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SYNOPSIS

In the present work, the series of induction motors, having
different'outputs and speeds is being optimized using complex Box

algorithm,

Firstly, the general design procedure is presented aﬁd‘the
dlfferent consideretions involved in three phase induction motor
design, are diécussed. A flow chart for general design procedure
using synthesis apénoaCh of desicn has been developed., The
different optimization technigues are discussed and the complex
Box method 1s selected for present problem on the basis that only‘
four vafiébles are used for optimizing the series. The objective
function 1s formulated using two approaches, namely the root mean

sguare method and weightage function method.

The results of series optimization are compared with
thet of individual optimization of motors. The various constraints

are selected as per practice adopted by menufacturers.
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Introduction

Cégé iﬁduction motbrs»béing robust - end ecoromical have
captured.tho leading pPlace in industrial drives. The deéign of
cage induction motors is based on univer5a11y accepted physical
" and mathematical pxinclples vhich hava.heeq verified by the experi-
mental methods"fﬁowever,_with,yhe fast’changing deveiopmenés. the
knowledge of théséAprinciples is often 1néufficient to work out
the optimal'design. 'Optimization, giéhér of cost or weight, of
electrical devices‘has bheen approached.és a problem incnonlinear
programming; anuctioﬁ motor, in particular, gaine& special
attention from research organisationé, in the field of cost optinii-

sation, due to its extensive use.

The tremendous rate of performing calculations'at Yeasonable
cost and abillity to cariy out the iogical decisions -vaie the
impozrtant qualities\of the present generation ﬂigital computers.
For these reasons digital computer‘has been employed for ﬁany
years in the area of electrical machine design; More recently,
there has been some érogress inthe area of deslign synthesis,
i.2s the determination of machine paramcters from a knowledge of

_ the performance reguirements.

Induction motor performance was first tested in a

synthetic menner by Vienett(l) giving complete detalls of

- input cutput data sheet  and computer flow chart. Because of

fast and accurate computational facil;ties, he inmproved the
basic design procedure by including sqveral additional effects

and corrections while testino the pe rformance.
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Abetti et al. (2). ir theilr paper, have discussed the
importance of computers emphasizing the economic coneiderations.
The basis for selecting new computer program applications have been
preeented‘u enalysis and. synthesls method of design have been dis-
cussed and an iterative procedure has been used for designing
transformers and rotating madhine Programmes for performance
calculations of inouctlon and syndhronons motors have been given

by Herzog et ale.(3) using synﬁhetic approach,.

GodWin(4) has used the dig;tal.computer for getting an
opt imum design for an induction motor. He has developed a technique
to elimioaée unsatisfactory combinations of design parameters and
the remaining parameters have been surveyed systematlcally to
locate the optimum design as rapidly as possible. The development
of performance chart, outlining the area of_satisfactoryieeeign.ie

the original contribution.

Appelbaum and Erlichi(5) have optimized'the parameters .
of con#enfional three phase inéuction motor using preogramming
techniques. They ﬁave evaluated ap unconstrained minimum cost
design‘by suitebly forming the objective function, consisting
cf cost of active and structural material, loss expenditure,
constant parameter expenditure, total annual instalments on Ehe
invested capital, stator bore diameter, stack 1ehgth, slot dimen-
sions, specific loadings and stator,"ro;or winding current
vdensities. The solution sothﬁ by them hag been found to he
impracticable but the results are useful in predicting the trend,

in which the minimum cost design would proceed.
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For a givén‘specificatian and c¢lass and thickness of
insuiation, Artanov(6) has derived the design e#pressions. Calcu=
lation of 6ptimum pérameters is based on use of maximum slot
fullness factor. Maximum slotvfullness factor is obtained when
the ratio of slot depth tozwidth is egqual to the ratio of thickness

of insulation along the height to width.

Chahnefs and Benningtoﬁ(7) have deVelobed,a digital compu~
ter pﬁoqram for design synthesis of large squ*rrel caqe induction
motoxs. Stator ouL41de diameter, rotoxr 1nside diameter, nunber

of stator and rotor slots, coll pitch etc., have been taken as
indépendent va;iables. Seﬁeral program.routines have been

developed in their fully automatie program,

The nonlinear programaing approégh for optimization of
polyrhase inductlon motor was first carried out by Remarathnam
and Desai(8). They considered stator bore diameter, stack length,
core depth, statof and rotor slot dimensiong, airgap f£lux density,
end rigg diﬁensions and air gap length as_continuous variables
and performance indices as constra;nts. Aﬁ initisl design and

optimization procedure flow charts have been presented and

discussed. No details of optimized design have been given.

Bhattacharya and Mukherjee(2) have optimized the'stator'
design of inéuction motor using steepest descent technigue.
Design equations are presented in terms of variables selected,
i.e. number of ampere conductors, ratio-pole are to pole pitch,

ratio-stator slot depth to width, stator core depth and flux density.
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Steepest-descent technique has been discussed mathematically.

The flow chart for the optimization procedure is presented.

0ptihization program for the design of large induction |
mofors'has been presented by Menzieé and Neél(lO). The cost ﬁini-
mization 1s approached uéinc nonlinear pragramming technique.
| The per‘ormance evaluatioh prcg ams include saturation efxects,
‘stray Aoaa losses and airflow and temperature rise throughout
the machine, while the cost funuti n Includes labonr as well as
material cost, Core length, utator and rotor slot 6ihensi0ns,
stauor bare diameter, rotor inside diameter, stator and rotor slot
‘openings and air gap length have been taken as dealcn varisble.

_ The objective function chosen is based on th

'optimizatiog method
which is éommonly applied for netvork problems. Parameter
variatioﬁsAduring‘the optimization process have been plotted and
discﬁsséd. No computer f£low chart, details of results and compari-

sion have been included in the work presented. .

- The work described abdve is with reference to fresh design
of inéuctionﬁmotors. Tﬁe frééh design is the process in which
there are no manufactﬁiers cénstraints and design variables are
Calculateé sétisfﬁing the perforﬁance requirements with minimum
cost of active materials. However, the fresh design approaéh has
not been c§nsidered eccnomical, as the menufacturers like to go
for manufacturing the motors out‘of exiséing standard frame sizes

because of their adeguate avaiiabiliﬁy in the market. The cost

of stamping in the fresh design 1s also more than that of frame
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design because there the fresh die has to be made fér‘eédh"design.
Frame,designvis.the approach in which the outer diameter of the
machine is prefixed and on the basis of this value the design

is approached. Standard-frames of different outer diameters are -
.readily available to manufac’:ture:&s. 'l‘lné‘folldwing. authér's,, in
their papers,.deal with the frame deslon approach for optimization

of induction motors.

Frame designed éonventional three phase induction ﬁotof
Aoptiﬁization;using nonlinear ?rogramming penalty funetioﬁ method
has been put forth by Rajsékhar et al.{11), Theyohavé conesidered
stack length, gap density and air gap length as variables and -
perforﬁance‘indices as ccﬁstraints. Objective function and
constraint expressiong in terms of vaxiables'have been given. 2
genaral-compuéer flow.chérﬁ for design and optimizatién'program
flow chart have also been incorporated,‘ They have discussed the.’
importance of selecting fewer but effectiﬁe‘variables. Results
obtained have been discussed in detall, However, the paper does
not includg ﬁhe camparision of the optiﬁum design with normal

one,

Geometrical approach to the economical design of rota-
ting electrical machines has been discussed by schwarz(12). For
a given stator dimensions (outside diemeter, bore dizmeter and
number of slots), other design details have been expréésed in
terms of tooth width, whidh has been considered as tﬁe only
indepéndént variable, The theory is developed assuming a maximum,
permissible flux density in teeth and core and a constant speci-

fic electric loading. He has discussed the vpriation of all the
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pertformance items with tooth width. The terminology "Iron machine'
and "Copper machine" has been introduced for the limiting condi-
tions when the tooth width is zero or a maximuﬁ} The cost of a
motor with different stator bores and tooth widths has also been

studied,

Fuiton et 2l.(13), in théir paper dealt with optimization
of smallvthreé phase‘fréme designed induction moﬁors. They have
taken stadk 1eng£h) turns per phaSe'and windingvire diameter as
the variables. The method of optimization used is an incremental
seaych type where an ordered search is conducted from a given
starting point. Design specifications conslidered by them include
motor rating and performance quantities like starting torque,
pull out torgue, maximum full load temperature rise; slot fullness
factor etc. For every small mictor below 1 KW it is observed
that the temperature rige is approkimately proportionai to the
st atoxr copper loss and so a relationéhip between temperature
rise‘andvooppér loss 1is established. Effect of varlables on

performance and cost has been studied thwugh graphs.

' A comparative study of several optimization techniques
for induction moteox désign optimization has béen presented by
Ramrathnam et al.(lé); The methods conside:ed are steepest-
descent, quadratlc convergence, DavidsénaFlether-Powell{Direct
search and random search methods, Best results have been
obtained with the help of direct search method, No £low charts,

prdgram details or algorithms have been given to support the

theoxy.
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Bhardwsaj et‘al.le) studied the éxperienées with direct
and indirect search methods applied to cage induction motor design
optimization. They assigned £ix values to some parameters like
stator and rotor slots, winding layout sdhemé..slot fullness
 factor, slot openings and wedge and lip helghts and air gap length
etc., while the varisbles selected are ampere conductor per metre,
ratio core length to pole pitch, stator slot depth to widkh ratio,
stator core depth, average air gap flux density and étatcr‘and
rotor winding current densities. The‘constraints considered in
evaluating the verformance qf machine are, maximum stator tooth
flux density, f£full load stator temperature rise, p.u. no load
current, £ull load gfficiency, full 1oad p.ﬁ. slip; Pele ma#imum
torque, p.u.  starting térque, full load power factor and full

load rotor temperature rise.

The direct methods they considered are, incremental
search method, Rosenbrock®s method and Box's complex method. The
only indlrect method considered is penalty function method.

The computer programs and flow charts are also developed for
above methods., Among the direct methods, t hey found Box's |
compley. method suits the problem for the same»starting point<
and within a prescribed range of vériablesvand constralnts.
Although, the penalty function method resultedrin better opti@um
design than the direct methods, bﬁt as direct methods are
simple te progrem and reojuire less computer memory and hence are
preferred for general purpose. An optimization program}flow
chart usinc tvio direct methods, namely Box's complex method and

incremental searéh method, is also developed to obtain optimum



-8

.resuits and fast conVergence in another paper published by same
suthors(16). The results of all methods along with normal design
are compared. Among direct methods best results were obtained by

~ Box's complex method but the varistion in this method 'is cont inuvous
If we have to use standard conductor size and standard frame siées
then Box's complex method fails because there the increment is
discrete; hence‘ﬁhe proposed method by Bhardwaj et al.(16) is

best suited for induction motor design optimization,

Tﬁe frame designed induc%ion motor optimization; although
accepted by some menufacturers, the need is still there for
improvement in the technique so that a fange cf induction motor
is optimized inlone attempt. Thié will savé 3 lot of camputer:

tlme ag vwell as the'material cgét.

