are the same principle as the rotary asymdu® motor.

The figure (3.1) represents structure of a singlegslinear induction motor, where
the displacement of the armature (or the induamarried out according to the

longitudinal axis X) at a mechanical speedr] [18].

The primary field windings are located in the prignalots and are transverse by
currents also circulating in the transverse dimect{z). Those create a principal
induction directed along the normal axis (y). lfsttwinding, which is properly
distributed, is fed by principally three-phase seurof pulsationa , principal
magnetic induction and the magneto motive force prepagated along the

longitudinal axis (x) in the form of a wave moviagthe linear speed [18].
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Figure 3.1 Structure of a single-sided linear induction motgth double layer

secondary

The magnetic flux across the air-gap generateselbetromotive forces and the
currents in the secondary conducting plate. Thenetag flux created by these
currents slips compared to the inductor and wite #imature, but it remains
motionless compared to principal flow. The intei@ttfrom these two flows creates
a linear push. The armature (or the inductor) iss tboncerned with the continuation
(in reverse direction) slipping field. Then, theemakentary operation principle is
similar to that of a machine with circling induatio which is based on an

asynchronous magnetic coupling [7].

The secondary structure of SLIM is generally no¢ ttame compared to the
secondary of the rotary induction motor. Indeeds tbtructure is generally
composed of a ferromagnetic layer of steel andrawacting layer which is the seat
of induced currents. The right and left width oé tbonducting layer in transverse

direction part is to close circuits for the induaagtrent [5].

3.3 Electromagnetic Field Model of Linear InductionMotor

Analytical or numerical methods start from a foratidn of electromagnetic fields

resulting from the Maxwell's equations. Those goval those electromagnetic
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phenomena within single-sided linear induction motBlectromagnetic fields
analysis problem within the single-sided linear uciibn motor arises in a

fundamental way in terms of the Maxwell's equatidi®y. They are as follow;

RotH=J_ (3.1)

- a =

RotE = —— (3.2)
ot

3 =oE (3.3)

B=uH (3.4)

DivB =0 (3.5)

In order to define electric scalar potential andgn&dic potential vectors using the

above equations are expressed as:

B =RotA (3.6)
E +6a_,tA = -Gradg (3.7)

In the existing moving media, the conducting cur@ensity (I) Is written in the

following form;

—

—aaa—tA—aGradw o(VXB) (3.8)

‘]c = Jex

Induced currents by a possible relative mechameatement between conducting
part and the magnetic field lines are defined ia thference study frame. The

preceding equations can be combined to lead tiotlosving total equation [44].

—

RotL RotA) = 7. - a—(%_f +Gradp-V RotA) (3.9)
U

This equation makes it possible to analyze thetreemgnetic fields in an

electromagnetic device fed during the operatioma igeneral way and in the linear
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induction motor in particular. Indeed, let us nthtat the magnetic potential vector is
not single; the equation (3.7) shows that this deeves from rotational. Infinity of
solutions arises and they differ from/to each otbkera gradient. The gauge of

Coulomb is often used to guarantee the unicitjefdolution.

DivA=0 (3.10)

The term Gradg ) in the induced currents, this assumption cannéglected
because of the symmetry of the distribution of éhesrrents in the apparatuses with

induction in a general way [45].

Harmonic model is used in order to make it posstblde freed from the time
constraint by supposing that the source currengs parrely sinusoidal and the

electromagnetic fields vary also in a sinusoiday \v&t].

dA_ . =

— = JSwA 3.11
prail (3.11)
Jon = JocOXp(j(at + 9)) (3.12)
wheres is the relative slip speed compared to slippirddfi then equation (3.9)

becomes [46].
Rot~ RotA) = J_. - o(jswA-V ORotA) (3.13)
U

Generally, an electromagnetic device comprisesraeugaterials which have some
nonlinear characteristics. In addition, the elatagnetic phenomena strongly vary
within the structure. Equation (3.13) can be usedthe one-, two and three-
dimensional electromagnetic field analysis of thegle-sided linear induction

motor. An analysis of the complete structure ine¢hdimensions (3D) proves
expensive in terms of computing time. In additione- dimensional (1D) analysis is
not very representative. The use of the two-dinmradi (2D) models is particularly

simple and effective and its choice is realistic.
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3.4 Analytical Methods of Linear Induction Motor

Analytical modeling of single-sided linear inductionotor is developed by using
analytic method. In order to model the linear ittt motor, these analytic
methods are applied to this model with the appaterassumptions according to
dimensional analysis. These assumptions are intenoesimplify the complex

analysis in the model. 1D, 2D and 3D electromagngéld analysis within the

linear induction motors. The quasi-one dimensionatel of SLIM has been given
for an example of modeling. The method of the layehich is one of the analytic
methods to model of the single-sided linear inductmotor with double layer

secondary, can be used in order to model with 2iateimagnetic field analysis
which seems to be adapted to the establishment ahalytic tool dedicated to the

computer-aided design.

3.4.1 Quasi-one-dimensional Model of Single-sidediriear Induction

Motor

The one-dimensional model, which takes only theéatians in the x coordinate into
consideration, is sufficient for many purposes [B]this model, the transverse edge
effect, skin effect and secondary saturation akertainto account by means of
appropirate coefficient (such as equivalent secgndanductivity and air gap). This
model also used in two-dimensional electromagrfegid analysis for SLIM. Figure
3.2 [24] shows the SLIM model used for analysis in two-disens. It has four

distinct regions: 1) Primary, 2) Air-gap, 3) Reaatrail, 4) Back-iron.

According to this model of SLIM, certain assumpsoswre made for one-
dimensional (1-D), two-dimensional (2-D) electromatic analysis. For two-
dimensional analysis of SLIM, certain assumptions made [3]. They are as

follows
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Figure 3.2SLIM model used in quasi-one-dimensional theory

1) All layers extend to infinity in the x direction.dwever, in calculating the thrust
and the reactive power, the field behind the metatis ignored.

2) The frame of reference is attached to the primahe primary winding is
confined to an “active zone.”

3) Time and space variations are sinusoidal.

4) Excitation windings are located in the primary slblhe excitation is presented
by an equivalent current sheet of negligible theds which produces the same
magneto motive force as primary winding

5) Edge effect, skin effect, back-iron saturation, gap leakage, slot effect are
taken into account by suitable correction factor.

6) Currents are only z-directed.

7) Variations in z direction are ignored.

Assumptions (6) and (7) facilitate analysis in tdiorensions. According to rest of
these assumptions, simplification is carried owt. &ectromagnetic field equations
are obtained from the Ampere’s law by using theneice frame which includes

three different media.
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3.4.2 One-dimensional Electromagnetic Field Equatioin the Air-gap

The longitudinal end effect is the phenomena wleictur due to the limiting length
of the motor in longitudinal section. In order tetghe high precision results for the
performance of SLIM, this effect must be taken iat@ount. By using considerable
simplifications and one-dimensional electromagnigicl model , the distribution of
induction in the air-gap and the conducting layethe armature are determined to

characterize the end effects in SLIM.

In the end effect analysis of SLIM, the distributiof induction in the air gap is
investigated by designer. By given appropriate $iffogtions for one-dimension,
the distribution of induction is obtained by langeimplifying the three-dimensional

equation (3.9) resulting from the Maxwell's equasio

For the machine represented in Figure (3.1), egung8.13) can be simplified by
assumptions that [47]:

1) Only the Hy component exists in the air-gap #reconducting part of the

secondary;

2) The permeability of the ferromagnetic steelltd primary and the secondary is

infinite;

3) Only the currents component induced along ajigXists in the active part of the

conducting layer of the secondary of the motor;

4) The currents induced along axis (x) circulatehi@ part of the conducting layer

located on both sides active part;
5) In steady operation, if the source of food muspidal, the derivative compared to

time o/dt, is replaced bysw;,
6) And the primary currents feeding are represehyethin current density by:
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jex = Re{‘Jex exl{ j(at _§:|} (3.13)

Under these conditions, equation (3.13) becomés [53

asz -j 'UOUC‘BB :&%

3.14
x> g ' g ox (3.14)
In steady-state operation, the solution of thisatign is given by:
B, exp{ j(cut —Zj} +B, ex;{_—xj exp{j(ax —zj} +
T a, T,
B, =R (3.15)

st ez)

where a,, a, and r, are related to linear speed, conductivity of seeondary
conducting plate and thickness of the air gap. ddvestant8,, B, and B,can be

deduced starting from the boundary conditions. fiiseterm of equation (3.15) is a
principal field slipping which is propagated in tbpposite direction of movement
of the primary and corresponds to the spinninglfggttern in the air-gap of a rotary
induction motor. The second term is magnetic indactiue to the entry end effect
of SLIM. This wave is propagated along axis (x)}he direction of the main field

propagation. Lastly, the third term represents mneignnduction due to the exit end
effect; this wave is propagated along axis (x) e topposite direction of

fundamental displacement field. These two wavesspaze harmonics of principal
induction in the air-gap of SLIM. They cause theeatiation of the performances of

SLIM compared to the rotary induction motor.

In general,a, is larger thana, and the wave due to the entry generates a broader
effect on performances of the linear induction matmmpare to the exit wave [7].
Moreover, for high speeds applicationg, becomes large and the two dominating

waves that are propagated together over the datiggh of the primary. The entry
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end wave can be reached at the beginning of theeaxl of primary. But the exit
end wave never reaches the entry end of the limedwction motor. The
performances of the SLIM are seriously affectedhigh speeds. In addition to that,

these effects are also pronounced also for snipdl. sl

3.4.3 Method of the Layers

Generally, the linear induction motor has a ratlaege air-gap compared to its
rotary induction motor due to the problems of gawkof movement. This is why;
the assumption of the uniform magnetic field intgn@d) through the air gap is not
very realistic. Moreover, the secondary of thisetygf motor are made up of an
aluminum plate and a ferromagnetic layer of staelgeneral. Consequently, in
order to obtain precise results the distributiontioé induced currents in the

secondary must be taken into account [7].

An approach of analysis known as method of layeas developed [48]. It consists
in dividing the SLIM into layers as shown in thgure 3.3, then to calculate the

distribution of magnetic induction.

On two-dimensional (2D) assumption, the fields aupposed invariants in the
transverse direction (z) and the currents inducedthe secondary circulate
according to the same direction. Nevertheless,linear induction motor including
a conducting layer in the secondary, the inducedents have a component
according to the longitudinal direction which capends to the direction of
movement (x). The effect of these currents is takeém account by adjusting the
resistivity of the conducting parts of the armathyecorrect factors. Moreover, the
slot effect can be taken into account by increadimg air-gap by the Carter
coefficient and primary part is presented by annitdly thin current sheet,

deposited on surface between the primary educatidrthe air-gap.
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The inherent disadvantage of the method of thersajethat the transversal and
longitudinal dimension effect of the primary applgito the electromagnetic field

analysis of a linear induction motor is the diffigu

JeX
L —— |
Air Uo,ﬂo

Aluminium o _,u
2 Hx

»
»

Back-iron o _, u l By
3°3

Air Uo,ﬂo

Figure 3.3Basic model of method of layer for SLIM

Figure 3.3 shows the provision of the layers ingle-sided linear induction motor

supplied with a sinusoidal power source such as:
jex = Re[ I exi]j (ct - k] (3.16)

The values of By and Hx of figure 3.3 are thos¢hefinterface between the layers,

which must check the conditions of passage betwwenmediums. For the each

layer and by supposing that the fields are sinwdo#hd have a frequenay,

equation (3.14) can reduce to the following equmatio

0°B, |,

ayz =V By (317)
Where:

vo =2+ o, (3.18)
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Such ask :2/1—77, M, is the permeability of the nth laye,, =s & ands, is the slip
of the nth layer.

In equation (3.17)By is the complex module of normal magnetic inductigrsuch

as
b, =Re|B, ex j (at —kx)]} (3.19)
The solution of equation (3.17) is like that:

B, = A coshy, y+ B, sinhy,y (3.20)

WhereA; andB; depend on the boundary conditions and the comditad passage

between the various layers.

At the borders between the layers, By is continuand Hx is also safe in the
presence of the surface currents. In this caseyridbergoes a discontinuity equal to
the density of these surface currents [7]. Morepierative calculations allow the

adjustment of the permeability of each layer teetakto account saturation.

Lastly, by knowing the distribution of the fields the various layers of the linear

induction motor, the characteristics and the pentorces of SLIM can be evaluated.

3.5 Analytical Modeling of Single-sided Linear Indwction Motor by Using
Method of Layer

In this section, the analytical modeling of thegdisided linear induction motor
object on two-dimensional (2D) assumption is caroet by using method of layer.
From a point of view computing time, determinatioh the distribution of the
electromagnetic fields in 2D through longitudinacson of a SLIM is preferable

with a complete three-dimensional analysis and nsiredy adequate for the
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performance evaluation of the SLIM [2]. This apmiosseems to be adequate to

implement an analysis tool to be incorporated imgoter aided design tool.

Hunze

Currert sheet

i PRIMARY P

l

ak

Figure 3.4 Model of Single-sided Linear Induction Motor withouble layer
secondary

The two-dimensional assumption (2D), the curremid ¢he magnetic potential
vector have only one component according to axisMagnetic induction has two
components: one is principal or normal and notediBgreates the push and it is
directed along axis (y); and the other tangensiaated BX, it gives rise to a normal
force and it is directed along axis (x). The londihal section of the SLIM to be
analyzed is schematized in figure 3.4 [2]. The mdeoy is supposed to be
composed of two layers, one is conducting (out lom&éum generally) and the
other out of laminated or massive ferromagnetielstéerromagnetic steel makes it
possible to channel flow in the secondary and resltice magnetizing current of the

machine [7].

Moreover, the magnetic permeability of secondaegls(back-iron) has non linear

characteristics due to the magnetic saturation. Anldas also hysteresis losses
which influence significantly secondary impedandasorder to get high precision

result in the analysis and effective design of SLikese effects should be taken
into account. So the analysis tool for SLIM basedtlee method of the layers is
presented by taking into account of [2].
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1) Skin effect in the secondary,

2) Reaction of the eddy currents of the secondaryhenprimary magnetic
field,

3) Saturation and hysteresis effects in the ferromtgsteel of the secondary,

4) Longitudinal ends and transverse of edges effects.

The effects of saturation and hysteresis in twoedigional electromagnetic fields
distribution are included by means of an equivaletdtive magnetic permeability

of the steel of the secondary, expressed by [7]:

TREYR TR (3.21)

Where, 4. is the surface permeability of the secondary steethe side of the

primary. The real and imaginary components arerdestin [7], such as:

U =aa;u = O.5(a§ - af) (3.22)

a, and a, coefficients depend on the magnetic field on tohefage of the

secondary steel and take into account of the daiarand the effect of hysteresis.

In addition, the Carter coefficienk() which is for taking into account slot effect
(its formula is given in A2), and saturation fac(ds,) which is for taking into

account back iron saturation effect (its formulaaiso given in A3), are used to

obtain the equivalent air gap [7],
g =kk,g (3.23)

The transverse edges effect in the layer of thengmy ferromagnetic steel is
included by a correction factor. Moreover, the daadf correction of Russel and

Norsworthy (given in A4) is used to take accounttbé& edges effect in the
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conducting aluminum plate, by correcting the eleatonductivity of this layer in
the following way [7].

O =KenOn (3.24)

In order to take account of the longitudinal enfe@k in an analytical model,
several techniques were proposed in the literaflings effect can be taken into

account;

1) By superposition of travelling wave at synchresspeed and two end effect
waves [5],

2) By postulating a periodic distribution of SLIMand representing the resultant
space harmonics by Fourier series [48],

3) By modifying the electromotive force (EMF) acsahe mutual impedance of a

T-type equivalent circuit [2].

The mentioned above techniques for taking into actthe end effect are some of
them in the literature. The technique (3) is coed to give the best results and is
the simplest analytically and computationally. Emel effect factor (given in A5) is
defined as [2].

k, =—me (3.25)

Where E_, is the maximum value of the electromotive forcduiced in a primary

phase winding by a magnetic wave of induction beprgppagated at the

synchronous speed,, is the maximum value of the electromotive forcduced

by the attenuated wave at the entry of SLIM. Tdtienuated wave occurs due to
the limited longitudinal length of the primary. Bhiactor expressing the end effect

Is used to modify the electromotive force of thegmetizing branch.
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3.5.1 Two-dimensional (2D) electromagnetic field dtribution of SLIM with

double layer secondary

Two-dimensional electromagnetic field distributiequations lead to determine the
mutual and secondary impedances in the equivaleniitc These electromagnetic
field equation obtained from the method of layethia longitudinal section of SLIM

which consist of three isotropic layers; the fiester is steel half place, the second

layer is aluminum with thicknesdy . the third layer is equivalent air gag,.

These assumptions are applied in Figure 3.4. Thwem,electromagnetic fields
expressions in a longitudinal section of the SLIlve astablished within the
framework of the following assumptions [2]:

1 - The steel of the primary consists of ferromagnafinite permeability and
perfectly laminated sheets (i.e. electric condutgtivs null in the transverse

direction @);

2 - The primary phase winding is represented byiradurrent sheet which contains

space harmonics of winding;

3 - The analyzed longitudinal section consistshoé¢ homogeneous and isotropic
parts: an air-gap a thicknegs§ an aluminum platel, thickness and a secondary
ferromagnetic layedir thickness;

4 - The active surface of the primary is paralbeiitat of the secondary;

5 - The equivalent magnetic permeability of thekoaon is defined so that the

saturation and the hysteresis loop are taken dount;
6 - The equivalent magnetic permeability of theoselary ferromagnetic is the same

one for the fundamental one and the harmonics atesmwf the magneto motive

force of the primary of high row;
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7 - The space period of the distribution of thecetamagnetic fields in the
longitudinal direction (x) is of 2;

8 - All electromagnetic fields are sinusoidal fuans of time;

9 - The motor is supplied by a presumedly perfextgr source (one neglects the
harmonics of current due to the order by Multi Lifreverter of the inverter

supplying the motor).

If the above assumptions and appropriate boundangitons are applied to the
equation (3.20), the following distribution of tekectromagnetic are obtained [2]:

1 - For the area of the air-gap (8%g"):

Kv2
1
v | B

o0, 1 i, ik, (- )]

v2
[— (Ar; e A mvejﬁvx)]

) |: EVl COSKKVZdﬂ) * Hie Sinr(szdal):| COSI{'BV (y a g)] -
0=

(3.26)
w L |:EVl Sinh(szdal)+ Iure COS}(szdal):| COSI{ﬁv (y_ g)]_
Z:;‘ K., Ky . ,
,3 Hie Smi‘(szdal) K COS}(KVZdal) Smr{,[”v (y_ g )]
[j (Ar; LETAX A'mvejﬁvx)]
(3.27)
w 1 {E Sinh(szdal)"'/Jre COS'(KVZdal):| COSf{ﬁv(y— g')]_
Zl Kv2 Kvl H '
ﬁ Iure Slnh(szd ) K COS'(KVZdal) Slnr{ﬁv (y_ g )]
{ j,BV 0 ( AR - A el )}
(3.28)
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2 - For the area of the conducting layer out ofrahum @' <y<dal +g'):

[ K .
{ = COS}{KVZ(y_daI _gl)]_:ure SInk{KvZ(y_dal _g)]}
v=1 v2
[ ((A e wx+A ejﬁvx)]
(3.29)
—_ - 1 Kvl H 1
H my2 — ZM_{/'Ire COSf{KVz(y— dal - g)] _K_SInt{sz(y_ dal -9 )]}
v=1 v v2
[ J- ( NG A—mvejﬁvx)]
(3.30)
2= {ure costlK,,(y-d, - )] -~ s (y=dy = )]}
v (3.31)
{J 2 (A e A+ Ay e"”)}
3 - For the area of the ferromagnetic steel ofse@ndary (ydal +g'):
i ﬁvl elatyDa-0) [ (A A — A 01 | (3.32)
V=1 v %
N L Kuda-9) [ at ariBX _ A- aiBX
Hope = 3 e o0 i(AT e 5 - A e ) (3.33)
v=1 Vv
= iie—imz(y—da'—g') J Gy HoHre ( At e A 4 A—mve—jﬁvx) (3.34)
v=1 Mv ﬁv
Where

&[&COSKK\,ZDm)-F/Jre Sinl’(KVZDal)i|COSI‘(ﬁVg‘)
M. = Ao LK ;B =Y

|:/'Ire COSI(KVZDﬂ)+ Kﬂ Sinr‘(szDal):|Sink(ﬂvg‘) '

v2
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Kvl = Vafl + \/21 = (aRvFe + javae)kae; Kv2 = Vafz + ﬂvz = (aRvAL + javal)kvAl;

Rdel] . Irn[Kvl] .
a vFe = ’axv e = '
" K © K
— Rdez] . — Im[sz]
a'Rvﬁ&l. kVA1 7ava1 kvA1_ !

0 = 1O U Tce = (85 + 18, Kypes Xz = [ QM0 1 = (B + [8,0 Ko

Time factors exp @'v) INA'm,H m,H'm:,E'my and exp(v) in
A mv,H mx,H —,,E"my have been eliminated. The peak values of thedimeent

density of the primary, angular frequenay , and slipss, are given the following

formulae.

a) For the forward traveling fields:

A'my =Mex;{— j(v+1)m—_1n}; (3.35)
pr m

W' = s vw=278s"y; s'v =1-V(1-9).

b) For the backward traveling field:

Ay =Mex;{— j(V+1)m—_177}; (3.36)
pr m

W =S VW= 27fS7y; 8Ty =1+ V(1-s).

All calculations are carried out by the assumptaintaking into account of the
fundamental space harmonics of the primary magmettive force (i.ev =1) [18].
The electromagnetic equations for the first spaaembnic y=1) of the magneto

motive force of the primary are obtained from abegeations. They are as follow:
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1 - For the area of the air-gap (Ogyk

) N Ame_jﬂx ;2{}2 cosI‘(KzDal)+ HUre sinr(KMDal)} cosi‘{,ﬁ’(y— g')]— (3.37)
m3~ M
M [tre cosr](KMDal)+lzsinh(szlDal)sinr{,B(y— g)]
K '
) jAme‘W [’ure cosr(szal)+K:2Lsinh(K2dal)] coshﬁ(y—g )— (3.38)
m3- M
M K;{El cost{K ,d )+ ure sinh(szal)}sinh,B‘(y— o)
2
i —ipx [:ure COSh](KZdal) + %Sinh(KZdal)Cosr{lB(y - g ' )] -
= 1doAE 2

M %{%COS*{KZdM)+/’Ire Sinh(KZdal):|Sinh[lB(y_ g)]

2

(3.39)

2 - For the area of the conducting layer out ofralum @' <y<dal +g'):

H,, = —%{E—icost{m(y— d, - g')],ure sinr{Kz(y— dy = g)]} (3.40)

H e = jAml\j_jﬂx {,Ure COSI{Kz(y_ dy - g')]_%Sim{KZ(y_ dy — g)]} (3.41)
2

= M%e‘j‘”{ﬂre cosh{K.(y -, - g')]-%sinh[Kz(y- Ao = 9')]}

EmzZ
M 2
(3.42)
3 - For the area of the ferromagnetic steel osmondary (yxlal+g’):
__KiAn isgaly-ig) (3.43)

mxL Mﬁ
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I (3.44)

- ja"jreA'n e—jﬁxe‘Kl()"Da‘g‘) (345)
mzL MIB

Such as:

K K . K .
M = i{K—lcosthDal + Ure sinhKZDal:|cosh,b’g + {/Ire coshK,D g1 +K—1$inhK2Dal}sinhﬁg
2 2

,3: ;Kl:1/a21+182; KZZ\/0'22+,32;01=\/W;
0'2 :\/jWOJIAI :

~N N

and

A = 3v2kwNI (3.46)
pr

3.6 Summary

In this chapter, the electromagnetic modeling ofiMslhas been presented. The
presented model is developed by means of the metliokhyer. Hence, two-
dimensional (2D) electromagnetic field distributiby considering the fundamental
space harmonic is described by the equations whiahinto account the skin effect
and reaction of the secondary eddy current. Oglectromagnetic phenomena
during the operation of SLIM (such as the longihadiend effect, transverse edge
effect, and slot effect) are integrated into thedeioby means of the corrected
factors. Because the transversal and longitudimakdsion effects of the primary
applying to the electromagnetic field analysis ofireear induction motor is the
difficulty.

The electromagnetic equations, which are obtainad the electromagnetic analysis
using the method of layer, will be used in the nehxdpter to obtain the equivalent

circuit parameters and the electromagnetic invastig of SLIM.
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CHAPTER 4

EQUIVALENT CIRCUIT TECHNIQUE

4.1 Introduction

The single-sided linear induction motors (SLIM) avedely utilized in industrial

applications and transportation due to their singbtacture, ease of implementation
in manufacturing, high reliability and speed, lomeegy consumption and pollution
[1]. Generally, a double layer reaction rail SLIBI made up of two major parts; a
primary and a secondary. The former part, i.e.,pti@ary, consists of slots which
hold primary windings. The secondary of the SLIMdsoa conducting plate which
is backed by a ferromagnetic material, ‘back iron’secondary iron’ [16]. While the

motor operates, some essential electromagneticopmmma occur because of the
structure of the motor and its physical properti€s. take into account these
phenomena in performance calculations, severakecoons should be introduced

thereafter in the form of reiterated calculation®fbcorrection factors [2].

The equivalent circuit technique (ECT) is assessaaherous studies [1-3] in the
literature and it is shown that the method is appate to utilize the ECT for the
steady state performance calculation of the SLIMemshparticularly the T-type
equivalent circuit is usually preferred. In order émploy the T-type equivalent
circuit, primary resistance, primary reactance, mediging branch, magnetizing
reactance and secondary impedance should be cmtidéhe magnetizing branch
reactance and secondary impedance are obtaineaangs the field equations
which are acquired from the electromagnetic fieldlgsis through the layer method.
Although, the layer method is widely used for theceomagnetic analysis of the
SLIM [3], [48] the analytic results obtained vidaghmethod are not adequately close
to the values measured over a wide range of opgratinditions. The main reason
of the mentioned problem is actually the inadequr@@ment of the saturation effect
and the depth of penetration, which is relatedh germeability of the secondary
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iron, in the back iron for high frequency applicais. An adequate consideration of
such parameters in addition to the others will pdewvthe correct calculation of the
secondary impedance; moreover, it will present npoeeise performance prediction
for both analysis and design stages as well. Thesgarch over the mentioned

problem is still essential.

For this purpose, in this chapter, the followingks are performed: a) Saturation
level of the back iron is determined by iteratiohlaving accomplished

aforementioned tasks, we calculate secondary ingpedance by using a linear
approximation that is novel in the calculation efcendary iron impedance. The
developed model with this novel approach is theplieg to the Canadian Guided
Ground Transportation (CIGGT) LIM to assess itsfaanance under the above
mentioned conditions. The results are compared thidse given in the experiments

of the previous studies.

4.2 Longitudinal end effect and saturation factor

The Longitudinal end effects in the linear induotimotor are due to the limiting
longitudinal length of the motor. It influences tlspeed on the non uniform
distribution of the induction in the air gap of th&M and current induced in the
secondary. This effect is taken into account by@adr ke given on the basis of a
distribution of induction in the air gap of SLIM k& up of a slipping field. The end

effect can be expressed as a summation of twaagiflgx density waves [1]

X

B(x,t) = B, sin(t - £ x) + B “ sin@t - 7~ x + ) 4.1)
T T

e

The electromotive force induced in a primary pha&ésé¢he superposition of two
electromotive forces, one due to the fundamengdd fand the other is induction due

to the end effect and it can be expressed in the [47]:

&, (1) =&,(t) +&(t) = ~E,.costd) — E,.costt) = -E,1-kgcostt)  (4.2)
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where

T [ pr,
Kee 7o o S
ke=—-we ¢ — (4.3)

Since the ferromagnetic material (back iron) existshe secondary, the saturation
should be considered at some operating conditidhe. classical theory of the
electric motors defines the saturation factor & thagnetic circuit as being the
relationship between the total magneto motive fawd that of the air gap by pole
pairs. The magnetic permeability of the primarassumed infinite. So the magneto
motive force in the primary can be neglected. Urities condition, the saturation

factor [2] of the magnetic circuit of SLIM can bepeessed as.

V, V,

k - v =1+ SV 4.4
S P R Y

whereV, is the magneto motive force (MMF) per poles p&fg, is the magnetic
voltage drop in the air gap,, is the magnetic voltage drop in the conductindgepla

V,, is the magnetic voltage drop in the secondary lrack The details for equations
(4.3) and (4.4) are given in Appendix A5 and A3exdively.

4.3 Wave penetration depth concept

The performance prediction of the SLIM has beemiedout by the electromagnetic
field analysis together with the ECT which inclusigecial phenomena (transverse
edge effect, longitudinal end effect, saturatiopstaresis and non-linear complex
magnetic permeability) presented in section 2. @GTEthe secondary parameters are
evaluated from two dimensional (2-D) field analys€kereby, the layering model
has been developed by paralleling the layer impestaonf the motor considering the
wave impedance concept [16].

In the layering model, the secondary iron has tegians; the conducting surface
ferromagnet, which has the uniform field distriloatiin the normal directiory), and
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the nonconducting ferromagnet. As regards to theewaenetration concept, the
wave with frequency penetrates into the layers of the secondary ir@ving the
permeabilityn and the conductivityg where the amount of penetration depth is
calculated according to the (4.10). Thus, the tiéds of the conducting surface
region is assumed to be equal to the penetratignthdef the wave that is in
accordance with the wave penetration concept. tbiserved that the penetration
depth increases as the secondary frequesiydécreases. Note that, the average
distance value of flux penetration is limited tothe half of the layer thickness even
though the penetration depth value is calculatebe@yreater than the half of the

layer thickness of the secondary irak/R) as seen in Figure 4.1.

A

N } d/2

Figure 4.1. Back iron half space layer modeling

., d,, =d_ /2 } o /2

4 .4 Calculation of saturation level

The following iterative algorithm is used to obt&&quivalent magnetic permeability

of the back iron, in other words, the saturatiorele

* It is assumed that the surface magnetic field sitgrat the boundary between
the solid iron and the aluminum is equal to thee lcurrent density of the

primary

H=Amn

3 2kwNI

where A = or

(4.5)

and the saturation factds, is assumed to be equal to one
» Extract the surface permeability of the back ireanf B-H curve data and

calculate the equivalent magnetic permeability byag the (3.21) and (3.22)
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* Then, the effective air gag (3.23)and the attenuation fams a,, a, and the

propagation constank§,, K, are calculated by using the following expressi@js

K, =\a’+p° (4.6)
K, =a% + S? 4.7)
a, = i2rsit 1,0, (4.8)
a, =270 (4.9)

where L=—

* Next, in order to determine effective deptt,,) of the induced currents in the
secondary iron layer, the penetration depth of ragrfiux into the back iron is
calculated by using the equations given below [7]:

1

_ (4.10)
v ﬂsiuolursUFe

5Fe =
Ore I Op < 0.5y
Oav= (4.11)
0.5, if 5Fe> 0.5
* Later, tangential and normal magnetic field intgng calculated by the use of

the (4.12) and (4.13) to obtain the average magmpetimeability,z,,, from the

B-H curve data of the back iron.

L= KlAn e‘iﬁxe‘K1(Y‘dAl‘9‘) (412)
M’B y=g+dpy +dg,
Hy — _ﬁ_ejﬁxe—m(y—dmg‘) (4.13)
M
y=g+dy +dy,

whereM is the factor required for the two dimensional gsisl of SLIM [7]

» The new saturation factor is then calculated bya&qo (4.4)
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* As a last step, the magnetic field intensitgjHalue at the surface of the back
iron is updated by using the (4.12) and (4.13) wjttg+ds . The above
mentioned computation are carried out until a sidfit convergence between
the Hsland H.is attained where each of the magnetic field intgnalues can

be calculated with the following:

where He (H2%0+ H2)M? (4.14)

As a consequence of the iterations, the saturddesl is determined for each slip
value with the consideration of the nonlinear chamastics of the secondary iron as
mentioned above. Through the iterations the waveefpation depth is calculated

according to the wave penetration depth conceptiwisi explained in Section 4.3.