1e we may able to £ix the bore dlameter of a series of
induction motors with a‘large range 6f output s, by some method,
the stamping size for the éeries may be fixed. It wlll reguire
.Single:ﬁié-punch for stampings which will be éommon for all the
machines ih the series, This will consiéerably teduce the

manufacturing cost.

vThe work presented in this thesis deals with the optimiza-
tion of series induction motors. Here the induction motors'of |
diffetent outputs and geeds, which are presently designed with
singie'framé by industries, are considered as series for optimi-
zation. A single value of bore diameter 1is estimaﬁéd for éll
the maéhines in series from.geﬁeral design con&ideration$. In

this process the other design varilables llke stack length, stator
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turns, éurrent densities etd.are taken different for each machine

in the seriles.

For ﬁhe pux@ose of o@timization, the Box's complex method
is used as the results obtained by this method by earlier
authors(17), for few number of variables are quite good. Here
only four varlables are used for the purpose of optimization and
hence complex Box method guarantees good results as it is a tested.

algorithm.

In Chapter 2 of this thesis, the generalvdesign procedure
is formulated with referen¢e to a flow chart using synthesis
approach of design and Eﬁe considerations involved in the design
of three phase cage induction motor are discussed. In chapter 3,
the different optimization techniques with speciél reference to
present problem are discussed and the objective function is formue
lated in chapier 4'. In chapter 5, the computed results ére dis-
cussed.inllight of different manufacturing conétraiﬁts and other
design problens. Conclusiqns, design recommendations and scope of
further wofk are given in chapter 6. Listing of programs used

have been given in appéndix.



Chapter e« 2

" GENERAL DESICN CONSIDERATIONS AND DESIGN PROCEIURE "

ek ook
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2.1, Introductian

The chaéter firstly deals with the general considerations
in_the»déSign of three phasé induction motors. The discussion
includes selection of varisbles, selection of slot dimensions and
shape, ‘Toocth and core flux densitizs, combination of statorand
rotor slots, air gap length, deep bar effect and starting and
full Joad currents and torques. The method of fixing the bore
dismeter for the series of induction motors is dlscussed, After
diSCUSs;ng these aspects, a'general design;procedure, on tﬁe 5asis
of flow chart using synthesis approach of design, is developed.
The flow chart ensures that flux densities and temperature fise
in different parts ofvthe machine areAkept withinllimit andlthe |
ratio of s;arting torqgue to fuli load torgque is adjusted ﬁo a |

specified value.

2.2. Selection of design varigzbles

The induction motor is ajhighly nonlinear device and
there‘aie as many as twenty six parameters which control the
design (4). The main task of design engineer is to select fewer
but effective and significant veriables., Fortunately, it is
possible to treat some of the parameters as assigned parameters.
For the purpose of getting feasible initial design, the variables
selected are specific electric and magnetic loadings, current |
densities in stator and rotor bars, pole arc to pole pitch ratio,
stator‘slot depth to width ratlo and number of stator and rotor

slots.A The éffect of these varlables on the perform-nce of machine



v
;o

is dlscussed in preceding sections; After’investigated-the eff
of - these variables. initial values are assigned to these variab:
for starting the design and these are sultably modified.at time:
- to meet the desired performancé constraints., The effect of somu
. of these variables on s@st of active material and performance 1

- investigated by Bhardwaj(17) in his ?h.D. thesis.

A 5»2.3.~$e1éc§10n ofJSPeclfic magnetic andnspgcific electric loadir
12;3.1. Specific magnetic 1oaqigg§- ‘ | , |

| ,Specif;c‘m;gnet;ﬁgloadingwis défined.és tﬁe average
,mégnetic_flux.den51;y ovéﬁ,thg whole surface of the air Qap and

;i$~'given BYe
”BaV““ p ¢m /ﬁ L] D.L. | ocoltlolojo-;- o ‘ (2‘1)

 _The selection ofispeéifigﬁmagnegigﬁloading depends'upbr

following factorst

Nv(a),Effécifén‘volume‘s—"The output equatiqp-of a machine is gix
. bBYe . |

.,Q = co Dz L ns . o ‘ oa‘-.polt_o"lh ‘ o (202)

Where Co is 6ﬁtput coefficient and.is~given;by, 

'Co = 11 x Kw x Bav X ac x 10'3  esesés (2.3)

Prom equations (2 2) and (2 3) it is clear that for a
given output the choLCe of Bav straight aWay fixes the voluyme
_and hence cost of the machine. h high value of Bav reduces the

volume and.cost of madhine.
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(b) 1J‘ffeu::t on gower facto te Power factor depends upon magne-

tising current and reactanCes of the machine. Both, the magneti-
sing current and reactances increases as the specific magnetic
loading increases resulting in pocr power factor. Therefore,
mocerate values of specific magnetic loading should be chosen in

order to get good power factor,

(c) Effect on losses i~ The stﬁﬁy of magnetisation ccrve (Fige2-2
ghows that 1oss of the steel sheets used depends ﬁpcn the flux
density, The variation lS almost linear for the lower densities
and the curve turn suddenly and move up for higher densities.

The form of the curve indicates that a very high value of flux
density will cause more iron losses and hence high value of
temperature rise. It is for this reason that vtlue of specific
maonetic loading is chosen such that the maximum valuve of f£lux
density in teeth portion remaln in the unsaturated regionof the

magnetisation curve,

Keeping in view the above factors, the value of Bav is
usually taken between 0.4 and 0.6 Wb/’m2 for a normal So.c/s

machine,

2.3.2. Specific electric loading :-
Specific electric loading 1s defined as number of I.m.s.
ampere=conductors per unit length of gap surface circumference

and is given by,

ac = Bx)xtlx T ST %D amp. cond. Per m.



Thé selection of the value of specific electric loading

depends on ﬁhe following factors:

(a)‘Effect_gn volume :=- As given in equation (2,2) and (2.3) the

high value of 'ac' will reduce.the,volume?andhéﬁce_the cost of

. machine.

{(b) Effect on oerformance‘:; The total number of conductors per
qlot on the armature will increase in a madhine with the higher
value of ‘aé', This will result in \i) increased depth of

slot and its effect fdiséﬁssed in'art.2;4).”.A deeper slot cannot
be avoided for a machine with smaller diameter -due to higher
values of 'asc'. To accomedate a larger area of copper.per slot,
the cross-sectional area of slot must be-moré. To avoid the
undue saturgtion in teeth and to have sufficient mechanical -
strength, there is lower limit on the-widmh.of teeth, and a
glven value‘of slot pitch forces £he'adeption éf'déeper slots to

accomodate the area of copper after allowing for teeth,

{i1) Higher copper losses resulting high temperature

rise and low efficiency.

The large number of conductors carrying the load
current contained in one slot generate more power loss due to
resistance of the winding. The increased power losses must be
’dissipated by the available suxface. As the available surface
is 1imited due to choice of 1argé value of 'ae’, to dissipate
the excessive losses, the temperature of slot surface will rise.

The rise in temperature of slot surface is also transmitted to
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the windings and insulation. fhe'large number of 'ac' alse
results in larger number of turns per phase resulting in increase
in réslstancé per phase as the area of the conductor is alrééﬁy
fixgd with reference to permissible current density in the-copper
Tbisf;ncrease in :esistaﬁce causesrmbne copper. losses. Hence the

operating eificiency of the motor lowers with higher value of "'ac

{c) Effect of voltcgg and specd on selection of ‘ac‘ s= A high

voltage machine requires a large space for insulation, and if
ghe space for iron is kept same spaCe for aopper becomes small,
Therefore, it is better to use lower'valﬁe of 'ac' for high

voltage machine.

A high speed machine has better cooling due to its
naturgl fan action, hence a high value of *ad‘ can be taken in

high speed machine.

Keeping the above facts in consideration, the gener§1
ﬁValue of 'éc' for normal 50 c/s. madhinePVaries beﬁweén-sooo and

- 50000. @aking high values for‘ﬁigher raﬁihg machines,

2.4, Selection of slot dimensions and shape

After obtalning the area of the slot, the di@ension of
the slots should be adjusted, .?hésﬂct should not be too wide to
glve a thin tooth._ The Width of the slot should be so adjusted
that the mean flux density in the tooth lies batween 1.25 and 1.6
Wb/mz. The width of tooth should also not to be laxée as it
results in narrow ané deep slots. A deeper slbt results in large

value of legkage reactance. The increased value of leéakage
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reactance gives rise to low operating power factor and high valw
of magnetising current, This also leads to reduced starting

current anél staftihg torque és,

\A

Istart = ._-;Zfz ‘- Lo .."Q.;Q,'. oo (2‘4)

In general to ratic of slot Gepth to slot width is taken
between 3.5 and 5.5,

The stator slots used are open type slot due to the fact
that in high rating wachine it is pretty difficult to insert.
lérgeecoils in. the semiclesed type slot although semiclosed

type slots result in smaller valve of leakage reactance.

The rotor slots are always of partially closed type. The

rectangular shaped bar and s;ot.is\genérélly preferred.

2.5. Selection of conductor area and current densitiss

The stator conductor cross sectional area depends upon
the stator current densitles. The current density is so adjuste
that the temperature rise £alls within limit. The are2 of condu
'£ox cross section should be taken as per L.5.1. specification.
Ebr this purpose a speclial subroutine called "Standard coﬁéﬁctor
selection” may be added to design program. The xotor conductor
current density can be taken higher than stator current density
due to_the fact ﬁhat heat dilssipation is good in rotor dus to

its speed., The stator current density, in general, is taken
2

=

between 4-A/mm2 toc 8 A/mm” and rotor current density betwesn

4Q5AA/Mm2 to . © A/mmz.
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2.6+ Tooth and core flux densilties

For a ¢given total flux, the diménsion of slots determine
‘the tooth density and the depth of stator laminations below the
slots determines the core flux density. The iron loss in tooth
and core depénd‘upon thelr respéétivé fiux densities; and‘high
values of £lux densities in theée parts will give rise to high
iron losses. Also higher values of f£lux densitilies reguire a
large number of ampere~turns to send the flux through testh and
yoke. The maximum value of flux-densities in téeth and core are

taken as 1,65 and li.4 wb/m2 respectively.

2.7. Selection of number of stator and rotor slots

The total nusber of stator slots should be a multiple
..of three for s three ghase machine, Tﬁe-larger the number of
slots for a given diameter, the smaller will be the élot pitch
resulting in narrow teeth. Thus the teeth may become mechanicall
week and the flux denéity in teeth may become excessively high.
“The minimum #alue of slot pitch for large induction motors is

generally taken 20 to 25 mm.

For squirrel cage motors, careful design of the rotor
is necessary to avoid vibration and noise, cogging or locking

torque and synchronous cusps in the speed torgue curve.