4.5 Simulating the CIGGT LIM

For the CIGGT SLIM with the given design data inblea4.1, the variation of the
wave penetration depth with linear speed at differgput frequencied)is shown in
Figure 4.2. As expected, the depth of the penetrainto the secondary iron

increases as the slip decreases.

Table 4.1Data on CIGGT LIM

Number of Phasm 3
Number of pole pairp, 3

Rated phase curreht, 200 A
Pole pitchy 0.25m
Air gap lengthg 0.015m
Number of primary turn/phade, 108
Width of the aluminum layel/+2h,, 0.201 m
Width of the secondary iron lay®V, 0.111m
Thickness of the aluminum laydy, 0.0025 m
Thickness of the secondary iron laggr, 0.0254 m
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Conductivity of secondary irolf, 4.46 MS/m

Conductivity of secondary irou ,, 32.3 MS/m

The penetration depth value, which is dependertherfrequency of the secondary,
goes up to the half of the layer thickness aboatsynchronous speed. Additionally
penetration depth goes up to the total thicknesshefsecondary iron near the
synchronous speed. The thickness of the passihg tbat the induced current on the
secondary iron flows on, also increases as thehdeptue of the penetration
increases. This thickness should be fixed to aagesalue according to the wave

impedance concept.

0.04
0.035 - H
5Hz 11Hz 18Hz 28Hz 40Hz
0.03 .
0.025 - .
0.02 - .
0.015 - .

0.0

Penetration depth, m

dir/2

0.005 - .

0 1 1 1 1
-5 0 5 10 15 20
Linear speed, m/s

Figure 4.2 Linear speed vs. penetration depth at differenstant input frequency

The changes of the penetration depth have an mfu®n the equivalent relative
permeability as well. The relation between the prasien depth and the equivalent
relative permeability is depicted in Figure 4.3.tAs secondary frequency decreases,
the penetration depth increases. Therefore, thevaqut relative permeability also

increases as well. Additionally, the penetratioptdeshows regular variation along
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with the speed and the variation equivalent re¢appgrmeability against speed which
is observed to be slight between zero and syncluospeed.

Equivalnet permeability of secondary iron

0
-5 0 5 10 15 20

Linear speed, m/s

Figure 4.3 Variation of the equivalent permeability vs. linspeed at different
input frequencies

At each iteration of the algorithm, the changehia ¢quivalent permeability value of
the secondary iron is calculated to be so smatldhaent slip value in the iteration
is nearly the same with the previous one, untiledp@approaches near the
synchronous speed. Note that, the linear speedbtgined by multiplying the

synchronous spee@f@ ) with the expression (1-s) where s denotes tipevsliue.

4.6 Obtaining the Equivalent Circuit Parameters of SLIM from

Electromagnetic Equations

The secondary and mutual impedances in equivalesditcdiagram of Figure 4.4
are derived from the two-dimensional electromagndteld equations. Unit
secondary impedance due to the first space harmengiven by the ratio of
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tangential electric and magnetic field componeassgiven by equations (3.40) and
(3.42):

Em
z,=—"2 =712z, (4.15)
me Jy=g'

where: Z., is the unit impedance of the solid steel plated apis the unit
equivalent impedance of nonmagnetic layer whicldapendent of parameters of

solid steel reaction plate. In order to take actafrtransverse edge effecZ.,is

multiplied byk, >1 [2].
Z'..=7Z.k (4.16)

And the electric conductivity of nonmagnetic lagtould be multiplied by Russel

and Norsworthy’s factokgyn <1.

Co_ 12787,
Z. =——-"°"r _k 4.17
e K, tanHK,d, ) * (4.17)

—jafosint‘(szal)+cosr(K2dal)
7, =22 < (4.18)
cost(szal)—ja;I Z,sinhK,d_,)

0

where :

KZ = (aRAI + jaxAL) WOJAI kRN /2
Let us note that this expression f depends on the parameters of the layer of the

secondary steel. While making tighten the impedaofcterromagnetic secondary
towards the infinite, the expression from the imgoezk of the aluminum conducting

layer is deduced. S8, is:
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— B jﬁ]lo
Z. . = 4.19
A K, tanHK,d,,) (4.19)

So the secondary branch impedance of a single-paggalent circuit diagram in

Figure 4.4 can be expressed as follows:

Zl‘:eZFe }

ZZ:&H .
ZFe-l_ZAI S

S

Xs (4.20)
s

The secondary impedance referred to primary windirexpressed by:

) =< j—2=——"k,— (4.21)

Now let us express the impedance seen on the priside. It can be expressed in

the following way (for y=0):

E
2= =022 = 2, 2 (4.22)
mx3 | y=0
where:
—Jzalgjsinh(ﬂvg'% cosf(ﬂvg')
Zps = ! (4.23)

23 = COSf(ﬂvg‘)_jf;/Zy sinh(ﬂvgl)

0

If the secondary impedance of tlzg is made tighten towards the infinite, the

magnetizing reactance expression is obtained:
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Z ==X =—ﬂt;r‘:*';g. (4.24)

The magnetizing reactance referred to primary wigas

Xm W ktrv (425)

In addition, the resistance of a phase of the pgreducation is expressed by:

Ao,
Rl = IOCUO(1+ acuAT)W N (426)
N, 4b

As regards the leakage reactance of the primany f@the leakage in the slots), it is
calculated by using one of the methods used inctmventional rotary machines

presented as below:

2 W h 2 2
X, :a{’\' ]”0 plle | NTHWe In( Ty j} (4.27)
3 ) s, 8 ans,

To take account of the end effect, the amplitudéhefelectromotive force induced

referred to primary winding is modified as followEyne&Ems (1-ke), as it is

illustrated on the equivalent circuit diagram oflie 4.4.

4.6.1 A new approach to obtaining the secondary ingulance of SLIM in ECT

By solving the electromagnetic field equation whith obtained from the
electromagnetic analysis by using the layering wettthe following secondary iron

layer impedance, aluminum layer impedance and megmg reactance equations
are obtained respectively [2].
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7, = -1271SHothe Zﬂiﬂo/’re K, (4.28)
1

- j27s
R p— Lt S (4.29)
K,tanHK,d,,)
7 =—jx_=-_1271% (4.30)

"~ ptantsg)

The secondary iron layer impedance depends on dbhesadent permeability as
shown in (4.28). Diverse from the methods in ther#ture, the secondary iron
impedance is calculated with the considerationhef variations of the equivalent
permeability with the slip. This novel approach, ieth aims to calculate the
secondary iron impedance more sensitive by uttdizen linear approximation

method, is given in this section.

Together with the following approximation (suchkas a,, tank(sza1)= K,d,),

the secondary iron layer and aluminum layer impedaguation for the above

mentioned purpose can be written as

- jzn:sluo

Z, = 4
M T 34)
Zp(s0) ajg[,)”" (so) 0 0 0 0 0
Ze,(5) st af
et ag [Sl)prs (Sﬂj ag (sl)ﬂrs (51) 0 0 0 0
ZFE (S:) = —}'ZR-'UBkB %prs (SD] %-ﬂrs (51] %Fu(sﬂ 0 0 0 (4'32)
sf sf sf sf
ZFs (SEJ CZ:[SE)'HN (SD) @!‘I{rs( 1) @{"rs( ) @“rs (53] 0 0
ZFs (sms.x] a‘j’(”;ﬂfo#rs (SD] flz:x}c]yrs (51) f’("‘:-'ff) re (51] s’(ﬂuf].urs( 3) af?;ﬂf)ﬂrs (Smrn)

In order to take transverse edge effect into acgdha impedance of secondary iron

is multiplied by [7]:
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k=1-2 +3i{1— ex;{—ﬂwﬂ (4.33)
L W 2 L

In (4.32), each column vector represents the seagridon layer impedance which

corresponds to each slip value that is betweenamican appropriate value (1 or 2).

The length of the column vector depends on the s&dpe of slip. Consequently,

maximum length of the column vectdy ¢an be defined as:

| - Smax - S0
stepvalue

.34)

Where s, denotes the minimum value of the slip aggd, stands for the maximum

value of the slip that this value is chosen as thig study.

Z

V Enmg(1-ko) Ree Zn Zre Za

Figure 4.4 Per-phase equivalent circuit of SLIM

Figure 4.4 depicts the T-type equivalent circuittbé SLIM with double-layer
secondary where aluminum and secondary iron lapgedances are connected in
parallel. Hence, equivalent secondary impedanaaresf to primary winding can be
found by using classical circuit theory as below.

ZFe(Sn)ZAI (Sn) L

S ) za) T 3

where; n=0,1,2......... I

The equivalent secondary impedance depends oriphansl should be determined
for each slip value in the case of the differentrating conditions. To do this, each
column vector obtained from (4.32) is substitutatbi(4.35). However, it is not

appropriate to calculate the secondary equivalapedance in this way due to the
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mathematical constraints. After some required akjebmanipulation, the secondary
impedance model has the form:

APy =d® (4.36)

— (n 2
where A" =| X® +L and d™ = JZWOZX (Sn f) Kk, L
)d. K,%(n)d r

al

where X" represents each column vector obtained from thatanqu(4.32) and is
the equivalent secondary impedance value. The coluattor X", which actually

holds secondary impedance values for each slippeaihown as:

Zeo(s,) = X (4.37)

So, this model represents the secondary iron impedand can now be evaluated by
the least square solution for the equivalent seagnuinpedance. To utilize the least
square solutiomd", which represents column vector, should be transpoeen, the

(4.38) is obtained to solve tlyevalue that stands for the secondary impedancbdy t

use of least square solution.
-1
y= ((A<“> J A<“>) (An ) g (4.38)

The rest of the parameters required to evaluatevalgat circuit technique, i.e., the
specific primary iron losses, primary impedance aidgap voltage, should be
obtained. The specific primary iron core loss, whis represented witlRe, iS

characterized in (4.39).

_m?k
RFe - AP ad

Fe

(4.39)

Where APR., is the core loss of the primary. On the other hahd other required

parameter, i.e., the primary impedance,iZ calculated with the same way as in the
rotary induction motor. As for the air gap voltagdiich has to be calculated to take

the end effect into account, the air gap voltagebtsined and multiplied by (1gk
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Thus, to validate of the proposed method, the gtstate thrust of the SLIM is
calculated to compare the experimental results ethex calculation is carried out by

using the following equations.

TS RLACY (HCS (4.40)
s.Vs

where

R, (s,) =real(y) 4.41)

15(s,) =w (4.42)

Now let us express the electromagnetic power trétenof the primary to the

secondary:

P.= % (4.43)

The mechanical power can be deduced from this egjme:

P

e = Penll=s ) (4.44)

And the efficiency is expressed as:

P P

=_—me - 4.45
,7 I:)em-'-AF)prim Pa ( )

Pem andPre are the total electromagnetic and mechanical ppwespectively. They
are calculated by taking account of the most dotimgaspace harmonic®, is the

total electric output absorptive by the motor aiid,, is the total active losses in
the primary such as:

APy =MR 12+ AP, (4.46)

prim
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In addition, the efficiency and power factondos¢) is also a performance

characteristic of SLIM, which also noteddW/KVA), can be defined as:

KW / KVA= 77 cosp :% (4.47)

a

For the calculation of the normal force, an empiriftormula suggested in [2] is

used and it is given by:

szmyg vaxg
F,=—"2Ap-—"9F, (4.48)
41“0 vayg

WhereA, is the equivalent transverse surface of the pgmadrich takes account of
the semi slot filled in the linear machines. Iteigpressed by (one addsx if the

length of the primary of the linear motor is largbéan 27p in the longitudinal

direction (x)):

Ap=(21p+Ax) W<L+2g ;
Ap=(2p+Ax)(L+29) W>L+2g. (4.49)

andBmyg it is the amplitude of normal induction in the-gap by taking account of

the saturation and the longitudinal end effeas &mpirically given by [2]:

Evms(l B ke )

= _—wmst-_ Do) 4.50
™9 Ag a, INK 1L (4.30)

where

1-k
g, D”\/Eex “ and @, 02K M
4 18
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4.7 Conclusions and Remarks

Here, an attempt has been done to develop a nexagbpto obtain the secondary
impedance of the SLIM. Section 4.6.1 presents #iaild of the novel approach and
this section will study the relationship betweer ttbtained secondary impedance
with speed and thrust variations as a consequehtifeeadequate treatment of the
saturation effect and permeability.

The relevancy between the secondary impedance whidbtained by using the

proposed approach and speed is depicted in FigbiréAd can be seen in the figure,
when approaching the synchronous speed, the segoimdpedance stays nearly
constant; however, it decreases sharply near thehsynous speed. This is an
expected effect of the wave impedance concept sireehange in the permeability
of the iron is minimal until the penetration dep#aches the half of the thickness of
the iron. Moreover, when the penetration depth gmtse half of the thickness of the
iron and approaches the exact thickness of the modecrease in the secondary

impedance initiates. Once the penetration deptbhesathe exact thickness of the

R

iron, a sharp decrease occurs.
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Figure 4.5 Secondary impedance vs. linear speed of CIGGT SLIM
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Since the secondary impedance is not a value #watbe measured during the
operation of the SLIM, hence, thrust value showddemployed in evaluation of the
secondary impedance. As a result, the proposedoagiprcan only be validated
through the thrust values of the SLIM.
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hrust, (M)
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40 20 0 20 40 60 a0
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Figure 4.6 Simulation results for performance of the CIGGTISL
Experimental points: + 40 Hz, x 28 Hz, 0 18 Hz,I*Hz,A 5 Hz

Figure 4.7 depicts the curves of thrust values ralteg to linear speed for constant
frequency, e.g., 5 Hz, 11 Hz, 18 Hz, 28 Hz and 40nHere experimental results at
each frequency is given with a separate symbatjesrcorrespond to the results at
5Hz, plus signs to 11Hz, crosses to 18 Hz, sta8télz and circled-plus signs to
40Hz. The dashed lines represent the results of nsethod and straight lines
correspond to the results of the CIGGT SLIM study from the literature. The
results of proposed method are observed to be wd gaccordance with the
experimental results of the CIGGT SLIM. Notice thed seen in the figure, there is a
good match between the objective model and thdtrestihe proposed method in 40
Hz frequency. As far as similar studies in therditare are concerned, as to the
authors’ knowledge, the proposed approach is thst mificient method studied in
this frequency while it sacrifices computationaéeg on behalf of a more precise
performance. At frequencies below 40Hz such as 18hidx 28Hz, however, the

results of the proposed method are observed tdidielg poorer than the results of
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the CIGGT SLIM study. This is mainly caused by teors during the linear

approximation to estimate the secondary iron impeéat lower frequencies.

As a result, a new approach has been introducedight be efficient when used
for design and analysis of the SLIM with a widegarof applications by adequately
treating the electromagnetic phenomena. The nowaribution is the utilization of
the least squares approach for linear approximatororder to calculate the
secondary impedance. The simulation results sudbasthe proposed approach is
efficient to improve the accuracy in thrust caltwlias. Since the proposed method is
observed to be computationally intense, futureiesidf the method will include the

evaluation of the optimization techniques to overedhis disadvantage.

In Figure 4.7, while the variation between thruatues and speed are given, the
results of the proposed method are compared wéledperimental results and it is

observed that our results are satisfactorily inoedt@nce with the objective model.

Whereas, Figure 4.8 depicts the curves of theioalstiip between thrust and speed
for the proposed method. It is seen that the residilthe method are also close to the
points that correspond to the experimental results.
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Figure 4.7 Simulation results for performance of the CIGGTI8lat different air
gaps. Experimental points: + 20mm, o 17.5mm, x 15mid2.5mm
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CHAPTER 5
ANALYTICAL DESIGN OF SLIM with the AIDED of COMPUTE R

5.1 Introduction

In fact, the design of the electric motors is difft task due to the having non-linear
structure and complex geometry. This task can lveedaout by the aid of the

computer nowadays. The computer aided design éotred machine consists of two
elementary stages. One of them is the selectidheotructure and another is the
dimensioning of the motor. The structure selectiothe first stage of the design is
chosen according to the condition of use. The stiage of the design is to
dimension of motor which is generally not lineardadoes not have a single

solution.

In this study, the first stage of the electric mmalesign with the aid of computer is
deduced. The second stage of this task is the tolgeaf this thesis. This means that
the dimensioning and the performance of the mdbtained from these geometrical

dimension and electrical specifications are deteeahiby the help of computer.

The design of the single-sided linear induction ana$ regarded as a problem of
synthesis. The analysis can be performed by analytic softwame, then the design
can be achieved by using the analytic softwarehm way of the synthesis. In
chapter 4, the analytic tool was developed for @nalysis of SLIM. And this

software is significantly validated with the expeental results obtained from large
linear induction motor (CIGGT). Thus, this analysisl was developed thereafter to
implement the computer aided design software. Tdmputer aided design, which
is primarily based on the developed analytical tabbbw the simulation and finding

the best design for the necessary characteristidsparformance to be optimized

with respect to technical constraints requiredh®ydpecifications.
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In order to obtain more competitive and effectiesidn, all chosen parameters for
constraints should be related to the performancéhefmotor and an objective
function to be optimized. The dimensioning of thetan by the help of computer is
treated by an iterative process based on the segral possible solutions space in
the case of the objective. All solutions are starethe memory and searching the
required parameter in it according to an objecfiuection. The design with the aid
of the computer make the automatically explorapossible in all possible solution
set for the objective function to be optimized. &bing the required parameters
respecting all considerable constraints is easly thié aid of computer. Nowadays,
design optimization of SLIM is carried out takingto account the various
electromagnetic, thermal, and mechanical phenomeitiain the motor to be
designed and optimize the performances by seekivggtar solution. The improving
the efficiency and power factor product for low sgpe&SLIM was studied [55] for the
initial motor design using multi objective optimtican method. In this study the
longitudinal end effect and core loss has not liaken into account due to the low
speed In the design of the SLIM, the magnetic saturatior kbngitudinal end,
transverse edge, skin, hysteresis effects withen $hIM should be taken into
account, because a computer-aided design requirgmweerful tool for the

electromagnetic analysis within SLIM.

The enumeration method is used to get the requezdmeter for the design of
SLIM. Nevertheless, if the high number of paransete selected to optimize for
better designing of an electric motor and in additio that if each of the parameters
have different values, the computing time increassy much with the increase in
the iterative processes. Because of that, the pdeasnto be optimized should be
determined by being familiar with know-how relatit@ythe design of the motor. If
the schedule of condition is too constraining oreafistic, the existence solutions
cannot always guaranteed. Moreover, the necessdrgracteristics and
performances must be optimized, with respect totethnical and/or economic

constraints required by the specifications.

MATLAB package software (Release 14) has been tsatkvelop new analytic
design software of SLIM by using M-file programmiagcording to the explained

above realistic estimations in this study. Thisvlsy; it includes lot of facility tool
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and flexibility to develop the engineering applioas. The developed software with
the MATLAB is embedded into VC# .NET framework 20@Bbe user interactive.
For this aim, the user interfaces is prepared fgomomic usage by using C#
framework 2008. A SLIM is designed by the newlweleped user interactive

software.

5.2 Electric machine design

The design of the electric machine is not an eask to realize. Because the model
of the electric machines generally have complewcstire and mathematical model.
In the standard process of electric machine desitinthe aid of computer is shown
in figure 5.1 [58]. The designer has to change yeveput data in the standard
procedure until getting best design results withl &aind error. The computer is being
used as calculator. There is no automatic exptorati the design and optimization
process. In addition to that, the optimization gsxcis time consuming in the manual

case.

The design procedure shown in figure 5.1 is ndable for the design of the electric
machine with the aided of computer. The computéedidesign of electric machine
should be used more effective. This effective usagdown in figure 5.2 [58]. The

computer does most of the work of the electric nreechlesign. The designer must

input a set of parameters and their bounds (miax/malues) only.

5.3 Design methodology of SLIM

The design stages for SLIM is the same as othastrelemachine design. The
structure of the SLIM with double layer secondaag been presented in the chapter
4. The second stage is the dimensioning of the Sktkicture. The original
dimension of the SLIM can be determined by thetimgahe seizing equations [2] in
a logical order and the optimization method is eggpto the original design of the
SLIM to improve the objective function respectingetconsiderable constraints

required by predetermined specifications.
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Figure 5.1 Classical procedure of Electric machine design

5.3.1 Dimensioning of SLIM

Together with determination of the structure of $1dM with double layer which is
presented in the chapter 3, the dimensioning cgreddermed. The design of SLIM
begins with the calculation of the main dimensiohthe primary side and secondary
side. The determining geometrical parameters gaigfthe performances and
relating to the constraints previously defined he tlisted of conditions. The

geometrical parameters to be able to optimize Mergiin figure 5.4. These

geometrical parameters consist of the pole pitctne primary core length, width

of the primary coré\,, and air gajg. As for the secondargide consists of width of
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the back ironW, overhang width,,, overhang thickness,, the thicknesses of the

conducting plately and the back irod;.

Designer
(min. / max. values of parameters)

!

Computer

Modification of input
data

Program- Calculation .
of electromagnetic Required parameter Final Result
circuit reached?

A

Evaluation of output
file

Figure 5.2The more effective design procedure of Electric imae design

In fact, design is regarded as a problem of syigh@sis means that the operation
Y=AX should be performed [7X represents set of input data ands the set of
output results. In this systerdy is the mathematical model. The dimensioning
problem is the reverse operation according todpgroach. In order to calculate the
dimension of SLIM and its performances, the progoseethod in the equivalent
circuit technique presented in the chapter 4 han hesed. This model allows the

quantitatively to join the expressive parametersaofsystem (geometrical and
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physical) with the characteristics parameter of NbL(power factor, efficiency,

output power etc.).

Mathematical Model of
SLIM

X (input data) >

Y (output data)

Figure 5.3The simple block diagram of the SLIM system

5.3.2 Procedural calculation of the dimensioning

An algorithm can be developed to dimension of Slbylthe treating the seizing
equations in a logical order [7]. The dimensiontag be obtained from this equation
by using simple mathematical problems instead aigwated numerical algorithm.
In order to improve dimensioning, the correct chdtian of the dimension is made
with the test and loop. This algorithm is usualBed in the design of the electric

machine

5.3.3 Optimization of the dimensioning

Another alternative algorithm is the optimizatiomeowhich is used to dimensioning
the electric machine. Indeed, if the schedule ofdd@ns is realizable, there are
infinity solutions to dimensioning of electric mawch in general. But it is tried to
seek the best design in the solution set by opingiza performance or a
characteristic of the electric machine to be dinmred such as output power, power

factor, efficiency etc....

The optimization problem in electric machine is pmsed of the objective function
to be made extreme (minimal /maximal) and of alhstaints in the form of
equalities and/or inequalities, which can be linanot linear, implicit or explicit, to

respect.
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An optimization algorithm starts from the initiagsign ( structural or dimensioned)
then adjusts all of the parameters by iterationl tim¢ objective function reaches its
optimum while respecting all constraints imposed daheduled conditions. This

approach is appropriate for improving an objectivgction for the initial design.

The optimization problem can be formulized as maidgcally. The optimum design
of an electric machine means the finding a commnadf the independent variables

X=(X1, X2, vevnns %) in such a way thd(xg, X, ...... %) is an extremum [7] and

P(%, %y, ;) O D (5.1)

where:F is the objective function, m is the number of ghtes,P is the point in the
space of independent variables @hds the set of feasible designs which satisfy the
constraints. A solution set is determined with #n@ of constraint functions which

described as;

for j=1,2,3,..1 andl is the number of constraints.

The criterion for the optimization depends on thguirements and can be the power
output per mass, cost or volume of a machine. Aelanumber of independent
variables can be limited to the dimension of theynedic and electric circuit in the
case of the induction machine [7]. The efficieqprpduct power factor, tooth flux
density, starting thrust, material weight and voducan be also the optimization
criterion. The defined above equations for the roation problem, which are
presented in general way, can be also formulatetth Wie other optimization

techniques for particular design optimization peoil
The objective of this study is to get the initi@sthn of the SLIM. In order to get

local optimum value in the design of SLIM for theéven specifications, the

optimization procedure can be obtained from thevalmme in simple manner.
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Linear induction motor suffer from two major drawka, such as low efficiency and
power factor which cause more energy consumptiomisa input current and
occupation of transmission lines capacity [3thoughin most cases improving the
efficiency or power factor has an adverse effecttloa other one, the objective

function can be selected as efficiency product pdaetor (7 cosg ).

..‘r_._
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L i

i

S 2

I dir dal =

Figure 5.4 The structure of the SLIM with double layer and dsometrical
parameters for constraints

During the optimization process, the optimizatiégoathm can be adjusted to find
the rest desired structural parameters which inftee considerably with the
characteristics of SLIM. These parameters are ngnaél gap ¢), pole pitch ¢),
thickness of the conducting platdyf, thickness of the back irom(), transverse
length of the back ironV{) and slot heighthy). The remainder parameters of SLIM

can be expressed in terms of standard value ogrdesriables [18].

Choosing the variables to be optimized and theacheof variation are important.
The variables to be optimized can be various naamc it can be its geometrical
dimensions, parameter of food etc.. . In this stulg objective function is chosen
in order to maximize the average gfcos¢ of SLIM in the stable area. The stable
area is between zero and critical slip value whaohrespond to maximum thrust
value. The structural parameters which influencetlom performance of SLIM

should be investigated for choosing design vargahbleptimization process.
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5.3.3.1 The Influence of some design parameters tre performance of SLIM

The influence of the some design parameters onp#réormance of SLIM is
investigated by means of the simulation resultsirggetfrom the design data of
Canadian Institute of Guided Ground Transportati@GGT) LIM. These
simulation results are obtained by using the aratgiol for the analysis of SLIM
which is developed and significantly validated. Tkéect of some design
parameters on the performance of SLIM is investigdty changing their values
around the design ones. These design parametetakarme as the thickness of the
back iron ), thickness of the conducting platé, () and the air gapg]. These
parameters change in the normal direction and belorsecondary side of SLIM.
While one parameter is changing, others remaiheatlesign values. The influences
of the chosen design parameters on the thrustciesfly, power factor and
efficiency product power factor are evaluated famstant current 1=200 A,
frequency f=40 Hz, overhang widtin,=33.9 mm, the back iron wid¥=111 mm.

In this investigation, the parameters to be ingeséd vary around the optimum

design values while the rest of them remain thgimal design values.

In order to obtain the target thrust value at tted speed in case of optimization,
the design variables and its increment in the ranfeconstraint should be

determined. For this aim, this investigation is amplished by means of the
simulations using the developed analytic tool foalgsis of SLIM. In fact, it can be

interested in a great number of design variabléssblution cannot be guaranteed
and computing time is enormous. Because of thatensensitive parameters to
performance of the SLIM should be chosen to rehehtarget thrust in case of

optimizations.

In order to evaluate the back iron thickness, itcréte values are taken around
optimum value. In Figure 5.5 shows the influencehef back iron thickness on the
thrust vs. speed characteristics of SLIM. It maynoted that the variation of the
performance for these discrete values is lesstsensthis situation can be clearly
seen in table 5.1. The values in table 5.1 areirdadaat 0.21 value of slip which
corresponds the maximum available thrust valueCi@GT LIM. As the thickness

of the back iron decreases, the maximum availdilest decreases.
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Figure 5.5Variations ofThrustvs. Vr (linear speed) curves at different thickness of

back iron ).

Because the back iron serves to carry the air lgapaihd reduces the magnetizing
current. Hence, reducing the thickness of the b@ack thickness means that
secondary current increases. This leads to incrieageust of SLIM in accordance

with the equation 4.40.

In Figure 5.6-5.8 are shown the variations the pofaetor, efficiency product
power factor and efficiency with the back iron #mess respectively. It is observed
that the variations of these performance valuds2it value of slip is less sensitive

to the variation of the back iron thickness arouaaptimum value.

Table 5.1 The performance values at discrete values of tieis& of the back iron

dir (mm) Efficiency Power factor Thrust (N) | /7Co<¢
20 0.5774 0.5772 1616 0.3332
25 0.5872 0.6081 1724 0.3571
25.4 0.5878 0.6100 1730 0.3585
30 0.5930 0.6279 1792 0.3724
35 0.5954 0.6363 1821 0.3788
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Figure 5.7 Variations of Power factor product efficiencys. Vr (linear speed)
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Figure 5.8 Variations of Efficiency vs. Vr (linear speed) curves at different
thickness of back irordg).

In figure 5.9-5.12 shows the influence of the timeks of the conducting plate on
the performance of SLIM. It is also clearly seeatttihe variations of the thickness
of the conducting plate at discrete value is lessiive in the stable area. But it is
sensitive for the starting thrust. It can be evidafor the optimization of the
starting thrust. If the thickness of the conductpigte increases, then secondary
resistance is also increases. This situation afféwt end effect resistance. The end
effect resistance increases with the increasingsdm®ndary resistance so that the
maximum available thrust decreases with the inangashe thickness of the
conducting plate. But it is also observed thatttirast value at 0.21 value of slip is
around the designed value (1700 N). The variatioth® performance is shown in

Figure 5.2 at discrete value of the design paramete
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Table 5.2 The performance values at discrete values of thedwcting plate

thickness
dat (mm) Efficiency Power factor Thrust (N) | /7C0<¢
2 0.5841 0.6068 1689 0.3545
2.5 0.5878 0.6100 1730 0.3585
3.0 0.5881 0.6048 1734 0.3557
3.5 0.5869 0.5959 1720 0.3497
0.4
0.35
2 mm
2.5mm
0.3-
3 mm
5 3.5 mm
§0.25
g
%0_2,
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Figure 5.11 Variations ofEfficiency product power factovs. Vr (linear speed)

curves at different thickness of conducting plakg).(

In Figure 5.13-5.16 shows the influence of the gaip- on the performance
parameters of SLIM. In table 5.3 shows that wHile &ir gap increases, thrust value
decreases. In fact, there is the relationship betwke effective air-gapy(, pole
pitch (7 ) and magnetizing reactance. This relation is showeguation 4.25. If the
air-gap increases while the pole pitch remains teotsthe magnetizing reactance
increases. Hence, the magnetizing current becomadies and the power factor

improves. Depending on this results, Thrust valse mcreases with the increasing
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the secondary current (equation 4.40). The effeyen also increases when air-gap
increases. In point of fact, the air-gap is gemgrédrge compared to rotary
induction motors in order to maintain safety anary and secondary supporting
structure. Consequently, if the air gap cannot laelensufficiently small, the pole
pitch should be smaller. However, the sizera$ limited in accordance with the
length of the motor. Finally, the air-gap is morenstive to the performance
parameters of SLIM. It is also noted that air-gagd the pole pitch can be taken into

account as design variable in optimization.
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Figure 5.12 Variations ofpower factorvs. Vr (linear speed) curves at different

thickness of conducting platds).

It is also observed that the high thrust is achdewah the smaller air gap and
increased the secondary back iron thickness anducting plate thickness. The
efficiency product power factor is around the optimvalue even the variation the
thickness of the conducting plate and of back iBut the variation of the air gap
affects the all performance parameters. This m#aatsair gap is more sensitive to

performan ce parameters.
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Table 5.3The performance values at discrete values ofitlgap

d (mm) Efficiency Power factor Thrust (N) | /7Co<¢
10 0.6269 0.7729 2291 0.4846
15 0.5878 0.6100 1730 0.3585
20 0.5433 0.4902 1310 0.2663
25 0.4964 0.4052 1005 0.2011
2500 ‘
N\
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Figure 5.13Thrustvs. Vr (linear speed) curves at different air ggp (
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5.3.3.2Design Optimization in the SLIM by using Enumeratian method

The Enumeration method have simple principle tisafimited space search or
infinite but discrete. Enumeration algorithm evaésathe value of function to be
optimized in each point of the feasible space smist The use of such an algorithm
Is interesting when the number of points is noluerportant. But in practice much
of research spaces are too large so that comptimng is very much. The

disadvantages of this method are that it is not@ppate for great dimensions. And
also this kind of methods is not guided by reasgpminan intelligent process without

sweeping all the space solutions to find a goodtswi [49].