Cogging or locking torque is a condition of varying
torque at starting for different rotcr positions., The cycle of
high an€ low torgve repeats as tﬁe rotor is moved threugh a
rotor zlot pitch. Synchronous cusps are points on the gpeed

torque curve vhere motor locks into step at low speed and runs
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as a synchronous mector over a wide range of torque values, The
minimum point on the torgque curve may be so ioﬁ that the rotor
can rnot come up to full spesd even at no load. These undesirable
characteristics are largely due to harmonics ;n the air gap flux
wave, $Since the stator and rotor slots produce harmonics in the
air-gap fluw it is important that a proper number of rotor slots
be chosen in relation to the number of stator slots, to avoid
these undesirable characteristics. To lipit vi? ration and noise
‘number of rotor slots, 8,5, should not exceed 1.25 times number
of stator ,1ofs Sl. 51 rust not be equal to 3 to prevent
locking torque, moise, vibration and syndhronous cusps can be
aﬁoided if‘the‘difference (s1 - S3) is not taken equal to

+ 1, + 2, + (Pfl)o“f (pjz), +P, i 2, + 3P and + S5P. Therefore,
number of rotor slots are selected, taken into consideration the
above factor. The minimum value of 59 is taken as 20% less

than Sl °

2.8. Selection of 2air gap lenagth

The airgap is a mere clearance between stator and rotor
so that rotor may rotate freely. Considering the performance of
madhine, the alrgao length should be as small as possible, as the
large airgap length will cause largc mocnetiving current hence
poor powex factor. But for mechaniecal dlfficultﬂen in large
induction motor there should be sufficient clearance 5etween
stator and rotor, in 6rder to avoid any contact between stator a1
rotor surfaces. The general expression ﬁsed for calculating
alrgap length is, |

'l"""" ceo 000 o .5
Og = 0.2 + 2 /5L mm . (2.5)
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_Where D and L are expressed in meters. For overcoming
mechanism:difﬁiculties Oel mm is added to this length as the

motor is largeusized.

.......

2. 9. Fixing of starting torgue, raaxdmum or pgll out torgue
and maximum . current

The inouction motor is inherently a low starting torque
motor aue to the fact that it draws excessive current during
starting. As the starting torque is directly proportional to
the square of starting current, the increase in the value of
starting torque sliqhtly will result in Very hieh increase in
starting current. Hence a bzlance is obtained between starting
curreng and‘starting torque, Fixing a high value of maximum
pe:m;ssible current the!high~$tarting torque may be obtained.

In our design tﬁe maximuﬁ pexrmissible starting current is taken
upto 600% the full load current tO-obtéin at least 100C% of

full load torgue as starting torque.

The maximum or pull ouﬁ to#que of the motor is the
-valuenof torque beyond which moter will bresk ébwn. Pull out
torque determines the over10ad capacity of moter. Pull ocut
tcrque should be sLéh ﬁhat motor may take OVerloads due to
fluctuations and other normal reasons but should not be‘Very
high as the higher value of pull out torque will resnlt in
increased losses 2nd hence less efficiency. In the design the

pull out torque is fixed at 200% the full load torque.
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| 2.10;:De¢2 Bar effect
' Due to the skin effect, the resis tance cf thick and

deep comguctors changeé with the c¢hange in freguency. The varLa
tion of rotor freguency gives a means of chenging the effective
rotor resistance, since an inductive impedance losses almost all
of its reactasnce at the low freguencies common to induction moto
rotors when operating at no;mal siip.‘ But during starting the
slip is VPIyAhiCﬁ (Unity at‘stanéatill) resulﬁing in‘hfdh |
freﬂuency ir rotor c0u€uctor5 which in turn results in ircreasec
rotor jmfpdnrcc Hencp the Iotor impedance may be considered
ivas varliable ﬂurinﬂ the course of motox speedibg up from stmnd»

still to its normal orerating value of slip.

For calculating this rotor impedance & formula is

!

given by Adkins(12) as,

-, (smhze;js::_nza) .
- B _1_‘ WO -co---aol (2.6
% = 2/2 - (1) {Essh o = Gos 28 -

‘ P S WMy
Where & = hy/ —5—--

1

.'.Q.(.oo." : ) {2.7

Wﬁérej~y is the.cdﬁsﬁant,wiéfh’of'rotbr‘SLotv
h. is depth of slot ‘ ,
w 1s angular‘frequency'of:rotor barg = 27 of
Mo is permeabilitﬁ cf air

and - s specifié resistivitykbf'rotor bars.
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- 2.11, Fixing the bore diamgﬁer for different sets of No.of poles

The bore diameter isg fixed by varying the ratio pole

arec to pole pitch,

"""%7—" = w -..1-000.0. ’ » 4 c2'8)

P

So when P is varied, ¥ will vary and so the stack
length for fixing the bore diameter, The ratio ¥ should not go
beyond 3, to ensure good désign. If the ratio ¥ is beyond 3,

it will lead to unbalanced machine and poor power factor.

2.12. General design procedure

The f£low chart, using synthesls approach of deslan,
1s developed in figure 2,1. The description of the flow chart,

blockwise, 1s as unders:

B=1l = In this block the specifications of motor like kilowatt
rating, efficlency, power féctor, number of poles and constraints
values like pull out *torgue, starting torque, permissible tempera
ture rise and flux densities 1n stator and rotor teeth are fed.
Initiél values of varisbles and the values of gssigned parameters

are set here.

Be2 « In this block the following egquations are fed to calculate

the values of bore diameter and stack length of the machine.

The output coefficient

CO —_— .011 *AECW *BAV *AC o9 Ve s oo @ (209)
Sg'N = 2 * SO/POL ®@® 9 S0 g o0 (2010)
RKVA: RKW/(PF *EFF) A E N EENX) A (2-11)
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Calculate eq. cktparameter,&power fa

ctor B-7

Is
No p.f. OK\

[Change rotor b(ﬂri

Change stator
cond.current der

angerotorbar

Ch
current density

STOP |

K. N c-6
\/// ¢ current densities|
?
{
Calculate startingresistance B-8 No
-
Y
Calculate max.te f.l.torque ratio & B—9
starting tof.l.torque ratio.
Calculate full load current & mex.
starting current B-I0
Y
{Caiculate stator &rotor temperatu _ .
re B-l1
Print output designe B-12

oW CH,ART FOR DESIGNE SYNTHESIS OF INDUCTION

TOR .



|Read specifications of motor const.
raint values, initial values of variable B-]

& assigned parameters of motor.

Calculate main dimension. B-2

Choos another
value of vari - |
ables.
\
' B-3
—~ Calculate stator parameters. -
~—Ho >C-2
Select number of rotor slots. B-4
: * , B-5
T Calculate air gap length &rotordesign
i Reducerotor
"1slots by one [
|
No
Lo Calculate losses , efficiency & slip B6
C:5 Jehengeroter &




-2l

DIA ‘= 3/RKVA * POL/(CD * SYN * PR *fT) ...... (2.12)
SL'KH =PR*7T-* DIA/POL ess o0 e ase (2013)
After calculating the stack length, the net jron length is

calculated taken inteo acomunt the space occupied by cooling duct s

and stacking facter for laminations.

SLINI = STKF * (SLTH - ND * WD) (2.14)

B =3 - In this bloék'thé fblioﬁing équations are fed to calculate
s;atpr»parameters;
. FLUX = BAV *T% % DIA * 's:-.,'m./m# e (2.15)
TS = ES/(~4..44~ * 50\ * TLUX ¥ 'éﬁ{w) . I(2.16)
Here the number of slots pe:‘pole rer Qhase Q3, has to

be decided by designer._ They are generally kept between 2 to 5,

taking higher vab@es for smaller numbér of poles.
Toéal number of stator slots
©S1 = 3 * POL * Q8 (2.17,
‘stator slot pitch
yss = T * pia / 51 " essesesace " {2.18.
Stator conductors per slot

23826*'1'5/31 T aseeccprac e (2.19
Stator current £er. phase

CI 1 =. RKVA * 1000/3 * ES . o‘o_tb.-r.-on ) (2.20



At this point the current density in stator conductors .

has to be selected by deslgner sultably.

Area of stator conduétor
CONA = CI 1 / DELTA  sevevsnveee (2421
Taking a suitable value of slot factor (depending upon

insulation needed) .

Area of stator slot = Area occupied by conductors in slok/slot
£ actor

ASS = ZSS * CONA / SLF escsesace (2:22

A¥ is the ratio stator slot depth to wi dth which is fixed

by designer at an'initial value. Hence depth cof stator slot -

DSS = 4/ASS * AX eseceene (2,23
.and WSS = ASS / DsS . esesane. ' (2.24

AsSS, DSS and WSS are in m.Mme

Stator teoth width

TWS = ¥SS -~ 001 * WSS  cevereen (2425

After calculating thestator tooth width, the flux density
in stator tooth may belcalculaied. Stator tooth is the part of
st ator where £lux density is maximum (Being a low reluctance path)
The flux in this part sre about 1.5 times flux per pole (less thar

7/2 times on account of saturation). So,

BT 1 = 1,5 * FLUX/(S1 * TWS % SLINI/POL) eeceee.. - (2,26
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depth of stator core

DCS = (OD - DIA - .001*1355)/2 .oo‘.oo'oo\.- (2027)

Where OD is outer _diamet.er; whichis fixed for a standard

frame size,

Flux density in stator core

8CS = FLUX / IXS ¥ SLTNI ceeecanns (2.28)

Bo4 - 1In this block the number of rotor slots are so selected -
that smooth starting and éccelerating conditions are obtained

as discussed in.&rﬁicle 2.7, For this purpose tﬁe»initial value
of number of rotor slots are tékeﬁ equal to 1.25 time 81, and thi

is modified ﬁntil theffollowing'cdnditions are obtained -

52 - 51 # 0,1,2,POL, POL + 1, POL 4'2, '2¥ POL, 3* POL,

and 5% POL essenceran : (2.29)

The minimum value of number of slots should not go

below ¢S B1.

B=5 =~ In this block the air gap length and rotor parameters are

calculated with the help of following eguatlions =

AiYr gap ilength

AGL = 0,3 + 2%,/ DIA¥ SLTH MMe  seaosance (2.30)
Where DIA and SLTH are in meters.

{The air;gap-length is generally giyen by the expression

replacing 0.3 by 0.2 in 2bove expression but in present case
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0.1 mn additicnal gap is added due to méchanical»difficulties

faced dy 1érge_siéeé,madhine with =mall air gap lengthl.
Rotor diameter

RDIA = DIA - ,002 * AGL ,...;... (2.31)
Rotor slp£ pitch

YRS = 1M * ana/sz~ ' ceesasee o {2.32)
Rotor bar current(19})

'CIB'= 0.85 * 6 * CL 1 * T5/52  ,...... (2.33)
Areé of,egdh bar | |

BARA = CIB/DELB ceaevee . (2.34)

Rotor tooth width and -slot width 1is taken equal as per standard
practice,

WRS = TWR = 1000%* YRS/2 cesecens (2.35)

In the rotor slot, 1 mm clearance is left in slot wideh and
3 mm In slot depth to determiné the tar area, hence derth of

rotor bar =

pﬁB = BAéA/(mRs-l)  eeessenes ' ' (2.36)
and‘deéth cf rotor slot is

bRs = DRB + 3 srecrenacs | (24372

kg in the stator tooth, the flux in rotor tcoth is

also 1,5 time that of main £lux, and so the flux density in
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rotor tooth is given as,

BT2 = 1.5 % FLUX/(5p + tur * 0.001 * SLTNI/PQL)"°"2'38)

The rotor bars are ékewed,..Extending'the bars by about
2 cm. beyond the core on each side and taking 1 cm. as increase

in length because of skewing, length of rotor bar
BL'IH= SLTH = .05 . Me Sw eeverae (2-39)
- End ring current:- The end ring current lags behinad

the rotor bar current hy 7T/2 and is given by following.

relationship(19),

CZE=SZ*ch /‘Tr‘*pOL .-o;'ooo (2Q40)

The current density in end rings is taken same as that

in rpior bars. 8o end ring axrea
' Ram = CIE / mpym (2.41)
The end ring strip of depth DE and thjékness TE is used.
The depth énd thickness rétio is fixed as, |
| e = TE + 3, — C (2.22)
Outer dia of end ring
DEO = RDIA - ,002 * DRS ceossa (2.43)

Inner dia, of end ring

DEI = DEQ - 002 * DE csvoe s (2,44)

Mean dla. of end rings is taken as average cf outer and inner

diameters.
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- Depth of rotor core is taken egual to depth of stator

Cé‘r'e ®

Inner dia of rotor stamping - Allowing for an axial
ventilating duct of 70 mm width im rotor to allow air circuit

through rotox, the inner dia of rotor stampings is
RSID = RDIA « ,002 * DRS = 2 * IC8 « .07 . .... (2.45)
B -6 - In this block the process of performance evaluation of

the designed machine begins. Here the no load current, no load

power factor, losses and efficlency are ecalculated.