In this method, the discrete space exploration wiscdelimited by the feasibility
intervals imposed on the parameters to be adjustadcrementing the variables to
be optimized. If the number of variables is fowr (instancey, W, diranddal) and
the number of incrementation for each variableeis the space of solution is too

vast. Total combination is 10000 for this situatidhe computing time will be large
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even in the space of solutions. It takes about lmmered sixty six minutes even
computing time is only one second for each comlmnatThis time can be
acceptable for optimization software but not fag g#oftware to be developed in this
study due to the initial design consideration. Bseaof that, the number of the
geometrical or physical parameters to be optimstealld be chosen as possible as
less.

This optimization method can be applied to lochtedptimal solution of the design
problem among the explored combinations in the c&#iee objective function in the
existing geometrical constraints. In the discrgtace solutions for each point, which
is obtained by taking into account of the stepsvafiation of the variables to
optimize, is explored for the best result accordiogthe objective function. The
structural parameters and some characteristics Lo Scan be optimized for
different target thrust values by using this methothe presence of the constraints.
These constraints can be summarized in table Hd.structural constraints can be
expanded to other structural and physical paramdgrch as, the ratio of slot
opening to slot pitch). According to the investigat of influence of the design
parameters on the performance SLIM, the air gamast critical design variable

imposed on the efficiency product power factor (sgare 5.16).

Table 5.4Some structural constraints (u.b. =upper boubdjdwer bound)

Mechanical air gap (mm) [.b.<g<u.b.
Secondary back iron thicknesarQ) l.b.<di<u.b.
Secondary conducting plate thickness (mm) Idy<u.b.
Secondary back iron width (mm) |.W&u.b.

This method seems to be implemented easily forgdesoftware to be developed.
The air-gap is determined as the design variabléeooptimized for objective
function (efficiency product power factor). It che expanded the design variables
to be optimized.
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5.4 Design of SLIM with the aided of computer

A new design algorithm of SLIM is developed basedtloe developed analytical
tool for analysis which is presented in chaptemdorder to design of SLIM, two
different design algorithms can be considered ddipgn on excitation type; i)
Constant current excitation , ii) Constant voltayeitation. In this design concern
of SLIM, it is assumed that source of feed is gblbered from the space harmonics.
These two algorithms are applied by using MATLARkege software release 14.
The purpose of these algorithms is to get the giegign according to the given
specifications. This developed software for desifBLIM consists of five different
functions. They are as follow: i) Independent ofpS{IOS) ii) Boundary, iii)
Maxwell, v) End effect, vi) Equivalent circuit. &hmain function reads the input
data and calls these functions in consistent caddrproduces results for the input
desired values. The user inputs the target thfegt dnd linear velocity \(r) then
this program calculates required geometrical patarsg¢o dimensioning of SLIM
and calculate the performance characteristics dMSat the given specifications.
All results are stored in the main memory, and therformance characteristics are

simulated.

The flowcharts of the developed software with teag of M-file programming for
the design of SLIM are presented for constant otrexcitation and constant

voltage excitation.

5.4.1 Independent of slip function (I0S)

In this function, the primary winding resistanceyrie 4.26), primary winding

leakage reactance (eqn. 4.27), the differentiakdga reactance neglecting the
saturation of the magnetic circuit, Carter's caaffint (eqn. A.l), equivalent
conductivities (eqn. A.9) and other parameters ithdgpendent of slip variables are
calculated. These calculations are performed byguirmulas which are given in

appendix.
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5.4.2 Boundary function

In order to get high precision for the calculatiminthe performance of SLIM, the
longitudinal end effect must be taken into accodie longitudinal end effect can
be included in the calculation of the performancesvo ways. In the equivalent
circuit of SLIM, The end effect can be representather as an end effect
impedance which is connected parallel with the neéiging branch or reducing
electromotive force (emf) on primary phase windmith the coefficienke, ( see on
figure 4.4). In this study, the longitudinal endeet is represented with the reducing
electromotive force on the primary phase windinge Talculations are performed
according to this representation. In fact, ther@asdifference between these two
representing for the calculation of the performanaeSLIM. The end effect factor
must be calculated correctly. In the SLIM, thera isertain speed which is between
the zero and synchronous velocity. This is calkmlindary speed. In the
calculation of the performance of SLIM, the longlitual end effect doesn’t take into
account until the velocity is reached the boundsgrged. In general, this speed is
determined the formula which is given in appendiut in CIGGT linear induction

motor, this is determined as half of the synchrenspeed \{, = 05V,). There is a

phase angle difference between the fundamental wen@duced by primary phase

winding and the entry end wave which is represebiad) ( the details are given in

A5) . In this function,d, is calculated as an input to the end effect fumnctio

5.4.3 Maxwell function

The saturation factor and non-linear complex magnetrmeability of secondary

back iron are calculated in this function. To cédtel these factors, two-dimensional
distribution of the electromagnetic field in the gap, in the conducting plate and in
the secondary back iron should be calculated firee obtaining peak values of
electric and magnetic components are sufficierlaioundaries. Since the electric
and magnetic quantities are necessary for caloglathe equivalent circuit

parameters. The primary resistance and reactarceadculated as in the rotary

induction motor. However, the calculated paramefesach as equivalent relative
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permeability, propagation constant..) in this fumrctare related to the calculations
of the secondary impedance and magnetizing reaetanc

The solution of the electromagnetic equations ia #olid back iron is very
complicated because of the non linear magnetizatibaracteristics. In the
calculation of the non linear complex magnetic peahlity of the secondary back
iron, two coefficientsdg anday) should be determinedr anday represent the active
power and reactive power loss in the secondarl ban. These coefficients for the
used material in the secondary back iron are déteanby the interpolation
techniques in this function. In order to take irgocount non linear magnetic
permeability and hysteresis effeag is multiplied by the resistance or active power
loss of secondary back iron and represents theegptiwer loss andy is multiplied
by reactance or reactive power loss of secondack ran. But in general these
coefficients are taken into account in calculatiosith the average values.

The saturation factor and the non linear magnedrengability are calculated in this

function together. First of all, the saturationttaads initialized with 1 , =1) and

magnetic field intensity at the surface of the selewy back iron on the side of the
primary is assumed to be equal to the line curdmsrisity. The corresponding
magnetic permeability is found by interpolationngsthe magnetization data of the
secondary back iron. The new magnetic field intgnsit the surface of the

secondary is calculated and compared to initialeaind the difference is leveled in
an iterative loop with the maximum error of 0.1 %he convent iteration technique
is used and the assuming the relaxation factogqusleto unity. In that assumption,

fast convergence is obtained. This function is sanmead with the below algorithm;

1) Initialize the k, =1 andH=Am. Anis the line current density and is the

magnetic field intensity at the surface of the selawy back iron.

2) Find the magnetic flux density and actieg)(and reactive lossaf) coefficient

correspond to magnetic field intensity from magzieg data.
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3) Calculate the complex magnetic permeabilityexfondary back iron correspond
to initial value of magnetic field intensity.

4) Calculate the magnetic field new magnetic figltensity with using obtained

magnetic permeability.

5) Calculate magnetic voltage drop for each pamofor

6) Calculate saturation factor using the equatgimen in appendix.

7) Compared the calculated and assumed magnelit ifieensity with the 0.1%
error ((Hc-Hi)>0.1%).

8) Until the convergence is attained, the iteratsooontinued.

The details in this function has been given inisact.4.

5.4.4 End effect function

The longitudinal end effect factor is calculatedhrs function. This factor must be
taken into account to get the high accuracy ingreréince calculations. In fact, the
longitudinal end effect can be taken into accoumttwo ways as mentioned
previously. The end effect factor is representeddyhich is calculated using the
equations given in A.5. In calculations of the @ffiéct factor, some sub functions
are used. The secondary resistances and reactaraisoi calculated to find the
equivalent thickness of the conducting plate. la literature, three methods are
developed for the determining of the equivalentkhess of conducting platdg).

In the end effect calculations, the first methodalihis given in A.5, has been used.
In this method, the real part of impedance of aofiygtical layer (A.29) with
thicknessdr' is made equal to the real part of the equivalempeidance of two iron

and aluminum parts (4.35).
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5.4.5 Equivalent circuit function

To calculate the performance of the SLIM, the egl@mt circuit parameters are
used. Before the performance calculations, thevetgnt circuit parameters are
calculated. The magnetizing reactance and seconagrgdance are depending on
the slip. These parameters for each slip valualisutated taking into account the
longitudinal end effect, saturation effect, hysseseeffect in the secondary, slot
effect, non-linear magnetic permeability in thisdtion. The longitudinal end effect
factor in T-type equivalent circuit of SLIM is uséor the reducing electromotive
force on the primary phase winding. These equivtalgouit parameters are used to
calculate the performance parameters. The inpueryrsecondary current, thrust,
normal force, input power, output power, losseficiehcy and power factor are

also calculated as a function of slip.

5.4.6 Initialcurrent function

For constant current excitation type design, consigut current is estimated on
the basis of input voltage (V), the primary resis®@ R and the primary leakage
reactance X where magnetic saturation is not taken into actothis function

estimated the primary constant current. This vaémeains constant for each value

of slip.

5.5 The software infrastructure of LIMCAD

The core of the Limcad (Linear induction motor witie computer aided design)
program is constructed with MATLAB package softwaffeelease 14) since
MATLAB offers more scientific facilities than anytteer programming tool does.
On the other hand, it is more appropriate not te MAATLAB for the task of

preparing the user-interface of Limcad. The masso® behind this decision was
the MATLAB is a powerful programming tool designéd develop academic
software in which the main focus is the algorithself neither the user-interface nor
the user-friendliness of the developed softwareredeer, MATLAB does not

include as rich user-interface options as manyhefwisual software development

tools provide nowadays. Thus, it is decided to anmnt the core of the program
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with MATLAB and Graphical User Interface (GUI) dfd program with a visual

programming environment.

The GUI of the Limcad application, thus, is prepareith Visual C#.NET. The

Visual Studio .NET 2008 is selected for the IntégnaDevelopment Environment
(IDE) for developing VC# programs. VC# is the orfetlee choices that it can be
deployed into MATLAB applications after creating Mles and packaging the
application into the exportable format. The othéwoices are Java and Excel
environments. MATLAB can package any M-File intoAdindows DLL file that

VC# environment can handle. In fact, MATLAB prepatee M-File as an Object
that some Object-Oriented Programming (OOP) langsiayich as Java, VB.NET
and C# can utilize. As a result, VC# as an OOPlagh-level language is a good

choice of visual programming and embedding MATLABgrams into a GUI.

The Limcad applications require the .NET Framew@rR and the MATLAB
Component Runtime software packages to be installedcad is tested against

.NET Framework 3.5 and is observed to successiik with it, as well.

5.5.1 The User-Interfaces of LIMCAD

The Limcad software is organized for the ergonounsage. It consists of the title
bar, menu bar and project area. “File”, “MateridRun”, “Curve”, “Post Process”
and “Help” menus exist in the menu bar. In “Fileénu has the submenus consists
of ‘New, Open, Save, Save as, and Exit'. These suns have functions of opening
existing project or new design project, saving &xgs design project and exit to
program. These submenus are shown in Figure 5.19.

In “Material” menu, three submenus exist. They @are loss, Wire and B-H
submenus. These submenus are prepared for theiatsatesed in the SLIM’s
primary side and secondary side. The material daghbs constructed for the
materials used in the primary and secondary silesd& databases contain the data

for primary core loss data, wire data for used impry winding and secondary
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back iron material data used in the reaction rHilese submenus are shown i

Figure 5.19.

Material  Rum  Posk Process  Help

[ew

Qpen...

Save

Save As,..

Exxit

Figure 5.19Submenus of “Menu”

t LIMCAD
Material | Run  Post Process  Help
Corelass
Wire
B-H

Figure 5.20Submenus of “Material”

File  Material Post Process  Help

Analytical Design

Parametric Analysis

Figure 5.21Submenus of “Run”
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Once the required parameters for the design of Sinjpit the program via User
Interface, these submenus will be active. Thesensualis are shown in Figure 5.21.
“Analytical Design” submenu is launched the desigmtine in the program.
Parametric Analysis submenu is also launched tlaysis routine in the main

routine.

55 LMCAD

File  Material Run | Posk Process

13 Design Cukpuk
21 Performance Curve

3 Wigw winding layout

Figure 5.22Submenus of “Post Process”

In” Post Process” menu contains three submenusy Tdre Design Output,

Performance Curve and View winding layout. Thesensenus are also shown in
Figure 5.22. When the required parameters inpuptbgram, the analytical design
is launched from the Analytical Design submenu imRnenu. Then the program
produces some outputs such as efficiency, powe¢orfaated thrust, normal force,
weight of the motor, the dimensions of the motane@f them is the design output
into a file. This file contains the design data fthre SLIM at the given

specifications.

5.5.1.1 The new project interfaces of LIMCAD

The design of SLIM is based on the project in doffware. The input parameters
for SLIM input the program via the user interfa¢®wn in Figure 5.23. The user
input the required parameters to the program infdhe headers. They are General
data, Stator, Winding and reaction rail. Under Gehelata header, the rated
parameters, air gap boundaries, input frequengytinoltage, number of pole, stray
loss, stacking factor and operating temperaturebeaantered into program. Stator
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header contains the parameters to input the slatar They are as follow; primary
core width, height and number of slot are the inpartameters. And primary slot
dimension is also input parameters under the stegader. The dimension of two
slot structure can be selected for the design dMSIn fact, open and semi open
slot is used for SLIM. These slot structures ak@shin Figure 5.23 ad 5.24.

)
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l ‘-
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Figure 5.230pen slot structure Figure 5.2%emi-open slot structure

(0= LIMCAD

File  Material Run  Post Process  Help

‘-'~" Hew Project

General | Gtator | ‘Winding | Reaction Rail

Winding Connection
Boundaries: <g< |0.005

Rated Thrust:
aied Thivs @) ‘e () Deka

Rated Speed [mdsn):
Rated Slip
altage[V]

Number of Poles: () Constant Cument (@ Constant Voltage

Excitation Type

Frequency [Hz):
Stray Lass (W]
Stacking Factor:
Steel Tupe:

Operating Temprature:

Figure 5.25User interface of General header
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Figure 5.26User interface of Stator header
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Figure 5.27User interface of Winding header
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Figure 5.28User interface of Reaction Rail header

In the winding header, there are two winding camfagions. One of them is full

pitch, single layer and number of slot per pole please is one (q=1) and (g=2).
These two winding configurations can be selectedHe primary winding. As for

the Reaction rail header, the dimension of the rsg&xy structure and the material
properties can be entered into program via thig ugerface. In order to run the
analytical design processing, pressing the “OK"tdiutis enough and then click
“Analytical design” submenu under the “Run” menuteh the program runs, the
design output and performance curves are produgedeoprogram. The output for
construction of the designed of SLIM is also praatlidy the program such as

winding layout and lamination.

5.5.2 A design application using developed software

We have been tried to design a SLIM by using depedothe analytical design
software. The required parameters for the desigdlLdifl are shown in Figure 5.23-
5.26. In order to obtain 200 N thrust, linear spBed/s at 0.1 of rated slip value at

constant voltage excitation, the program runs &edoutput results are produced by
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the developed software. The design output can bersin design output format of
the program and of MS Excel format. Design outpan ©e exported to the MS
Excel. Both design output format are given in Fg&.29 and Table A.2. The
performance curves are also produced by the progwaperformance curves of

the designed SLIM by this software are presentdegnre 5.27-5.32.