.

'No_load current

(a) Magnetising current s- In order to calculate magnetising
component of no locad current, the m.m.f. required for various

parts of magnetic circuit of machine are calculated as below:

(1) Air gap :.. For the purpose of caleulating air gap m.m.f,
the distribution of air gap flux is assumed to be over'the whole
slot pitch except for a fraction of slot width as shown in
figure (2.2), This fraction depends vpon the ratioc of slot widt]

to air gap length,
The effeCtive or contracted slot pitch is given as

e :
¥SE = ¥SS « CCGCS * WSO

- Where CCGCS is carter's gap coefficient, which depends
upon the ratio slot width/gap length. Standard curves are
available to give the value of carter’s gap coeffilecient(19).:

The curve is approximated by the following egquation for the
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purpose of computer solution

cocs = (1 + 3.5 * AGL / WSO * .001) eeveee.. (2:46)
Relucténce of alr gap with slotted armature

) AGL / Ve
Rgg = ‘Mo * ¥Ss * sLTH

and the reluctance'of air gap with smooth armature

Rgs = ACL /y. * vss * sum

The ratio of reluctance of air gaﬁ of slotted armature
to. reluctance of air gap with smooth armature is known as gap
contraction factor, So the gap contraction factor for stator

slot

GCoFs = Y55/(yss = CGCS * WE0)  ieen..ns (2.47)

Similarly carter's gap coefficlent and gap contraction‘factox’for
rotor slot are given as, ‘

CGCR =1/(1 + 3.5‘:* AGL/WRS * .001.) s 0o s (2.48)

GCFR = YRS/(!RS-— CGCR ve I"‘JRS .'k ‘001) e -.. e (2049)

For ventilating ducts we may assume half the gap length on stator
side and half on rotor side. 5o the carter's gap coefficient and

gap contraction factor for ducts are =

CGCD = 1/(1 + 3.5 % AGL/2 . 'WD) ceooves (2.50)
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Teédgap contraction facﬁor is given as,
GCFT = GCFS * GCFR * GCFD esveeeos ' (2.52)

Bffective air gap length, taking into account, the gap contraction

factor -~
EAGL "—-‘GCFT*AGEJ ' ® ® 00000 N ' . (2053)
The flux density in the air gap is taken as 1.36 times,

the average f£lux density, BAV, to take intq account the saturation

and skew by 60°. Hence air gap m.m.£(19) -

ATC = 800000 * 1436 * BAV * EACL / ;0 0 eseeenen. (2.54)

(11) Stator teeth := Width of stator teeth at 1/3"° height from

narrow end
Wwrs = * (DIA + ;ooz * Dsé/s) /g1 = WSS %».001 ..(2st)
Axrea of stator teetﬁ per pole at 1/3rd'hedght
AST = S1 % WES # SLTNI/POL  wu.veaes |  (2.56)
Plux density censidéring éffect of saturation
BTSS = 1.36 * FLUX/,on stoin e 0 £2.57)
Cbrfespdnding tb this the m.m;f; pérlmetre SATST is to~l
be seen from the cﬁrve in figufe (2.3). But -for the purpose of

computer sélution the'curve is approximated by equations as given

_in Table 2.1,
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Hence the total m.m.f. :equired for stator teeth are =

ATST = SATST * 001 * DSS °  eveveses (2.58)

(1ii) Stator core :~ The flux density in stator core is BCS

(equation 2,28), corresponding to this flux density the m.m.f,.
per metre SATSC ére calculated as per Table 2.1. This m.m.f. hac

to be multiplied by length of £lux path throuch stator core whick
is -
SCPATH = f] * (DIA + 002 * DSS + DCS)/ 3 * POL ..(2.59)
Hence meMe.L. re@ﬁired'for stator core,'

ATSC = SATSC * SCPATH ceenanen . (2.60]

(iv) Rotor teeth := Width of rotor teeth at 1/3'd height

from narvow end

WRT =T/ * (RDIA - ,004 * DRS/3)/, - .00l * WRS..(2.61
- Area of rotor teeth per pole dt 1/3xd'height cemens
ART = §2 * WRT * SLINI/POL  seeses : - (2.62

Flux density in rotor teeth considering effect of saturation

BTRS = 1o36 *E‘IJUX /-ART N ' l.[o.l’co- ’ ; (2063

ébrreéponding to this flux density,the mem.£. per metre
SATRT is calculated as per table 2.1, Total m.m.£. reguired

,for rotor teeth.

ATRT - SATRT * DRS * -001 e eeop oo » A (2.64:
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(v) Rotor core := Flux density in rotor core is taken to be
same as that in stator core i.e. BCS and hence m.m.f. per metre
is also same as SAT3C. This m.m.f. has to be multiplied by
length of flux path through rotor ccre which is

RCPATH = Tl * (RDIA - ,001 * DRS = DCS) / 3 * POL,.., (2.65)

M.M.F, required for rotor core

ATRC = SATSC * RCPATH  wevevsees ~ (2.66)
Total &.m.f. requirement of the Motor =

TAT = ATG + ATST + ATSC + ATRT & ATRC .eees. (2.67)

Magnetising current per phase(19)

CIM = Q.427 * POL * TAT /éKW % TS eesese . (2.68,

Table 2.1

Range of flux density Corresponding equation'

> o .

FD Wo/m2

0 to 0.6 | AT = 91.8 * FD + 45.0

046 to 1.0 | AT = 200.0 * FD = 20.0

1.0 to 1.45 AT = 6.444 * EXD (3.2 * FD)
1.45 to 1.7 . AT = 0.0052 * EXP (8.1 * FD)
1.7 to 240 AT = 0,687 * EXP (5.23 * FD)

(b) Loss component :- The.ioss component of the éurrent is

being calculated as under.
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Mean width of stator teeﬁﬁ

UM = TT* (DIA +.;oo}xf DSS) /gy = -CCL * WSS ..., (2.69)
Weight of stator teéﬁh | |
. WIST = DENT % 51 * TWM * SLTNI * DSS % ,001 ceeees (2.70)

Maximum flux density in teeth at l/ard'heﬁght

. !B&SM g TT* ﬁLUX /2 * AST sevtemsiae (2071)

 Corresponding tc this £lux density the lose per Xg,
SPL3T, is determined by the curve in figure 2.,4. The curve is
appreximated by sguare rule upte £lux density 1.6 Wb/m2 and by
cube rule beyond that value, for domputer solution. Hence iron

loss in stator teeth
LIST = SPLST-* WEST  wevevess | (2.72)

Mean periphery of etator core = * (0P - DCS)

Weight of iron in stator core -
WICI = DENI % 7] # (OD=DCS) * DCS * SLTNI eev.. . (2,73

Flux density in stator core is BCS (equation 2.28)
’ cbireéponding to this flux density the loss per Kg SPLC is

. determined by square rule.

Iron loss in stator core

ch = SPLC * WTGI R R R (2.74

Allowing the loss in joints ete. the total iron losses
are taken double the combined iron losses in stator teeth and
core. Therefore

TIL = 2 * (LIST + LIC) ereenes (2.75
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Friction ang windagé losses are taken as 1% of output

power. Hence,

FAL = 10 * RKW civeenes (2.76)
Total no load loss

NLL = TIL + FWL cvreaens (2.77)
Loss component of né loaé current,.pér rhase

CIL = NLL/y 4 5o (2.78)

No loadAcurrent

CINL =;¢{&IM)2 + (CIL)z : e s e P eo e .(2.79)
' No load power factor
PHIL = CIL/CII\EL c ev e macoen (2.80)
The magnetising reactance
M = ES/CIM | (2.81)

The resistance due to core losses

RM = WS/CI.L oo s v (2.82)

-~

Copper losses =
Mean length of stator conductor

CSCML = SLTH + 1.15 %77 *DIA/, . + .012m a....  (2.83)

- Length. of conductor pyexr phase

SCLP = 2 * SCML‘* TSl . o5 o0 ay (2.84)

Stator resistance per phase

RS = 021 * SCLB/qpun  ceeeee (2.85)



Where 021 is specific‘resistivity of copper in Chmemm

Total stator copper loss
SCLOS = 3 * Rg ¥ (cr1)?
jResistance of each rotor bar

RB = .021 * BLTH/q, 00

‘Copprer losses in bars

BCLOS = 82 * RB * (ciB)?

Resistanceiof eédh end ring

RE = ,021 * 71 * DEM/ .0

Copper loss in two end rings

ECLOZ = 2 * RE * (CIM)Z

Rotor copper loss .

RCLOE = BCLOS + ECLOS

Totalvcoppérlloss
TCLOS = SCLOS + RCLCS
~Efficieney EFF =

and

SLIP = RCLOSZ/

Be7 o

. me te s s ws

ssev s e

RCH % 1000/ (peyr *

(RKW * 1000 + RCLOS + FWL)
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(2.86)

@ ce o0 neg

(2.87)

® 9 ®Hs v

(2.88)

Cesennnen (2.89)
(2.90)

(2,91)

(2,92)

1000 + TCLOS + NT.;L) 0A000(2.9.3)

0 (2.94)

Tn this block the equivalent circult parameters and full

load power factor are calculated. The equivalent circuit of

cage induction motor is shown in figure (2.5). The parameters RS,

RM, XM and slip are already calculated in block 6.  The remsaining

parameters are RSR, XS and XR.



Epn , XM %RM N

FI16.2.5 EQUIVALENT CIRCUIT OF INDUCTION
MOTOR.

0% 2.0'0%
%%

P
* <>
BSRSSS l
O <O

FIG.2.6 STATOR SLOT CONSIDERED.