G- LIMCAD - [Design Output]

o Fle Materil  Run PostProcess  Help -8 X
Yariable Yalue ﬂ
GENERAL DATA
Given Rated ThrustN] 1587582
Given Rated Speed(m/s] ]

Rated Voltage(v] 2183971
Winding Connection Wiyg
Murnber of Poles 4 1
Frequency(Hz) ] 5
Stray Lossfw] a0
Excitation Type Congtant Yoltage
Operating Temperature fis
PRIMARY DATA
Mumber of Stator Slotg 12
Frimary Length(m) 02222 -
Teeth Width[m] 0.0085
Dimerion of Stator Slat
H11{mm] 5
H1 2irnen] ]
%) Expot 5
H14|mm| ]
B [rom) 10
B 4rom) 14
Humber of Conductar per Slat a0
Mumber of Parallel Branches 1
Type of Coils 11
Coil Fitch 0.05586
Wie Diameter(mm) 0.0011
REACTION RAIL DATA
uniniurn Thickness(mm) 0.0030
tir Gap{mm] 1
Backiron Thickness 0.0200 j

Figure 5.29Design output in program format
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5.6 Summary

In this chapter, the electric machine design mettogy with the aided of computer
is presented. The dimensioning of the electric nmecinas been carried out by
procedural approach and optimization. Enumeratiethod, which has been used in
the optimization of the dimensioning of SLIM in shétudy, has been presented. In
order to determine the descriptive geometrical mpetars, the influence of the
geometrical parameters on the performances of SklMvestigated by using the
significantly validated developed analytical took fanalysis. As a result of this
investigation, the air gap is more sensitive patamm performance calculations.
This parameter is chosen as the design variabke ailftgap should take the possible
smallest value by critical constraint. And the @éncy product power factor is

chosen as an objective function.

With this estimation, new analytical design aldamitis developed for the finding
optimum value of efficiency product power factor, gap and thrust. The software
is developed by using the MATLAB package softwaf@en, this software is
embedded into VC# .NET. An example design is cdroet and simulated by new
developed software. It can be designed a SLIM awewide range operating

conditions at various power ratings using this dgwed software.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Summary and Conclusion

Here, analytic design software for a single sideedr induction motor with a double
layer reaction rail has been developed. In thisasok, given secondary geometrical
dimension constraints, i.e. aluminum thicknesskhbean thickness and air gap, the
optimum value of efficiency product power factortisbe calculated to obtain the
LIM’s target thrust and linear speed. To facilitdtées objective, we have used a two
step approach, namely electromagnetic analysigeguaivalent circuit technique.

In the electromagnetic analysis phase of LIM, weehexamined the electromagnetic
phenomena having ignored other harmonics rathem the fundamental space
harmonics. The reason to take into account onlyfiuhdamental space harmonics is
to decrease heavy computational load of algoritfimough this approach, the
considerable cause of longitudinal end effectshenpgerformance of LIM has been
evaluated. And following the result of this assessinthe effect on the performance
of LIM has been noticed to change with variationsinput frequency. As the
frequency increases, this effect becomes signifioarthe performance of the LIM.
In addition to the other effects, saturation andténesis effects have been the main
focus of this study to obtain the secondary impedgparameters in the equivalent
circuit technigue. While examining these two eféeatepth of the penetration of the
wave that is produced by the primary of the LIMeisluated according to the wave
penetration depth concept. While the permeabisitpbtained by a conventional
iterative method, the estimation of the secondampedance is done with a new
contribution of this study. Secondary impedanceacdtually a hard or nearly
impossible phenomenon to measure. As a resuls dfighly accurate consideration,
performance calculations have been accomplishédgim precision and correctness.

The proposed method accomplishes this by usingdifiad Least Squares statistical
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learning method, which is actually a linear appnaiion, to estimate the secondary
impedance. The relevancy between the secondargdamze which is obtained by
using the proposed approach and speed is obsemditas seen that while
approaching the synchronous speed, the secondasdance stays nearly constant;
however, it decreases sharply near the synchrosjoesd. This is an expected effect
of the wave impedance concept since the changeeirpérmeability of the iron is
minimal until the penetration depth reaches thd bhlthe thickness of the iron.
Moreover, when the penetration depth passes tfi@htide thickness of the iron and
approaches the exact thickness of the iron, a deeren the secondary impedance
initiates. Once the penetration depth reaches xhetehickness of the iron, a sharp

decrease occurs.

Since the accuracy of the estimated secondary iamm&dcannot be validated during
the operation of the SLIM, hence, thrust value &thdne employed in evaluation of

the secondary impedance. As a result, the propagpach can only be confirmed
through the thrust values of the SLIM. The thruslues according to linear speed for
constant frequency, e.qg., 5 Hz, 11 Hz, 18 Hz, 2&Hhid 40 Hz, are compared to the
experimental results of the CIGGT SLIM study [1]den different input frequencies.

The thrust values of the proposed method are obddrybe in accordance with the
results of the CIGGT SLIM. It has been observed thare is a good match between
the objective model and the result of the propasethod in 40 Hz frequency. As far
as similar studies in the literature are concerm@eadio the authors’ knowledge, the
proposed approach is the most efficient methodiestluoh this frequency while it

sacrifices computational speed on behalf of a rpogeise performance.

To fulfill the above mentioned requirement for het applications of the LIM, a
computer software has been constructed. The comgpaoents of the software,
which are computationally intensive, are implemdriteMATLAB environment. In
order to present the tools of the software in a-trgendly manner, Visual C#.NET is
utilized to cover the core components of the saftwas a shell. The user is expected
to give command and provide the parameters of #wretl design by using the
visual controls provided by the Visual C#.NET sates development environment.
While the target platform for the developed sofwvas primarily Windows, by the

use of the Mono project that is the effort to pbg .NET environment into Linux,
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our software can be ported into the Linux/Unix eamment successfully. Thus, the
developed software can be seen as a multi-platfoohfor users. The software is

appropriate for the use of motor manufacturersésious applications.

As a result, this thesis introduces a new appra@aachan accompany software that is
efficient when used for design and analysis of 8idM with a wide-range of

applications by adequately treating the electroraignphenomena. The novel
contribution of this work is the utilization of tHeast squares approach for linear
approximation in order to calculate the secondargadance. The simulation results
suggest that the proposed approach is efficienmfmrove the accuracy in thrust
calculations. Since the proposed method is obseiwdr: computationally intense,
future studies of the method will include the ewilon of the optimization

technigues to overcome this disadvantage.

6.2 Recommendation for Future Work

i) The proposed method in the chapter 4 is obsexvdx tcomputationally intense,
future studies of the method will include the ewion of the optimization

techniques to overcome this disadvantage

i) The software can be easily converted to be a softwdouble-sided linear

induction motor

iii) The full pitch (q=1) and (g=2) single layer windinonfigurations has been used
in this software. The winding configurations can dgended to fractional pitch
double layer winding configurations.

vi) Thermal optimization must be included in futunedses.

vii) A test bench for SLIM can be constructed to meassome performance
parameters. This can be compared with simulatiesglts for the designed SLIM

viii) Economical optimization can be included in futstaedies
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APPENDICES

A.l Presentation of the test bench of CIGGT of ‘Quens’&ninversity’

The test bench of linear induction motor was cdrdat with ‘Quens’s University’ in
Canada. This test bench of CIGGT, which was usadlidate the analytical model
presented at the third chapter of this thesissexduo compare the simulations and
experimental results [2]. It consist of a revolviwheel of 7.6 m, which is provided
with a system of guidance, allow a relative moveimbetween primary and
secondary with a speed up to 101 km/h. The two @sagf Figure A2 show the
configuration of this test bench.

The primary of the linear motor which is built st bench consists of sheet steel out
of rolled silicon (M19) a 0.318 mm thickness anfhetor of insulation of 0.96. The
manufacturer provides unit losses iron of 0.65 W{kgrresponding with an
induction B=1T and frequency f=60Hz). The LIM iglfey an inverter with multiline
inverter (MLI) of 200 KVA. More details concernirthe geometrical and physical

characteristics of this LIM is recapulated in TaAle

peg for wheel
gap sensors ""spged <
interacting with measurement

aluminum toil targets
&

i»Ul—

1. 20

plywood rim g}

SLIM of test whee|

support =
structure

Figure Al Overall picture of a revolving wheel 7.6 m in digerefrom O to 101
km/h, test bench of CIGGT and Structure of thedmmotor and of its system of

guidance.
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Table A.1 Design data of single-sided, three-phase LIM$fopulsion of vehicles

Widh of Al cap,w+2wq,

Quantity CIGGT GEC Unit
Pull-out hrust at frequency given beldw, 1.7 0.7 kN
Input frequencyf 40.0 60.0 Hz
Rated phase currerit, 200.0 200.0 A
Number of poles2p 6 4 -
Number of turns per phadag, 108 48 -
Equivalent diameter of conductak, 1.115 8.1 mm
Number of paralel conductors 19 1 -
Effective width of primary cord,; 0.101 0.1715 m
Pole pitch; 0.25 0.20 m
Length of single end connectidg, 0.2955 0.3685 m
Coil pitch, w; 0.1944 0.1555 m
Airgap, g 15.0 18.2 mm
Number of slotsz;(z'1) 54(61) 36(43) -
Width of slot, by 15.0 13.08 mm
Width of slot openingbi4 10.44 13.08 mm
Depth of sloth;; 34.21 61.47 mm
Height of yoke hyy 71.63 50.0 mm
Conductivity of back iron at 2C, 0 4.46 5.12 x10° S/m
Conductivity of Al cap at AT, o, 32.3 ebs x10° S/m
Width of back irony 0111 | 01715 mmm
Thickness of back iromsec 25 4 47.4 -
Thickness of Al capd 4.5(2.5) 3.2
Thicknes of Al cap behind Fe cotg, 12.7 3.2 mm
0201 | 2085 m

CIGGT =Canadian Inst. of Guided Ground Transport, Canada

GEC=General Electric Company, USA.




A2. Carter coefficient

The carter coefficient makes it possible to takeoaat of the primary slot effect. It
increases the air gap. The actual value is thdtreSthe multiplication mechanical
clearence by this coefficient. It must be calcedalby considering an air gap equal to

(g+da). The general expression [7]

k, = Tdsw (A1)

5(g+dy)+s,

Iy

A3. Saturation factor

The classical theory of the electric motors defirtee saturation factor of the
magnetic circuit as being the relationship betwtentotal magneto motive force
and that of the air gap by pole pairs. In the aradymodel given in chapter 3, the
magnetic permeability of the primary is infiniteo $he magneto motive force in the
primary can be neglected. Under this conditiongairation factor of the magnetic

circuit of LIM can be expressed as [50].

j— VV ~ VSV
kﬂ B 2(ng +Vdv) = 2(\/gv +Vdv) (A2)

Where V,is the magneto motive force (MMF) per poles palg, is the magnetic

voltage drop in the air gap,, is the magnetic voltage drop in the conductindgepla

V,, is the magnetic voltage drop in the secondary lrack

{ﬂre cost{Ky20a) e (kszal)} Smh(ﬁ"g )

Ky2 sinh ﬂv (A3)

cosf(sz Da_‘L) + lle sinh(szDal)l'COS’(rgvg):|
Kyv2 2,

My Ky2 {K\a

By
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Vdv j my\/2 X 0, y)dy— JAm{/Jre Sinh(KszDal) _ ::u 1_COS|L(Kv2Da1) (A.4)
\% v2 v2 v2

In order to express the magnetic voltage drop énbidick iron, the average tangential

component of magnetic field flow should be exprdg$txs):

A 1) cods,) (A5)

|q)xvsec(] WIUOIursJ. mX\B(X y)dy WIUO ﬂ |M |

The average value of the magnetic field in the bemk thickness is given by:

|¢xvsec(] — 1 Anv
trIUOlurav dlr ﬁ |M |

H e X) = His cost(ﬂ x) (A.6)

where 1, is the average relative permeability of the seeopntack iron.

Then, the magneto motive force of the secondark bvaa for per pole pairs can be

expressed as:

12A, 1 u
mxvav X=—— T — " A7
j Dtr ﬂvz |Mv|lurav ( )

According to the classical theory of electric mefothe saturation factor has an

effect on the magnetizing reactance (caused thgagiiis increased).

A4. Equivalent conductivity of the conducting plate

Due to the closing currents induced in the secondstive zone, secondary
conductitivity of the conducting plate is correctegt the factor of Russel and

Norsworthy factor.
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tan){,é’v VZ]
kRNv =1-

tanh(,h,) (A.8)
.| veiand 2, Jiant(an,)

This coefficent takes account of the the currertigclvare closed again in the active
part of the conducting plate and actually appaartductivity of the secondary
conducting plate reduces. In general, the thicknelsgshe active part of the
conducting plate differs from that being locatedba both sides of the secondary

back iron (t). Under this condition, the terrtanI"(,BVhov) must be corrected by

multiplying byfollowing emprical factor [7]:

t
1+13>2-.
1 d

al

The equivalent conductivity of the conducting platenodified as follows:

U'alv = (l_ kRNV)O-aI (Ag)
The equivalent impedance of the secondary backig@iso corrected by a factor.
This correction is again due to the close curranthe active part of the secondary
back iron [50].

According to Gibbs:

K, =1+3% (A.10)
7T

According to Panasienkov:

k, =1+ (A.11)

According to Yee:
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,BVW{1+ cot?{ B, VZH

k,, = W (A.12)
[n’VW(1+ coth(g, 2)j -2
According to Giears et al.:
K, =1-9+ 27| ex;{—’—TWj (A.13)
vL vmW 2L
The equivalent impedance of the secondary backisramodified by
Z,=k,z (A.14)

In the calculations, (A.13) is used for secondagibiron impedance calculations.
A5. Longitudinal end effect factor

The end effect in the linear induction motor is daethe limiting the longitudinal
length of the motor. It influences the speed onnbauniform distribution of the
induction in the air gap of the LIM and currentureéd in the secondary. This effect
is taken into account by a factkygiven on the basis of a distribution of induction i

the air gap of LIM made up of a slipping field.

B(x,t) = B, _sin(at — 2 x) + B e " sin(at -~ x+J) (A.15)
T T

e
The electromotive force induced in primary phasethe superposition of two
electromotive forces, one due to the fundamengdd fand the other is induction due
to the end effect and it can be expressed in tha:fo

e, (t) = e(t) +e,(t) = —E, cost) - E . cost) = —E  (1-ke)coset) (A.16)

where
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T . p7,
K 2 -pr, SINA =
— we Z-e te e
ke — ez (A.17)

where:

£(3) =tisin5+ﬁcosd (A.18)
T

e e

o is dephasing between the fundamental wave of tnmludn the air-gap and
induction due to the end effect being propagatettiendirection of the slipping field,

with the entry of the motor. It is approximatedam empirical way by [50]:

0 =09, +bV, (A.19)
where
t 1 t
0, = /T—arctan 7= ;b =——arctan 7= (A.20)
Te Ny, 150 Te N,
and
ve=Vf_V°vS it V>V,
V, = V.-V, (A.21)
V,=0 if V. <V,

whereV, is the boundary speed and it is expressed as,

V 2
Vo =052 (A.22)

re andte represent the pole pitch of the end wave and w@dtéon factor respectively.

It can be calculated by using the following expi@ss [4]:
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r, =< (A.23)

t, = 29k, (A.24)
Cak =V, 14,0, D,

C:%\/\/X‘WlGYZ + X2 (A.25)

D=2 JVX*+16v% - X2 (A.26)
V2
— :uOVr O-Ald‘R (AZ?)
kc(g + DAI)
y = Ko xR (A.28)
kc (g + DAI)

Where d’r. is the thickness of a homogeneous layer out amiadum
equivalent to the two layers which constitute tbaducting part of the secondary, it
can be used to evaluate resistance modeling the @ddents in the secondary. This
thickness is estimated starting from the equivalempedance of the secondary.
Indeed, the conducting layer out of aluminum andt tbf ferromagnetic of the
secondary are equivalent (from electric point awj) to a layer out of aluminum

thicknesdd'g, which has as impedance (if it is neglected tlfecebf skin):

1

, . (A.29)
SO ,d R

Zsec = (aR + jaX )Wk

whereagr = 1 anday = 1 for a nonmagnetic material such as aluminuomFwhere

d’'r can be expressed as the equivalent thickness.
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The winding factor relating to the wave of inductidue to end effect is calculated as

below:

.(r ™
sin
k —

qsin[

T, 2mq

W w,
si ——=
r mJ (2 Tej

Table A.2 Design output in MS Excel format

GENERAL DATA

Given Rated Thrust(N) 198.7582
Given Rated Speed(m/s) 5

Rated Voltage(V) 219.3931
Winding Connection Wye
Number of Poles 4
Frequency(Hz) 50

Stray Loss(W) 0

Excitation Type

Constant Voltage

Operating Temperature

75

PRIMARY DATA

Number of Stator Slots 12
Primary Length(m) 0.2222
Dimension of Stator Slot

H11(mm) 5
H12(mm) 5
H13(mm) 5
H14(mm) 5
B11(mm) 10
B14(mm) 14
Number of Conductor per Slot 80
Number of Parallel Branches 1

Type of Coils 11

Coil Pitch (m) 0.0556
Wire Diameter(m) 0.0011
REACTION RAIL DATA

Aluminium Thickness(m) 0.0030
Air Gap(mm) 1
Backiron Thickness (m) 0.0200
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Backiron Width(m) 0.1000
Overhang Thickness(m) 0.0030
Overhang Width(m) 0.0100
Conductivity of Iron 4500000
Conductivity of Al 30300000
MATERIAL CONSUMPTION

Backiron Density(kg/m3) 7900
Conducting Plate Density(kg/m3) 2700
Copper Density(kg/m3) 8900
Winding Copper Weight(kg) 4.1500
Primary Core Weight(kg) 6.4078
Total Primary Core Weight(kg) 10.5578
Secondary Weight(kg) 3.7091
RATED-LOAD OPERATION

Primary Resistance(ohm) 3.6806
Primary Leakage Reactance(ohm) 2.5310
Secondary Resistance(ohm) 0.6231
Secondary Leakage Reactance(ohm) 1.9119
Magnetizing Reactance(ohm)

Stator Phase Current(A) 11.8033
Magnetizing Current(A) 4.1178
Secondary Current(A) 7.6855
Iron Core-Loss(W)

Stray Loss(W)

Input Power(W) 1104.2
Output Power(W) 993.7910
Efficiency(%) 0.3761
Power Factor 0.3402
Rated Slip 0.1000
NO-LOAD OPERATION

No-load Stator Resistance(ohm) 3.6806
No-load Stator Leakage Reactance(ohm) |2.5310
No-load Secondary Resistance(ohm) 3.9110
No-load Secondary Leakage

Reactance(ohm) 1.6915
No-load Stator Phase Current(A) 9.8752
No-load Slip 0.001
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A6. Simulation Programme (M-File Programming)

% MAIN FUNCTION

% Doktora Tezi
% 211 Suat Gergek

function C=Constantv(GMin, GMax,
Ze,Frated,Vrated, srated, rocu, conFe, conAl,m,Nb,deltaT,Db, f,wc,pl,z,vl1,hp,hov, he
,L,W,tov,Dir,0e,bll,Dal,Nc)

%pole pair ise

pP=p ’
q=2/(pl*m);
N=pl*q*NcC;
ng}/?(3)A(1/2));

% Calculation of Tau and wc

vs=vrated/(1l-srated);
tau=vs/(2*f);

if (wec == 1)
wc = tau;
else
wc = tau;
end;

%for g=0.001:0.0001:0.005
for =ﬁM1n:0.0001:GMax
=+;

[Vs,tau,Lp,taud,1d,Lf,kw,xgrime,Rprime,kc,kRNv,conA1prime,ktr,kzv,betav]=Indof
Sleep(rocu, conFe,conAl,m,Nb,deltaT,Db, f,wc,pl,z,v,hp,hov,he,L,w,tov,Dir,0e,bll
,bal,g,Vrated,srated,q,N);

vo=(0.5*Vs*vs/150);

so=(Vs-Vo0)/Vs;

Vvr=Vs*(1l-srated);

n2=1;

KWKWA1=0.2;

KWWWA=1;
wgi1§ g(abs((KWKWAl-KWWWA)))>0.001)&&(n2<100)
n2=n2+1;
I=(Frated*vrated)/(m*V*KWKWAL) ;
Am=(3*sqrt(2) *kw*N*1)/(p*tau);
Hl=Am;
kmuel=1;
[?e,mure,omegi,kv1,kv2,kmueo1d,H,st,vdv,ng,murs,a1fa1,Pen,Ar,Ax,M]=
maxwel (vs,tau,Lp,taud,1d,Lf,kw,Xprime,Rprime,kc,kRNv,conAlprime,ktr,kzv,betav,
rocu,conFe,conAl,m,Nb,deltaT,Db, f,wc,pl,z,v,hp,hov,he,L,w,tov,Dir,0e,bll,pal,g
,S0,kmuel,Am, H1l);

[zvlprime,2zv2,zvsecprime,Rvsecprime] =
esdeger_devre0(vs, tau,Lp,taud,1d,Lf,kw,Xprime,Rprime,kc,kRNv,conAlprime,ktr,kz
v, betav, rocu, conFe, conAl,m,Nb,deltaT,Db, f,wc,pl,z,v,hp,hov,he,L,w,tov,Dir,oe,b
11,pal,mure, kvl,kv2,omegi,ge,so, kmueold) ;%

[de1tao,a]=bounded(vs,tau,Lp,taud,1d,Lf,kw,Xprime,Rprime, kc,krRNv,conAlprime,kt
r,kzv,betav, rocu, conFe, conAl ,,m,Nb,deltaT,Db, f,wc,pl,z,v,hp,hov,he,L,w,tov,Dir,
Oe,bll,Dal,omegi,kvl,kv2,mure,ge,so,zvlprime,zv2,zvsecprime);

[ge,mure(n2),omegi,kvl,kv2,kmueold(n2),H(n2),Vsv,vdv,vgv,murs(n2),alfal,Pen(n2
),Ar(n2),Ax(n2) ,M]=
maxwe1(Vs,tau,L?,taud,1d,Lf,kw,Xprime,Rprime,kc,kRNv,conA1pr1me,ktr,kzv,betav,
rocu, conFe, conAl,m,Nb,deltaT,Db, f,wc,pl,z,v,hp,hov,he,L,w,tov,Dir,0e,bll,Dal,g
,srated, kmuel,Am, H1);

[ke]=endeffect(Vs,tau,L?,taud,Td,Lf,kw,Xprime,Rprime,kc,kRNv,conA1prime,ktr,kz
v, betav, rocu, conFe, conAl,m,Nb,deltaT, Db, f,wc,pl,z,v,hp,hov,he,L,w,tov,Dir,0e,b
11,pal,omegi,srated,kvl,kv2,mure,ge,deltao,a,q);

murex=mure(n2) ;

[Fx,ef{,Ivsecprime,Rvsecprime,Il,Pem,Pme,Xvsecprime,KWKWA(nZ),PF,ny,Im,Bmx,Bm
y, Xvo] =
esde er_devrev(murex,Vs,tau,L?,taud,1d Lf, kw,Xprime,Rprime, kc, kRNv, conAlprime,
ktr,kzv,betav, rocu,conFe,conA ,m,Nb,de1taT,Db,f,wc,p1,Z,V,hp,hov,he,L,w,tov,D1
r,oe,bll,pal,ze,mure,kvl,kv2,omegi,ge,vr,srated, kmueold,I,ke,Am,M, N);%,ke
KWWWA=KWKWA(n2) ;
KWKWA1=(KWKWA1+KWWWA) /2 ;

end
Bmxx (k) =Bmx;
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Bmyy (k)=Bmy;

Iml(k)=Im;
Ivsecprimel(k)=Ivsecprime;
Rvsecprimel(k)=Rvsecprime;
XVsecpr1mel(k)-Xvsecpr1me,

xx(
effr(k -eff
I1r(k)=1;
Fxr(k)=Fx;
Pemr(k)=Pem;
Pmer(k)=Pme;
KWKWAT (k) =KWWWA ;
PFr(k)=PF;
Fxyy (k)=Fxy
d1ff(k) Fxr(k) Frated;
d dmin=minCabs(diff));
en

i=1;
for i=1:1:numel (diff)
if (dmin ~= abs(d1ff(1)))
break;
end;
end;

Bmxxx=Bmxx (i) ;
Bmyyy=Bmyy (i) ;
% Imll=Im1(i);
Ivsecpr1me11-Ivsecpr1me1(1),
Rvsecprimell=Rvsecprimel(i);
XVsecpr1me11-XVsecpr1me1(1),
xxr=xx(i)*1e3;
effrr=effr(i);
I11=11r(i);
Imll=I1l1-Ivsecprimell;
FXrr=Fxr(i);
Pemrr=Pemr(1);
Pmerr=Pmer(i);
KWKWArr=KwKwAr (i) ;
PFrr=PFr(i);
FXyyy=Fxyy(1);

rofFe=7900;
roAL-2700
rocu=8900;
Ms=Lp* (roFE*D1 r*w+roAL* (W*Dal +hov*tov)) i
Mcu=(3*rocu* (2*L+2*Lf) *N*Nb*ﬁ 1*(DbA2))
Mcs=roFE* (((p1l+1) *wc+2*1d) * Chp- he)*L+(Z+1)*he*1d*L),
Mp=Mcu+Mcs;

% function ELD=Electricbata();

ELD.rocu=1.78e-8; %resistivity of copper
%ELD.alfacu=40; %Alfacu bul bu degeri
ELD.conFe=0.450e7; 1 %2%pi;

ELD.conA1=0.303e8;

%number of phase

ELD.m=3;

%no of conductor per slot

ELD.Nb=120;%105;

%Temperature

ELD.deltaT=75;

% diameter choosen
ELD.Db=0.0011;
ELD.f=50;

%coil pitch
ELD.wc=0.0501;
%pole sayisi
ELD.pl=4;

%pole pair ise
ELD.p=ELD.pl/2;

%number of fullfilled slot of primary
ELD.Z=12;
%number of semi filled slot of primary
ELD.Ze=4;
ELD.qg=ELD. Z/(ELD.p1*ELD.m); %kutup
ELD.P160=0.65;
%no of turn per phase
ELD.N=ELD.pl*ELD.q*ELD.Nb;
ELD.V1=380;
ELD.V=ELD. v1/((3)A(1/2)),
FoHI6IHHIIHHHI6I6K 696 GO6 R
function MD-Magnet1cData(),

SRR IRV IR 3RV RN IR IR IR 3R IR R 3R R R R RR
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MD.Bteeth=1.0;

MD.mu0 = 4*pi*10A-7;

IR IR I I I I D666 D666 699666636
function GD=GeometricbData();

%pr1mary core heigth
GD.hp=0.040;
%overhang thickness
GD.hov=0.01;

%slot heigth
GD.he=0.020;%0.045
%primary core width
GD.L=0.1;

%back iron width
GD.w=0.10;
%aliminium cap thickness
GD.tov=0.003;
%thickness of AL
GD.Dir=0.015;

%slot opening
GD.0e=0.0102;

%slot width
GD.b11=0.014;

%air gap

% GD.g=0.004; % lcm
%Aliminium thickness
GD.Dal1=0.003;

A RN IR IR IR IR 3N RN R IR R R R RRK

=0;
kemx=[];
for s=0.001:0.01:1.001

1;
vr(k)=vs*(1-s); % Rated speed

g=Xxxr*le-3;

pr1mary current

I=I111;
Am—(3*sqrt(Z)*kw*N*I)/(p*tau),
H1=Am;

kmue1-1

?e ,mure,omegi,kvl,kv2, kmueold,H,Vsv,vdv,vgv,murs,alfal,Pen,Ar,Ax,M]=
maxwel(vs, tau L taud,id,Lf kw Xpr1me Rpr1me kc kRNv conA1pr1me ktr kzv betav,
rocu, conFe, COnA ,m,Nb, de1taT Db sWC, p1 z,V, hp hov he L,W,tov,Dir, Oe b11 pal,g
d,so, kmuel, Am, H1)

thlpr1me Zv2,Zvsecprime,Rvsecprime] =
esdeger_ devreO(Vs tau, Lp taud 1d,Lf,kw,Xprime,Rprime, kc,kRNv,conAlprime, ktr,kz
v, betav, rocu, conFe, conAl,m,Nb, de1taT Db f wc, p1 z,v, hp hov he L,W,tov,Dir Oe,b
11 pal, mure kv1 kv2 omeg1 ge so kmueo1d)

[de]tao,a]=bounded(VS,tau,Lp ,taud,1d, Lf,kw,Xprime,Rprime, kc, kRNv,conAlprime,kt
r,kzv,betav, rocu, conFe,conAl,m,Nb, deitaT Db f,wc, p1 z v,hp,hov he L,W,tov D1r,
Oe,bll,Da1,omegi,kvl,kv2,mure ge,so, Zv1pr1me Zv2 szecpr1me),

ge mure(k) omeg1 kvl,kv2,kmueold(k),H(k),Vsv,vdv,vgv,murs(k),alfal,Pen(k),Ar(

maxwe1(Vs tau Lp ,taud,1d, Lf,kw,Xprime,Rprime, kc,kRNv, conAlprime,ktr,kzv,betav,
rocu,conFe,conAl,m,Nb, deitaT Db f,wc, p1 z,V, hp hov he L,W,tov, D1r Oe b11 pal,g
d,s, kmuel Am H1)

[ke]=endeffect(VS,tau,Lp,taud,]d,Lf,kw,Xpr1me ,Rprime, kc,kRNv,conAlprime,ktr,kz
v, betav, rocu, conFe,conAl,m,Nb,deltaT,Db, f,wc p1 z,V, hp hov he L,W,tov,Dir, Oe b
11 pal,omegi,s,kvl, kv2,mure,ge, de1tao a, q) )

murex-mure(k)

[Fx,eff,Ivsecprime,Rvsecprime,Il,Pem,Pme,Xvsecprime,KWKwWA, PF,Fxy,Im,Bmx,Bmy,

Xvo] =

esdeEer _devrev(murex, Vs, tau,Lp, taud,1d, Lf,kw,Xprime,Rprime,kc,kRNv, conAlprime,
betav, rocu, conFe COnA ,m,Nb, de1taT Db f,wc p1 z v,hp,hov he L w, tov,Di

r,oe, b11 pal, Ze mure kv1 kv2 omeg1,ge vr,s, kmueo1d ke Am,M, N);%,ke

if (k == 1)
FirstIl = I1;
end;

Bmxx (k) =Bmx;
Bmyy (k)=Bmy;
Iml(k)=Im;

I1lr(k)=I1;
Fxr(k)=Fx;
Pemr(k)=Pem;
Pmer(k)=Pme;
KWKWAr (k) =KWKWA ;
PFr(k)=PF;

Fxyy (k)=Fxy;

end

Rvsecl=abs(Rvsecprime);
Xvsecl=abs(Xvsecprime) ;

115



I12 = abs(FirstIl);

%

% effr : Efficiency
% Fxr : Thrust

é Fxy : Normal force

for i=numel(vr):-1:numel(vr)/2+1
tmp = vr(i);
vr(i) = Vr(nume](vr) -1+ 1);
d vr(numel(vr) -i + 1) = tmp;
end;

for i=numel(Fxr):-1:numel(Fxr)/2+1
tmp = Fxr(i);
Fxr(i) = Fxr(nume1(Fxr) -1+ 1);
d Fxr(numel(Fxr) -i + 1) = tmp;
end;

for i=numel(effr):-1:numel(effr)/2+1
tmp = effr(i);
effr(i) = effr(nume1(effr) -1+ 1);
4 effr(numel(effr) -i + 1) = tmp;
end;

for i=numel(PFr):-1:numel(PFr)/2+1
tmp = PFr(i);
PFr(i) = PFr(nume1(PFr) -1+ 1);
d PFr(numel(PFr) -i + 1) = tmp;
end;

for i=numel(KWKWAr) :-1:numel(KWKWAr)/2+1
tmp = KWKWAr(i);
KWKWAr(i) =_ KWKWAr(numel(KWKWAr) -i + 1);
d KWKWAr (numel (KWKWAr) -i + 1) = tmp;
end;

for i=numel(Pmer):-1:numel(Pmer)/2+1
tmp = Pmer(i);
Pmer(i) = Pmer(numel(Pmer) -i + 1);
4 pmer(numel(Pmer) -i + 1) = tmp;
end;

for i=numel(Ilr):-1:numel(Ilr)/2+1
tmp = I1r(i);
I1r(di) = Ilr(nume1(11r) -1+ 1);
d Ilr(numel(T1lr) -i + 1) = tmp;
end;

for i=numel(Fxyy):-1:numel(Fxyy)/2+1
tmp = Fxyy(1);
Fxyy(i) = nyy(nume1(Fx¥y) -i+ 1);