-34

The total rotor resistance

RROT= $2 * RB + 2 * RE .. esveva e (2095)

To determine transforming ratio to transform rotor rééistance
to'stétor side, a cége can be considered as a polyphase winding
in which there aré S2 conductors Connedted in pairs a pole pitch
apart.td form (S2/2) phases of one turn éach (20). 1In a cage

rotor the transformation ratio can be deterinined as =
CTFR = 3%TS*AKW/ * {POL/.)
(82/por) 2 |
ot . TFR = 6*Tg * AR/ chseareesan (2.96)
Stator referred rotor resistance per phase
. 2 -
RSR = RROT*{(TFR) /3

To calculate reactance the helcht oceccupied by conductor portion

in the slot i3 Hl as shown in figure (2.6)., H1 may be given as(1l

Hi = A/ZSS*QONA*AX ces eecos . .l . ‘2 997)

H2 and H4 may be taken as 3.5 m.m. and 1 mm respectively
this gives

H2 = DSS = Hl - H3 = H4 ceceenan : (2.98)

Specific slot permeance for stator slot is given by(19)

. - ’ v . . * n ’
PSS =4m°* (51/3*wss + H2/ e + 2 H3/(wss+wso>+ Hé/wso}....(2.99)
‘The stator slot leakage reactance now may.be calculated‘

as

SSLR = 8* 'T *50*(’1‘5) 2* SLm*PSS/(POL*QS) oo ac s (20100)



Similarly for calcuiating rotor slot leakage reactance
HR1l may be taken same as depth of rotor bar, while HRZ, HR3 and

HR4 are taken as .75 mm, 1.75 mm and .5 mm respectively.

Bpecific slot permeance for robr slot is
o == * N & HAR L I".-’ - . ceoo ;@
PRS =,u (HR1/3*WRS : “Pz/sz b zas/WRs i Hn4/WRS) . . (2.101)

The specific slot perme=ance has to bhe referred to stator
side in oxder to calculate rotor leakage reactance referred to
stator side. Hence rotor élot specific slot permeance referred

to stator side is =

RPRS = PRS* (PKW) "; 51/52 l AR EXEERERER (20102)
Rotor slot leakage reactance as referred to stator side now
may be calculated as,

RALR = S*TT*SO*(TS)Z*SLTH*RPRS/(pOL*QS) ceeese  (2.163)

The permeance of overhang portion is given by,

OP =/Mo* (,]T* DIA)POL)Q/_’T* YSS S o se st s e (2.104)

(Assuming full pitch winding)

The overhang 1eékage reactance is
, . . . ' :
OLR = 8%*T7 *50%{Tg) *op/(POL*Qs) cessnae (2,105)
'The zig zag leakage reactance is given by eguation,

X7 = 5%/, (212 *((1/o0) %+ (/g3 Deeii. (2.106)



Here the nunber of rotor slots per polé per phase may be

calculated as,
QR = 82/ 401, - {2.107)

The dAifferential leakagé reagtance is ignored for
squirrel cage indgction motor.

‘?otal leskage reactance of machine

XL = S$SLR % RSLR + OLR + XZ  eeueeees (2,108)
Total stafo; leakage reactance

XS = SSLR + 0.,5%0LR + XZ ‘ S | (2.109)
And total rotor leakage reaétance, referred to stator side,

¥R = RSLR + 0,5 * OLR : esasees (2.110)

Hence all the eguivalent circuit parameters are

determined,

Now the equivalent circuit may be solved by dividing
it into three part in order o determine the full load power

factor.

(1) Stator circuit impedance 2S = RS + J X8
(i1i) Rotor circuit impedance @R = RSR/SLIP+ J.XR
(313 Magnetic cireuit impedance ZM
| o o= 3 R M pn 45w

= mf(m)% ;j(m)z*m/ (RM)2+ (m)2



This may'be written as,

@M =Gl + j C2

Gl =RM*(XM)2/ (RM)2+(m)2 . .Dl.".o'o

~ and 02 = (RHY L2 a2 e

Now'solving the parallel combination of rotor and magnetic

circuit,the impedance comes to be,

ZRM = G3 + J G&

Where
- gor X [ 3 £ G
G3 = (RSR*G1/y 4, =~ ¥R ¢2) (gsxa/smp + G1)
+ (RSR*GZ/SLIP + XR % Gl)¥* (X3+G2)/
(RSR/ + ﬂl)z + (XR + G2)2 .o
r STJIP el L s Pe o @ R
and

G4=(RSR/$LIP + Gl)*(RSR*62/8L1P+ XR*G1l) -

(XR+G2)* (RSR*CL/ qp vp = XR*G2)/ (RER/ gy ot Gl)z
. A P
+ (XR + 02)2 " eewees

The totel series impedance referred to side can now be

expressed as,

21 = RS + J XS + G3 + ] G4

(RS+C3) + J (XS + G4)

=37

(2.111)

(2.112)

(2.113)

(2.114)

Tull load power factor may now be eoalculated as,
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B=8 - In this block the starting resistance of rotor is
calculated, taking into consideration the deep bar effect. The
deep bar effect is discussed in article (2.10). The bar impedance

may be calculated using equation (2, 6) and (2 7).

BIMD = BLTH/ o * /T* 50 *,u * ,021 * (14J)% (SINH{2*THETA) -

‘/y J SIN(2*THET4)) / (COSH(Z*‘IHE‘I‘A) -
COS(Q*mEuPA)) ...O'.‘O.;lo (2.116)
Where
THETA = .QO1*DRB* /7% 50 * u_/.021 ceeenese (242179

Now separating real and imaginary terms the bar'

resistance at the tinme of starting,

BRS = REAL (BIMP)  c.cceees - (2.118)
Total rotor resistance at the time of starting
SRROT = S2 * BRS + 2 * RE veeveens (2.119)

Transforming it to stator side, the stator referred rotor

resistance per phase at the time of starting

SRSR = SRROT *(TFR)Z/3 (2.120)

B=9 - In this block the full load torgue,pull out torque
and stérting torqgue are calculated. Let’C1 be the effect of
magnetising branch on torqgue of motor, Thisbeffect is approxi-
mated as, | |

Cl1 =1 + gﬁ + XS/&M esscenen (2,121)
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The full 16ad torque‘is'given by the equétion(17).

3% (ES) 2% RSR/SLIP

TFL = cecees (2.122)

(Rg+C1 * RSR/SLIP)2 + (Xs+Cl * XR)?

Mt the time of starting the SLIP is unity and the rotor resistance
will be replaced by itsﬂvaiue at the time of starting. Thust

starting torque is,

3#%(ES) 2* SRSR

TST= ...oo‘n- (2-123)

(RS+CL % SRSR)2 + (XS + C1 * XR)2

The p.u. starting torque is given by the ratio of

st arting torque to £full load torque thus,

TRTl = TST/TFL . e ves vs v (20124)

The slip corresponding to maximum torque is given by(21) -

A

Scy T RSR/A/qu)z+ (%s + XR)Z

- substituting this value in equation (2,122), the

maximum or pull out torque may be calculated,

+(59)° (2.125)

TMAX = 5 7 2
2*Cl * RS+ /(RS)“+ (X8 + C1¥XR)

« The ratio maximom torque to £ull load torque is called

p.u. Mmaximum torque,

TRTZ = mPX/TFL e o s0 0 s 0 (2.126)
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B-10 - In thils block the ratic starting current to full load

currxent is calculated. The full load current is given by

relationghip,

CIFL = B3/ ,(Rs+Cl * RSR/SLIP)Z + (X5 + €1 * xr)2 =-+(2.127

The starting current may be calculated by replacing RSR by SRSR

and putting SLIP = 1,'

The ratio starting current to £full load current is;,

STCR = CIST /oper Cerrenns ' (2.129

Bml] = In this block the stator and rotor temperature rise are
calculated. For determining the temperature rise the cooling
. coefficlents for various pottions‘of madhine are taken from

Table (2.2),(20).
For stator temperature rise -
Outside cyllindrical surface of stator

SE0 = * OD * SLTH .oooc;ch- (2’130:

cooling coéfficient ifor, -outside surface G0 = 0.033

{from table 2.2) ,
Inside cyllindrical surface of stator

SSI =  * DIA * OHL ceveensens (24131
Where overhang length

OML = SLTH + 0.0254 *(.001 * BS + 3.0 + ¥S5/4)....(2.132
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Relat ive periphérial speed of inner surface

SPS = % DIA'* SYN Ceeeees (2,133)
cdoling coefficient for inner surface

SCI:: .033/(1 4+ 0.1 * SPS) seoensvaes - (20.[34)
Surface of ventilating ducts

ssD= * ((0D)2 ~ (DIA)Z) * (2 + ND) / 4 .... (2.135)
Cooling coefficient for ventilating ducts;

SCD’—‘O.]-S/O.l* sps R R I I ) (2.136)
Total stator loss

sLOS = 3CLOS * SLTH/ + TIL'  dectecoen (2.137)

SCML

Stator temperature rise

?TR?SE = SLOS/(SSO/SCD+ SST/ oy + SSD/ fop) ** 00 (2.1238)



Table' 2.2
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- g ; - ,
Part {  Cooling 1 Speed ¢ Remarxks
.4+ coeffilclent |, ' .
$ ! , [) 1
Cyllindrical 03 to. .05 Relative perie Lover figures

surface of
stator and
rotor

Back of -stator
core

Rotating field

Coils :

= Q0w

Ventilating
ducts in cores

1+ .1u

.025 to .04

.06 to .08

1+ ,1u

.08 to .2

u

pherial speed

Armature perie-

. .pherial speed

Alr velocity
in ducts

for forxced
cooling

Based on total

coil surface.

Based on
exposed coil
surface orlye.

u can be taken

~as 10% of peri.

pherial veloci

of core.

For rotor temperature rise
Outside cyllindrical surface of rotor

RSO =71 * RDIA * ®LTH (2.139)
Cooling coefficient 6f'outside rotor surface

Rco = 0033/(1 * ‘1 * Rps) ® ® ® ¢ O 00 o (2‘140)
Where

RPS =7r* RDIA * SYN .Q-.--_Oo--- (2‘141)
surface of ventilating ducts

eveae (2.142)

RSD = 7T *((&DIA)? = (RSID)Z)* (2 + ND)/,
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Cooling coefficient for ventilating ducts

RCD = 0015 /0.1 * P\Ps ‘ RN R I . (20143)

Rotor temperature rise

| (RCLOS + FWL) . (2.144)

RTRISE = - ,
RSO/RCD o+ RSD(RCD
Bul2 « Here the output is printed.

In blocks C=1 to C=8, the various constraints are checked

as given in blocks.