Fxyy(numel (Fxyy) -i + tmp;
end;
for i=numel(Iml):-1:numel(Iml)/2+1
tmp = Iml(i);

Iml(i) = Im1(nume1(Im1) i+ 1);
4 Iml(numel(Iml) -i + 1) = tmp;
end;

for i=numel(Pemr):-1:numel(Pemr)/2+1
tmp = Pemr(i);
Pemr(i) = Pemr(numel(Pemr) -i + 1);
d Pemr(numel (Pemr) -i + 1) = tmp;
end;

csvwrite('vr.lim', vr);
csvwrite('fxr.1im', Fxr);
csvwrite('effr.lim’, effr);
csvwr1te('Efr.11m', PFr);
csvwrite('kwkwar.1im' ,KWKWAr) ;
csvwrite('pmer,Tim’', Pmer),
csvwrite('ilr.lim' : I1r);
csvwrite(' fxyy.lim' ' FXyy) ;
csvwrite('iml.lim' g
cswwrite('pemr. Tim} y Pemr),

Dizi(1l) = Rvsecl;
Dizi(2) = Xvsecl;
Dizi(3) = Bmxxx;
Dizi(4) = Bmyyy;
Dizi(5) = Imll;
Dizi(6) = Vs;
Dizi(7) = tau;
Dizi(8) = Lp;
Dizi(9) = taud;
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Dizi (10)
Dizi(11)
Dizi(12)
Dizi(13)
Dizi(14)
Dizi(15)
Dizi(16)
Dizi(17)
Dizi(18)
Dizi(19)
Dizi (20)
Dizi(21)
Dizi(22)
Dizi(23)
Dizi(24)
Dizi(25)
D1z1(26)
Dizi(27)
Dizi(28)
Dizi(29)
Dizi(30)
Dizi(31)
Dizi(32)
Dizi(33)
Dizi(34)
Dizi(35)
Dizi(36)
Dizi(37)
Dizi(38)
Dizi(39)
Dizi (40)
Dizi(41)
Dizi(42)
Dizi(43)
Dizi(44)
Dizi(45)
Diz1(46)
Dizi (47)
Dizi(48)
Dizi (49)
Dizi (50)
Dizi(51)
Dizi(52)
Dizi(53)
Dizi(54)
Dizi (55)
Diz1(56)
Dizi(57)
Dizi(58)
Dizi(59)
Diz1(60)
Dizi(61)
Diz1(62)
Dizi(63)
Dizi(64)
Diz1(65)
Diz1(66)
Dizi(67)

%for i=1:
% Dizi
%end;

C = Dizi;

1

1d;
Lf;
kw;
Xprime;
Rprime;
kc;
KRNV;
conA1pr1me;
ktr;
kzv;
betav;
q;
Vi
N;
roFE;
roAL;
rocu;
XXI;
effrr;
Il11;
FXrr;
Pemrr;
Pmerr;
KWKWArr;
PFrr;
FXyyy;
S,
Mcu;
Mcs;
Mp; .
Ivsecprimell;
abs(Rvsecprimell);
abs(Xvsecprimell);
Vvrated;
srated;
rocu;
conFe;
conAl;

tov;
Dir;
Oe;

b1l;
Dal;
XvO0;
I12;

:numel(Dizi)
(i) = Dizi(i) * 10.0A4;

117



KI6XHI6HHIHHWH X6 626676706

%%%% Maxwell Fu
I HI6IHI6I66%69696%6%96%

function [ge,mu

maxwel (Vs, tau,L,
rocu, conFe, COnA
g,s, kmue1 Am H1)
mu0 = 4*p1*10A
nl=0;

2——1
kmueold=kmu
%input_radi
omegi=2*pi*

while ((abs((H

nl=nl+1;

nction %%
RI6HX6%%

re,omegi,kvl,kv2,kmueold,H2,Vsv,vdv,vgv,murs,alfal,Pen,Ar,Ax,M]

? ,taud,1d,Lf,kw,Xprime,Rprime, kc,kRNv,conAlprime,ktr,kzv,betav,
m,Nb,deltaT,Db, f,wc,pl,z,vl1,hp,hov,he,L,w,tov,Dir,0e,bll,Dal,

7;
el;
a1 frequency
*S;
2- H1)))>0 001)&&(n1<100)

if H2>0

end

H1=H2;

[B,Ar,Ax]=interpolasyon_BH(HL);

murs= (B/(muO*Hl));

muprime=Ar*Ax;

mudouble=0. 5*((ArA2) (AXA2));
mure=abs (murs*(muprime-1i*mudouble));

alfal=s

qrt(li*omegi*mu0*mure*conFe) ;

alfa2=sqrt(li*omegi*mu0*conAlprime);

kvl=sqrt((alfalA2)+betavA2);
kv2=sqrt((alfa2A2)+betavA2);

%effecti
ge=kc*ki

ive ?
mueold*g;

coh=cosh(kv2*Dal) ;
soh=sinh(kv2*Dal);
M-(kv2/betav)*((kvl/ka)*coh+mure*soh)*cosh(betav*ge)+

(mure*coh+(kvl/kv2)*soh) *sinh(betav*ge) ;

%penetration depth
Pen—(sqrt(p1*s*f*muO*murs*conFe))A( 1;
tt=0.5*Dir;

if Pen
else

end

%HmXFe

< tt
dav=Pen;

dav=tt;

the de farkli Gier da farkli kontrol et

y4=g+Dal+dav;

me-((

1*kv1*Am)/(M*betav)) * exp( 1*kv1*(y4 -Dal-ge));

Hmy=((1i*Am) /M) " * gAzkvl* (y4-Da

HFeav=sqrt((abs (Hmx)

+(ab5(Hmy))Ag).

muravg=(B/(mu0*HFeav)) ;

%saturasyon faktorini hesapla

t19=(11*Am) /M;
t20-((mure*coh+(kv1/kv2)*soh)*s1nh(betav* e))/betav;
t23=(kv2/betav) * ((kvl kv2)*coh+mure*sohg

t26=(1-
vgv=abs (t19* (t20-t

cosh(betav*ge))/ etav;
3*%t26));

t27=(mure*soh) /kv2;
t28=(kv1l/kv2)*((1-coh)/kv2);

vdv=abs

CCQi*Aam) /M) *(t27-t28));

vsv=abs ((1/Dir)*((2*Am)/(betavA2))*(1/abs(M))* (murs/muravg)) ;
kmueeff=1+(vsv/(2*(vdv+vgv)));
kmueold=kmueeff; % saturasyon faktoru

%syuzey?ek1 HmsFe hesaplandil yukariya dénderip
y8=g+Da

stg( l*kvl*Am/(M*betav)) * exp(- 1*kv1*(y8 -Dal-ge));
Hsy=(11i*Am/M) xp(-kvl*(y8-Dal-ge)

H2=sqrt((al s(st))A2+(abs(Hsy))A2g

end
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b6 66 IR K I H 6K I I6H K 66X 6%
%% End Effect Function %X%%%%%
G e 6 Ie K6 de 66 I He 6K I K 669676

function
[ke]=endeffect(Vs,tau,L? ,taud,1d,Lf, kw,Xprime,Rprime, kc,kRNv,conAlprime,ktr,kz
v, betav, rocu,conFe, conAl,m,Nb, de1taT Db f,wc, p1 Z,V1l,hp,hov, he L,W,tov,Dir Oe,
bil,pal ,omegi,s, kvi,kv2,mure,ge,deltao,a, q)
mio = 4*p1*10A 7;
vr=vs*(1-s);
zvlprime=-1*((1li*omegi*mu0*mure*kzv)/(kvl*tanh(kvl*Dir)));
zv2=(-1i*omegi*mu0)/(kv2*tanh(kv2*Dal));
Zvsecprime= (Zvlpr1me*ZvZ*ktr*L)/((Zvlpr1me+Zv2)*tau),
Z2=(zv2*zvlprime)/(s*(Zv2+Zvlprime));
drpr1me-kzv*L/(conA1*rea1(tau*zvsecgr1me));
%vo ve V nin initial hizm de%11m1 ak Vs senkron hiz
Vvo=(0.5*Vs*Vvs/150) ; %*10S.Vs/150
if(vr<=vo)
Ve=0;ke=0;

else
Ve=((Vr-vo)/(Vs-Vo))*Vs;

E=(vr*mu0*conAl*drprime)/(kc*(ge+drprime)) ;%IELD.conAl
F=(omegi*mu0*conAl*dr r1me)/(kc*(ge+drpr1me)) % g
—SQFX ((E)A4)+16*((F A2));

v=(E)

D-sqrt(U+V)/sqrt(2),

C=sqrt(U-v)/sqrt(2);

%taue ayn1 zamanda taue=(l-s)*taue diyede hesaplanitor
taue=(2*pi)/D;

Te=2*ge* c/(C*ge*kc vr*mu0*conAl*drprime) ;%g

%Lon. end effectli winding factor
te5=(tau/taue)*(pi/(2*m));
te6=(tau/taue)*(pi/(2*m*q));

te7=(pi*wc)/(2*taue) ;
kwe-(s1n(te5)/(q*s1n(te6)))*s1n(te7),
delta=deltao+a*ve;

fofdelta=(1 Te)*s1n(de1ta)+(p1/taue)*cos(de1ta);
te8=-1*kwe/kw

te9-p1*taue/(tauA2) %2?7?7?22?2??7?2?27%%% (pi*taue/(I0S.tau))A2
tel0=exp(-1*(p 1/2)*taue/Te),
te11-s1nh((pl/Z)*taue/Te),

tel2=(pl/2)*sinh(taue/Te);
tel3=(1/(TeA2))+(pi/taue)A2;
ke-abs((te8*te9*fofde1ta*telo*tell)/(te12*te13)),

end

function
[Fx,eff,Ivsecprime,Rvsecprime,Il, Pem Pme,Xvsecprime, KWKWA, PF, Fxy,Im,Bmx,Bmy] =
esdeger devre(murex Vs, tau, L? tau Lf,kw,Xprime,Rprime,kc, kRNv conA]pr1me k
tr,kzv,betav, rocu, conFe conAl,m,Nb, de1taT Db f,wc, p1 z v,hp,hov he L,w,tov, pir
Oe b11 pal, Ze mure, kvl kv2,omegi,ge,vr,s, kmueo]d ke Am, M)
muo’ = 4*p1 10A-7
Zv1pr1me——1*(((11*omeg i*mu0*mure*kzv) /(kvl*tanh(kvl*Dir))));%))));

\Y

zv2=(-1i*omegi*muQ)/(kv2*tanh(kv2*pal)) ;%tanh(kv2*GD.Dal)
szecpr1me-(Zvlpr1me*Zv2*ktr*L)/((Zv1pr1me+Zv2)*tau) %*s
Rvsecprime=real (Zvsecprime);
Xvsecprime=imag(zvsecprime) ;
Xvo=(omegi*mu0*ktr*L)/(betav*betav*ge*tau);
Zvo=-1i*Xvo;

Ztot-(szecpr1me*zvo)/(zvsecpr1me+zvo),

E=abs (I*Ztot);

Ccf=100;

Cch=25;

Bteeth=1;

deltapfe=(Ccf+Ch*ELD.f)*ELD.f*BteethA2;

RvOo=ELD.m* (EA2) /deltapfe;

Ivsecprime=abs((ELD. I*Zvo)/(szecpr1me+Zvo)),
R11=Xv0oA2*Rvo/(XVOA2+RVOA2) ;
Xll-xvo*RvoAZ/(XvoA2+RvoA2),

Zver=R11+1i*x11; .
Ztotl=Zvsecprime*zver/(Zvsecprime+2Zver);
El=abs(I*Ztotl);

Ivsecpr1me-abs(E*(1 ke)/(zvsecprime)) ;%*(1-ke)

Pem=abs ((m* ((Ivsecprime)A2)*Rvsecprime)/s);
Pme=abs (Pem* (1-s));

Popr1me-m*Rpr1me*IA2
eff-abs(Pme/(Pem+Popr1me));
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Fx=abs ((m* ((Ivsecprime)A2)*Rvsecprime)/(s*Vs));

Zprime=Rprime+1li*Xprime;

Zall= ((Zvo*zvsecpr1me)/(zvo+zvsecpr1me))+Zpr1me;

Sa=m*I*V;

KWKWA=Pme/Sa;

PF=KWKWA/eff;

Il=v/abs(zall);

Im=I1-Ivsecprime;

Bmy=(E* (1- ke))/(Z*sqrt(2)*f*N*kw*tau*L) %2*sqrt(2)

Hmx=(- 1*Am/(betav*M))*(kvl*cosh(ka*Da])+kv2*murex*s1nh(ka*Da1)),

Bmx=muO*abs (Hmx) ;

deltax=ze*(0e+1d);
Fza=(1/2*mu0) * (BmyA2) *p* (tau*deltax) *L;

Fzr=Fx*Bmx/Bmy;

Fxy=abs (Fza-Fzr);

xx=0.0;

262969676766
function

[de1tao,a]=bounded(VS,tau,L? ,taud,1d,Lf,kw,Xprime,Rprime, kc,krRNv,conAlprime,kt
r,kzv,betav, rocu, conFe,conAl,m,Nb, de1taT Db f,wc, p1 z,v1,hp,hov, he L,W,tov,Dir
,oe, b11 Dal,omegi,kvl, kv2 mure,ge,so, Zv1pr1me zv2 szecpr1me)
muo = 4*p1*10A 7;
vo=(0. 5*Vs*Vs/150)
Z2= (Zv2*Zv1pr1me)/(so*(zv2+zv1pr1me)),
drprime=kzv*L/(conAl*real (tau*zZvsecprime));
E=(vo*mu0*conAl*drprime)/(kc*(ge+drprime)) ;%¥IELD.conAl
F=(omeg1i *mu0*conAl*dr r1me)/(kc*(ge+drpr1me)) % g g+GD.Dal
—SQPX ((E)A4)+16*((F)A2));
v=(E)
D-sqrt(u+v)/sqrt(2),
C=sqrt(U-v)/sqrt(2);

%taue ayn1 zamanda taue=(l-s)*taue diyede hesaplanitor
taue=(2*pi)/D;

Te=2*ge* c/(C*ge*kc vo*mu0*conAl*drprime) ; %g GD.Dal
deltao=(pi-atan(pi*Te/taue)) ;%pi (180/p1)
g*atan(p1*Te/taue) %p1

a=(1/150
xxxxxx=0.0

I6HI6HI6HICHICHICHI6HICK: 6%9
%%%%% B-H Interpolation Funct1on %6%9696%
I6IIBHICHI6HICHI6H 6 6%

A=[...
1 0.0001 0.1 0.4
25 0.009 0.70 0.8
100 0.014 0.84 0.94
350 0.75 0.9 0.9
1000 1.15 1.61 0.93
2000 1.35 1.72 0.8
4000 1.475 1.61 0.78
6000 1.51 1.56 0.8
le4 1.53 1.52 0.82
1.6e4 1.55 1.49 0.85
le5 1.81 1.45 0.94
1le6 1.9 1.38 0.98 1;

if narg1n

R( Hata: giris yok');

return,
end

1r1§ degerlerinin kontroli

(m1n(H < min(AC:, 1)) _||_(max(H)_> max(A(: 1)))
R 'Hata: g1r1§ degerleri aralik d1§1nda );
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H
return;
end

x-1oglO(A( ,2D");
y3—A( 2) 1
y1=A(:,3)';
y2=A(:,4)";

B=(interpl(x, (y3),10g10(H), " 'spline'));%
nl=7

Bl—po1yf1t(y3 sqrt(yl) nl);
Al=polyval(B1l,B).A2;

n2=7;

BZ-po1yf1t(y3 sqrt(y2) n2);
A2=polyval(B2,B).A

return
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