2.13., Cost of active materials
HWeight of iron in stator testh and core is already
caleulated in precedinc sedtions. Welght cf iron in rotor,
WIRT = DENI * sLTNI * 7T * (RDIA)Z - (ReIDY? / 4

- (382 * DRS * WRS *'10’6)
s ce 200y (29145)

Total iron cost
TIC = CI * (WDST + WTCT + WIRE) weeeeens (2.146)
Where CI is the specific cost of ixon.
. hielght of stator winding

@YSW = Volume of winding in ms* Density in Kg/mB

ZSS*CONA * SCML % 6 * T5 * DENC * 10~C.... (2.147)

WTSW
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Welght of rotor winding

WIRW = (S2 * BARA * BLTH + 2 * 7! * ERAR * DEM)* DENC * 10-6
' sorecns. (2.148)

Thus the cost of winding

TCW = CC *  WTSW + CR¥ATRW  \ i 0ivsannane (2.149)

Wthera 'CC* is specific cost of winding materlial. Total cost

of active materials

TC = TIC + TCYW secesvas (2,150)

2.14. CONCLUGION

Kith the desion procedure givern in thls chapter, the
general d@ﬂign of induction motor Ais forﬁulateé and from this
"desicn the one value of bore dlameter is suitably fiwved, for
the series. The cost of active materials for unortimized motor

is also estimated here,
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3.1. ;ggxcéuCtion

. In thls chaepter, the 6ifferent optimizaticn techniques,
| suiltable for épplication to induction motor design problem,
selected on.the bas1s of c;itical survey of the optimization
technigues(17}), are discussedf; The facto;s governing the |
choice of optimization tedhniqué'are coﬁsidered in deciding a

particular method te soive the problem.

3.2+ Optimization technigues

‘ From the basis of literature survey(17), the available
methods for the soluticn of nonlinear programming problems

can be categorised in three different typeé as (i) One dimen~
sdonal mihimizétions, (1i) Comstrained minimizstion methods and
(iii) Unconstrained minimization methods. ' These can be further
classified into iwo groups - direct and indirect methods ag

shown in table (3.1),

' éonsidering one dimensional methods, the use of
analytical method for this design optimization problem is
difficult since the functions are not directly aifferentiable
and hence numerical methods are to be employed for differentia-
fing the objective and constraints functioﬁs. Interpolation
methods are efficient than eliminaticn methods but they'fail to
converge at global winimum 4£ the finction is a multimodel one.
The simplest methed which can glve reasonably accurate results
by approximately fixing the step size is inciemental seareh
methods In this method an ordered search from a given stérting

point considering each variable in turn, is conducted using a
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fixed step size. Hence this method, though inefficient, is

consid@réd'fcr'application to optimize induction motor design.

. The constrained minimiéaticn techniques, for none
linear function and constraints, are more justified té select,
In this category. amongst the direct methods, cutting plane
method regquires convex programming problem with objective
function and constraints as néérly linear functions and hence
cannot be used, Feaslble directiong methods are hore effective
for the problems using‘linear constraints or for linear programite
ing proklems. AFox this reason Box's compler method and Rosen-
brock'g method can convenilently be aspplied to the inductidn motox
design problem,. In Box's complex methed, a new method of
constrained optimization devised by Box(22) in 1965, a general
nonlinear function of several variables and constraints is
described and solved, It is claimed there, that this method is
efficient as compared to existing nethods. The efficliency of
using effective conétraints to elimiﬁate variables is demohs-
ﬁrated, and a program.ﬁo a&hieve thils eagily and automatically
iS~desc:ibed.'-fhe method of rotating coaréinates wag presented-
by Rosenbrock(24), which resembles with the earlier method
named pattern search method and given by Hooke and Jeeves(25).
The pattern search method is a $¢quentia1 technigque, each step
of which consists of two types of moves,one called the axplorato:
move and the other called the pattern move. Exploratory move
explores the loczl behaviour of the objective function and the

second move takes the advantage of the pattern directionss



This methed does not. require tc calculate the derivatives of
the function and quadréhicwconvergence ériterion gives fast
convergence than earlier'methods althqugﬁ the glqbal minimum
is notyguaranteed, The method is applicable tQ uhconstrained

problems,

The Rosenbrock's method can be considered as further
development of pattern search mechod. The methed rotatds the
coordinate system in each stage during the process of minimfza-
tion, in such a way that the first axis is directed tcﬁaids the
locally estimzted direction of the valley and all the other
axes are made mutually crthogonal and normal to the £irst one.
The evaluation of derivatives le not necessary in éhis nethod
and is arplicsH e only to unconstrained problems. To start
with, the feasible design i3 needed and optimizetion process
starts from the given point taking the varisbles in sequence.
The direction of seaxch for the variables is the direction of
respedtiVe coordinate axis. In the event of a success, i.e.,
the current point design giving better optimum, the step size
in the next cycle is enlarged by a factorti>f1.. During féilnrg
the step size is reduced by a factor B (0 <P <4l) in the réverse
direction in the next cycle. The stage is completed when |
atleast one success and one fallure in each direction is encoun
tered. In the next stage the optimization process starts from
.the best point in the preﬁipus cycle, This method has proved
to be very effid ent in convergence but it assumes the function

to be unimodel and hence for functiens with mulitimodel nature
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the method is to be started with several starting points and
the best golution selected. A detailed study presented by
Box(23) resulted in concluding that the complex method is
likely to be more reliable thaﬁ,Rosenb:ock’s method for highly

nonlinear {multimodel) functions.

Ameongst  indirect methods the transfoimation of variable
method reguires, constraints as simylé functions of variables
and €hus can not ke used witﬁ problems like induction motor
,desigh ocptimization. Penalty function methods are varsatile in
application and can solve any optimization preblem. Thisg meﬁhOi
converts the constrained optimization'problem ints alternative

form in sucdh a way that numerical sclutions are sought by

solving a seguence of wnconstrained minimization problem.

Some methods using penalty funCtion‘appfoadh are
discussed here. Carrol(28), presented a method‘based upon this
appréaéh in 1961. He has converted the original cbjective
function of cenétraiﬁed'nature, into wnconstrained modified
'objeétive funetion by avgmenting a penélty term to original

objective function. He described the new objective function ag

i i ;
P (Xl r;() = F(X) - IK %1 ”‘g‘?’(ﬁs"’ seaceocese (3.1)

© Where Iy is a penalty parameter., Expression (3.1)
shows that the valué of function *P° wiil always be ¢reater

than the value of 'F' since for all feasible valuves of ¥, the
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penalty term will always be negative. If any of the constraints
is satisfied criticélly, l.24, gj(X)=0, the value of 'P* then _
tends to infinity. The shortcoming of the eguation (3.1) is

that the penalty term is not defined for infeasible X. The
method requires a starting feasible point and derivatives of

the functions., Intericr penalty is Ilmposed to solﬁe the problem
so that T is re-evaluated every time in a monotonically decrea-
sing order f1)>'V2’> Yg eees¥> 0 and as I becomes sufficientl;

small ‘P’ approaches X and the problem is converged.

The method presented by Fletcher and Powell{27) in
1963 has made use of derivatives in thelr rapldly convergent
descent method for minimization. This method is very stable and
continues to progress towards the mihimum even for highly distor-
ted and ecentric functions. ‘The stability of this method can be
attributed to the fact that it carries the information cobtained
in previous iterations through positive definite symmetric

matrix,.

The seguential unconstrained minimization technique
(SUMT) for nonlinear prooramming problem was developed by Fiacco-
angd McCormicks'(28). They extended the approach of Carrol in a
more genersl way. The penalty function approach by them differs
in selecting the penalty term. The modified objective function

formulated is of the form -
m ﬁ m+p

P(X,Y ) = F(X) wv jél log (gj) + J.?gmﬂ 1-?4[ eees:(3.2)
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Where r is the penalty parameter. Three terms on the
-rigﬁt hand side pertain. to. the original objective function,
inequality constraints and eguality constraints respectively.
As the algorithm progresses the value of r is re-gvaluated to
- form a'&bnotonically decreasing seguence rlj>‘(2' = = w > O,
As r becomes small, 'P* approaches 'F' and the solution is
sought. Eguation (3.2) is of general nature ané any problem. can
be fitted for sclutlon. . An unconstrained problem means m=0,
p=0, only equality or inequality constraints exist depending
upon Whether m=0 or p=0, Interior penalty function method does

. not necessarily demand the feasible starting point but the

alcorithm searches for feasible design.

in the method given by Waren et al.(29) in 1967, the

mocified objective function is of the form,

m' 1 .
P (X, F,v )} = F'+¥'?§;1 “a“rijg) asceness (3.3)
| =1 % ~ |

In this case F is assuned to be both objective function
and indepehdent.pafameter. Theistarting éoint violates the
constraint%,so that reasconably good initial désign can be found.
However, the method does not guarantee the constraint satisface

tion,.

196465
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3.3, Choice of optimization technigue
' Several factors have to be considered in deciding a
particular method to solve a nonlinear programming problem.

Some of them arée:

(1) Nature of the problem to be solved and required

accuracy.

(ii)AThe running. time costs to. solve the desired orptimiza~-

tion prob¥laems,

{111) The expected relicbility of the pfogram in £inding

the desired sciution.

(iv) The cenerality of the program, necessity of derivatives
erevious knowledge of the metheds and thelr efficiency
etca

(v) The time necessary for preparation of the proaram.
Availakle programmes, if any, for direct use oxr improve

ment . ‘

(vi) The esse with which the program can be used and its

sutput Interpreted.

Amongst the optimiéation technique discussed previously
the in¢remental search method, ;hough easy to program and gives
good results, makes exhaustive search fér optimun soluticon by
evaluating the objective functlion and constraints functions at

each point. Hence the method is slow in convergence and reguire
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- large computational timeb} Rogenbrock®s method has been found
very effective in convergence(lS)w‘ However, 1t does not guarante
global optimum for multimodel fupcticns. Complex Box method
makes a gearch for optimum point by réndomly seattering, the

| ppints.throughcut the feasible range and hence gives bettér
optimum,l The convergence of this method is found tobe very -
fast, andAglso this method 1is siﬁple to program. Penalty
functlon method, though more sysfematic in approaching the

,optimum point, the method is useful only if the npmber of
ﬁariables are large as it ls a little complieated,ﬁethod; With
a small number of variables, as used'in the present problem,
the complex Box method has been found to be bettér than penalty
funétioﬁ method, For these reasons the complex Box method is

‘selectad as the optimization method for the present problem,

3.4, CONCLUSIONS

The selection of cbmplex Box method as the ovtimiza-
tidn method has been made after discussing different optimiza-
tion techniques, on the baslis of critical literature surﬁey.
It has also been stezted that 1f the nuwber of variables goes
high, the penaliy function method will be more appropriate

method for coptimizatlion of induction motor.



=53

so pouP s .uﬂouﬁﬁ&mamnz
A TS ()
oue SO
upaee® xeANE CETE)
a8 txe U0 lEy )
Gm;nwﬂ.ﬁ Y




54

4.1, Intrbductibn

In the design optimization of the series of frame
designed induction motors the main and foremost task is to
develop objeétive functién}l The . whole process of optimization
is based upon formulation of objective function. There may be
many objective functions in the design of induction motors based
vpon which parameter has to be.optimized €ege, COst optimization,
welght optimization etc. Here the bbjective-function is based
upon the cost opti&ization. Each machine of the séfies is
being'obtimized separately for minimum cost of active material
and using same vélue of bore éiéﬁéfe&. 'The cost cf whole series
’then conslidered as a whdie using & weightage function for éadh
méchinee The weightage function is based upon the cost, the
manufacturing cohstraints aﬁd thé mérket'value'for each machine.

The complex Box.algorithm has been'presented in this ghapter.

4e2¢ Statement of Problem

The pfoblem under consideration has been found to be
a_nonlinear one with several censtraints of inequality type
imposeéd on it. The variables selected are the continuously

varying type. The problem can be stated mathematlcally as,
Minimize F (V1¢V2;--u¢VN)

Supject to Gr < V< HK ¢ Ke=l,2,-w-., M,

Where‘vl, Vz,_ - - V;q are explicit, independent variables

of contlnuous type, and‘VN+1 - -,VM are implicit variables
[4
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which are functions of explicit independent variables., GK and
Hg are the lower and upper limits of explicit and implicit

varizshlec.-

4,3, Objective Function

Ih the present problem there are two differént objedtive

functicn has been formilated:

(i) The objective function for every wmacnine in the
series.-

(ii) The combined cbjective function for whole seriecs.

In the first part the cost of active material for esch
machine has been considereé as objective function. The cost of
active material has been calculated as in article (2.12). This
consists of cost of iron stampings and the cost of winding materia
on stator and rotor. Tha cost of iron has bé@n taken as . 15 per
Kg. and the cost of copzer as R. 100 per Kg. and &B. 70 per Kg. for
stator and rotor conduceors respectively. The cbjective function
for each machine fl’ fz, f3 cete. are minimized independently

within the constraintse.

After getting minimuwa values of fl‘ fz, f3 etc. the
objective function for whole series has been evalusted using
two approéchesz

(1) Giving weightage functions to each machine in the
series - The objective function by giving welghtage function

is calculated ags follows(30):
F(x) =y Fylx) + gy Folx) + L5 Fylx)

5]
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Where xi,'q%,<¥3 etc.are the assigned weichtage parameters
dependirig upon the cost, manufacturing constraints and the demand

for each machine., The minimum value of ¥F(x) is approached.

~{1i) Tazking root mean'square of 21l individuasl functions -
The objective function is evaluated taking root méan square of

‘all individual objective functions

F(x) =A//VF§(x) + F% (x) + Fg(xi'- - -

The combined objective function evaluated by two
approcaches above is assessed for the mlnimum value, Correspcnding
to the minimum the values of Fl, 2,P3 etc. are compared to the

individual minimum values of Fl’ F2, F3 etc.

4,4, Consﬁraints

Tn any product ion process the manufacturer has to
produce the product with the material availazble to the satisfaction
of the customer and within the scope of national and international
. standards. Thus.the.selection of constraints for induction motor
design is 3 matter of mutual agreement between the customer,
manufacturer and national and internatiénal standards. The cons-—
traints imposed upon the design in the present case are as

follows: as pex usual practice by menufacturers,

(a) Maximum flux density in stator and rotor
teeth 1,65 Wb/m>

(b) Slot fullness factor 0.4

{c) Full load efficiency _ 2%
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(d) Full load power factox ' 0.8
(e)'p;u;gstarting torgue : ‘ - 1;0
(£) p.us. maximum torgue i 1.5

(g) p.u. starting current 6.0

(h) Full load stator and rotor temperature
rise | ' 75°¢

4.5. Complex Box Aigbritgg

Iﬁthe Box's complex method, several feasible points
are gehefated ﬁsing random‘nu@bers, corresponding to a starting
feasible point. The simplex ;o formed is then moved towards
the opt imum point by reflecting the worst pecint ev ery time tili
the miniﬁum is soucght.,. This means thot during the process of
dptimiéatiOn a critical search has been made by scattering the
feasible points throughout the specified range. The varlables
‘vary in a random way and finally settles down to give optimum
value, Basically the method 1is a seguential search tedhniqﬁe

which has proven effective in solving problems with nonlinear

objective‘functiohs subject'to nonlinear ineguality constraints,

The algorithm: for f£inding out minimum active materisls
cost, subject to nonlinear ineguality constraints, which are
functions of design variables chosen, using complex Box method

proceeds as followsst-

Step 1 = Pick ﬁp starting feasible point
Step 2 - Generate an original complex of K= (N+1) points

consisting of feasible starting point and (R=1)
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\

addit ional pointe generated From random numbers
‘end constraints for each of the independent

' variables

T I

1: 1‘2' - e ey N

ry j are random numbers between O and 1
[ 4 .

Step 3 «Check explicit constraints., If violated go to

step 4, othexwlse go to step 5,

Step 4 -Move the point a small distance inside the

violated limit.

Step 5- Check implicit constraints, If violated go to

step 6, otherwise go to step 7.

Step 6~ Move the point one half of the distance into the

centrold of the remaining points as follows;

'X“j (new) = O‘SK(Xi,j (o}d) + X )

-+ g i,C

Where - i=1' 2( - - "I‘ i@’,

And the coordinates of the centroid of the remaining

points, ii ot are defined as
¢
. . K
e =71 '=1 M4, X;,4 (01d)
Go to step 3, i.el.repeat the procedure until all

A . the implicit constraints are satisfied.
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IG.4. COMPUTER FLOW CHART FOR COST MINIMIZATION OF
CAGE INDUCTION MOTOR USING COMPLEX BOX METHOD.
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Is initial complex generated? If yes, ¢go to

step'8, otherwise go to step 2,
Evaluate objective function at each point.

Check convergence

(Convergence 1s assumed when the objective

‘functimn Values at each point are within predecidec

limit for consecutive prescribed number of
itrations. An iteration is defined as the
calculsations required for selecting a new point
which satisfies the constraints and does not
repeat in yielding the highest function value).
If converged go té'step 12, otherwise go to

step 10.

The point having the highest function value is
replaced by a point which is located at a distance
Ltimes as far from the éantroid of the remaining
points, as the distance of the rejected point

and the centreid, and is given by =

= J( X . S { : )-E.
Xi,j (new) = xi,c i'J(old)) * X

Check whether the worst point is a repeater, If

so go to step 6, otherwise go to step 3.
Print optimum results

stop

The computer flow chart is shown in figure 4.1.
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4.6. CONCLUSIONS

In this chapter the optimization problem has been
stated in mathemétical form, The objective function is formulated
firstly for individual machines of serieg ang then & combined
objective function is formulated, using two approaches, namely
weightagé function approach and root mean square method. The
compley Box algorithm andé & flow chért for cowplex Box method

of optimization has been given in the end.
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5.1, Intioduction

In this chapter the results obtained for induction motor
design optimization and the series optimiation are compiled and
discussed. The results of series optimization obtainaé using
root Mesn square value of. objective function and by assigning
the weightage function, are compared with the result of individual
Gesign of induction motors. . The cost of normal desicn is

also compared with that of individually optimized motors.

5.2. Results and specifications

The specifications and results of individual optimization
of five motors of Eﬁe series to be optimized, are tabuiated in
.tables 5{1 ang 5.2 respectively. The specifications also include
the assigned éarameters which are fed zs input values. The value

of bore diameter is fixed at .71 m for all the motors in the

series. This value is determined by general design procedure.
The results §f opt imized design of individusl motors include the
values selected for variablesg, final values of constraints and
objective function. Objective function is the cost of &ctive

materials for individual motor.

In table 5.3 the cost of active materials with normal
design, individual optimization and the <ost of each machine,
corfésponding to optimized series objective functions, are
tabulated. Series objective functions are obtained by two
methcds as describedAin article 4.,3. 7The optimized cost by root

. mean . square method is ks, 83997, and with welghtage functdion
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method is ®,138308. The cost of each motor in the series,
corresponding to these opﬁimized.values are given in table 5.3.

- The weightagevfacto: has been assigned after studying the demand
for each machine. It‘iS-fOUnd that the 6 pole machine iskthe

. maximum demanded machine and the 12 pole machine, the minimum.
Weighéége factors for cach mahine are also given in table 5,3,
The cost of active materials with individually optimized design
is compared with the cost of active materials with unoptimized
normal désign.~»hlso, the cost of active materials for each
machine corresgonding to series optimized cost are compared to

the individuslly optimized costs in table 5.3,

S¢3+ Digcusgsic

I

\
As is evident from table 5,3, the cost of active

materials with series optimization is a little higher than the
cost of indivicdually optimized motor. This may be visualised by
the fact that in series optimization some parameters are fixed
. which were free in 1ndividual optimization. But this increase
in cost Lle not very high as compared to the compﬁter time saving
in the case of éeriea optimizatibn. If we take into account

the computer timé cost also,” serles opﬁimization will always

be found less costly than individﬁal opt imization of motors.
Tovadd fo this in serles optimized motor the single die-punch
fis reqﬁiréd as the bore diameter is fixed, this will further

reduce the overall cost of series optinized notot's.
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This is also evident from table 5.3 that if the whole
series hag to be optimizéd,uniformly,the r.m.s. method of series .
optimization is better than welghtage function method, aé in
Y.Mmes. Method the cost of each machine uniformly increases. as
compared to individually optimized results, But if a2ny of the
machine in series has to be given special»conéideratioh,.the
weightage function méthod is more appropriate, as seen by the
results, the increase in cost with respect to indivicduzlly -
optimized}machine largely depends vpon weightage factor for that

machine,

5.4. Conclusion

| The results obtalned are compared and discussed in
this chapter and zlthough the cost of active material of each
machine corresponding to the-series optimized cost iz a little
higher than-indtvidually optimized cost, it is concluéed that
the series optimization method should be preferred as a lot of
computer time is saved by this method, the cost of vhich is

more than the increasge in cost of active materisls.
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Table 5,1

SpecifiCations constyalnts and Assigned parameters

s.No. | Parameters 1 1 2 3 y -
l. No.of poles 4 6 8 10 12
2. KW Rating ~1looo 700 500 350 280
3. Voltage (RV) 6.6 6.6 6.6 6.6 = 6.6
4, Stator OD (m.) 96 . ,96 .96 .96 .96
5, Ef£iciency -2 .94 .94 .93 .93
. Bo- Power factor 86 .84 82 8 .78
7 Pull out torqgque(p.u) . 2.0 2.0 2.0 2.0 2;0
8o Starting torque(p.u) 1.0 1.0 1.0 1.0 1,0
9, Permissible tempera- 75° 75° 75° 75° 75°

Ckture rise

10. Permissible stack - - .56 56 .56 .56 .56
length (me)

1l. Bore dlameter (m.)  ..71 .71 . .71 .71 .71

12. slot factor Oa4 Od4 Oed Oed 0.4

13, $lot per pole per. 5 4 . 3,5 3 245
phasgse _ o

14, Average air gap flux 0.5 0.5 0.49 0.47 0.46
density - '

15, . Ampere condictors 36500 36500 36500 33500 32500

per metre

16. Winding factor .  .955 .955  .955 955 .955




Table 5,2

Optimized results of individual motors
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4.

1l.

materials

S.No, § Parameters 1 2 '37 4 5
1. PR 0e9 1.4 149 245 3.0
2. AX 3.5 3.5 3.5 3.5 345
3. TELTA 7.6 7.8 7.5 74 7.1
DELB 8.2 8.0 8.3 81 7.9
5, SLTH. 0.5 0.52  0.53  0.535 . 0.5575
6. BTl 1,57 1.58  1.61  1.63  1.64
7.  BT2 1.59 1.59. 1.62 1.64 1.645
8. EFF 955 951 ,548 .942 931
94 DFFL 822 814 .808 .79 783
10, TRT1 1.08 1.06 1,09  1.04 1.02
TRT2 2.14 2,15 2,08 2.12 . 2,07
12, | STRISE 61,3 6342 6441 67.2 7043
13, RTRISE 67.5 69,9 715 73,2 745
14, Cost of Active | 48542 “ 42387 35438 29135 24742
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Comparison of cost of individually optimized and series

optimized motorse. |

S.No, #Machine No, '

1 2 4 5
1.  Costwith normal 50582 44507 37815 31294 26828
design (Rs.) | ' "
2. a)Cost with individual 48542 42387 35438 29135 24742
optimization (Rs,) | .
b) %age variation to ~4.03 «4,76  =6,28 -6,9 =7475
normal design '
3. a)Cost with geries 49127 42943 35927 29635 25047
optimization Y(M.S. '
" method (Rs.)
b)%age variation to #1,2  +1.3  +1.38  +1.71  +1.4
indivicdual optimiza- ~
tien.
c)¥age variation to w2487  «3,51 <5,00 =5.3 =0 ,49
normal design
4, a)Cost with series 49327 472438 36385 30714 26725
optimization-Weightage
function method(Rs.)
b)¥eightage factor 08 1,0 D75 0.6 Q.4
c)%age variation to +1.62 +0.12 +2,67 +5.42 - +8,01
individual optimiza-
ticn '
d)%age variation to +C.4 -1,18 +1,27 +3.64 +6,53
Y.me.s, method
e)%age variation %o =2.,48 «4,65 «3,78 =1.85 =0438

rormal design
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Chapter -6

CONCLUSIONS

The optimization of series of induction motors has been
achievea using complex Box method of optimization. The four
variables selected for optimizing the Seriés are, the ratio .
pole are to pole pitch, the ratio slot depth to width, stator
conductor currenézdenslty and rotor bar current density. The
" ¥Yesults of sefies dptimization has been obtained 2nd compared
with individual optimization»resu;té} For series opﬁimiQaéion
the bore diameter of the series is kept same, with outer diameter
alréady fixed for standard frames the zingle die pﬁnch is

sgfficient for cutting stampings for whole of the series.

For the design of é@uirrel cage motér‘of higﬁ ratihg;x
as in the present case, certain speclal features have to be
emp loyed. Firétly, the rotor bars need the‘special;conSidéraﬁion.
. The rotor barsVShouBA be:of special shape to meet the high
starting torque reguirement. Although the starting torque éﬁual
td ioad torqﬁe has been attained by the author, but not without
af fecting adversely other performance indices, such as power
factor. The low value of power facter is due to the fact that
ﬂeep reétanguler bars are used kere: The 1eékage reactance of

such bars is guite high,

SCOPE OF FURTHER WORK

The method used inthe present work for optimizing the
series, the complex Box method, needs variables to vary contie

nuously and for this reason the standard conductor selection
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has not been possible in the present work. As in induction motor
design the variableg are continuous as well as discrete other
methédé,(lﬁ) permitting the use ofudiséreté as well as continuass
variables may be tried to optimizeé the serles of induction
motors. The scope is also there to work with a greater number of
va:iab}e§ teo optimize the series In oxder to get the better

| designs, In dealing with greater numker of variables the complex
Box method is found to be inefficient development of some method

using mixed integer nonlinear programming'is essential.
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"MATN LINE PROGRAME FOR COMP LEX 30X ALGORITHM APM
DIMENSION X(10920)sR(10s20)sF(10)sXC(10)
COMMON G(15)4H(15)
INTEGER GAMMA
READ 301sNsMsKosIMAXsIC»IPRINT
301 FORMAT(8I1I5)
READ 302,ALPHAO,BETAO »GAMMA
302 FORMAT({2F1245915)
READ 3049(X(1lsJ)sJ=1sN)
304 FORMAT(8F1245)
DELTAD=0,0001
DO 100 I1=2.K .
READ 303s(R(I1IsgJ)sJdd=1eN)
303 FORMAT(16F54%)
100 CONTINUE
PRINT 310
310 FORMAT(1Hls//918X924HCOMPLEx PROCEDURE OF BOX)
PRINT 318
318 FORMAT(//92Xs10HPARAMETERS)
PRINT 311sNoMsKoITMAXsICyALPHAOSBETAOYGAMMAIDELTAQ
311 FORMAT(//92Xsd4HN = »21293X94HM = 91293 Xes4HK = lepZXs@ITMAX -@
' 12X9@IC =@ 9123/ /2Xs9HALPHAQ = 3F5, 2,5X98H8ETAO 2F1l2e593X»8HG,
2 = 91293Xs9HDELTAO = 9F8e5) -
IFCIPRINT) 34093509340
340 PRINT 312
312 FORMAT(// 92X s14HRANDOM NUMBERS)
DO 200 J=2sK
PRINT 313:(J915R(J’I)91 14N}
313 FORMATU(/s3(2X92HR=9I2s1H sI2s4H( sFB8e4))
200 CONTINUE
350 CALL CONSX(NpMsK9ITMAX»ALPHAOaBETAO:GAMMA»DELTAO’X,R’FsIT’IEVZ
LIPRINT)
IFCIT~ITMAX 32043209330
CALL FUNC({NoMsKogXsFsI)
PRINT 321 )
N1=N+1
DO 400 J=N1l.M
PRINT 3169JeX{IEV2ed)
400 CONTINUE ,
321 FORMAT(3X»24HFINAL CONSTRAINST VALUES//)
320 PRINT 314sF(IEV2) :
314 FORMAT(//72X+30HFINAL VALUE OF THE FUNCTION = sE1l5e7)
PRINT 315
315 FORMAT(//92X914HFINAL X VALUES)
DO 300 J=1sN _ .
" PRINT 316sJsX(IEV2sJ)
316 FORMAT(/»2Xs2HX »I2s4H sE15e7)
300 CONTINUE
GO 'TO 333
330 PRINT 317sITMAX
317 FORMAT(//»2X+38HTHE NUMBER OF ITERATIONS HAS EXCEEDED »214+8X»
120HPROGRAMME TERMINATED)
333 STOP :
END , .
SUBROUTINE CONSX(NsMsKsITMAX2sALPHAOYBETAO»GAMMASDELTAO »XsRsFo



NOOCONOONND

346
344

370

360

355

341
343
361

362
342
347
345

365

348
363

364
349

1IEV2sXC» IPRINT)

COORDINATES 'SPECIAL PURPOSE SUBROUTINES

ARGUMENT LIST

IT ITERATION INDEXe -

IEV1 INDEX OF PQINT WITH MINIMUM FUNCTION VALUE.
IEVZ INDEX OF POINT WITH MAXIMUM FUNCTION VALUEe

I POINT INDEX

Kl1° DO LOOP LIMIT

KODE CONTROL KEy USED TO PETERMINATE IF IMPLICIT CONSTRAINTS ARE

PROVIDEDs

DIMENSION X(10s20)sR(10+20)sF(10)sXC(10)
COMMON GU15),H(15) :

INTEGER GAMMA

IT=1

KODE=0

IF(M=N) 344,344,346

KODE=1

CONTINUE

DO 360 II=2,K

DO 370 J=1,N

X(IIsJ)=040

CONTINUE

CALCULATE COMPLEX POINTS AND CHECK AGAINST. CONSTRAINSTS
DO 345 11=2,K

DO 355 J=1sN _
XCITsJ)=GlU)+RITIsJI*(H(J)=G(J))
CONTINUE

I=11

Ki1=11

CALL CHECK(N,M.K,X,KODE XCsDELTAOGK1)
IF(I1-2)3413414342 .
IF(IPRINT)3439345,343

PRINT 361

FORMAT (772X »30HCOORDINATES OF INITIAL COMPLEX)
IC=1

PRINT 362s(ICsJsX(ICsJ)sJ=1sN)

FORMAT (/33(2Xs2HX s12s1lHss1294H 91PE13e6))
IF(IPRINT) 34753459347 . -
PRINT 3625 (11sJsX(I11sJ)9J=15N)

CONTINUE

K1=K

DO 365 I=1sK »

CALL FUNC(NsMsKsXsFs1)

CONTINUE
KOUNT =1
1A=0

FIND POINT WITH LOWEST FUNCTION VALUE
IF{IPRINT) 34893499348

PRINT 363

FORMAT (7 92X 9 22HYALUES OF THE FUNCTION)
PRINT 3643 (JsF(J)ed=1sK)
FORMAT (7 93(2Xe2HF 91294H s 1PE1346))
IEV1=1 '

DO 375 ICM=24K



351
375

352
380

353
354

256

385

357
358
390
359

405

395

371
366

367

368

369
372

399

111

IF(F(IEV1)~F(ICM))375+375+351

IEVI=ICM

CONTINUE

FIND POINT WITH HIGHEST FUNCTION VALUE
iEvz2=1

DO 380 ICM=2,K
IF{F(IEV2)=-F(ICM)})35293524380

IEV2=ICM

CONTINUE

CHECK CONVERGENCE CRITERIA
IF(F(IEVZ)"(F{IEV1)+BETA03)35493539351
KOUNT=1
KOUNT=KOUNT+1
IF(KOUNT=GAMMA)35693999399

REPLACE POINT WITH LOWEST FUNCTION VALUE

CALL QENTR(N;M:KQIEVl:I;XC:XQKI) '

DO 385 JJ=1sN
X(IEV1sJJ)=(1eO04+ALPHAOI ¥ (XC(JJ) )=ALPHAORX(X{IEV1sJJ))
I=1EV1

CALL CHECK(NQM&&:XQI’KODEQXC9DELTA09K1)

CALL FUNC(NsMsKogXs9Fol)

REPLACE NEW POINT IF IT REPEATS AS LOWEST FUNCTION VALUE
IEV2=1

DO 390 ICM=2sK

IF(F(IEV2)~ F(ICM))39093909358

IEVZ2=ICM

CONTINUE

IF(IEV2-1EV1)36593595395

DO 405 JJ=1sN

i

X{IEVLIs JI)=(X(IEVIsJJ)+XC(JJ) I/ 20

CONTINUE
I=IEV1

CALL CHECK(NsMsKsXslsKODEsXCsDELTAOsK)

CALL FUNC(NsMsKoXsFsI)

GO TO 357

CONTINUE

IF(IPRINT)371+3725371

PRINT 366,17

FORMAT(//92X917HITERATION NUMBER »15)

PRINT 367

FORMAT (/32X »30HCOORDINATES OF CORRECTED PGINT)
PRINT 3625 (I1EVL, JCsX(IEVngC)sJC—laN)

PRINT 363

PRINT 3649 (I1sF{1)sl=15K)

PRINT 368

FORMAT (/92X s 2THCCORDINATES OF THE CENTROID)
PRINT 3695 (JCsXC(JC)»JT=1sN) :
FORMAT (/33 (2X922HX $I296HsC s1PEl4eb94X))
IT=IT+1 :
IF(IT-1ITMAX)349, 349.399

RETURN

END

SUBROUTINE CHECK(MsMsK9Xs IsKODEsXCsDELTAD K1)
COMMON G¢15)9H(15)

DIMENSION X(10s20)sXC(10)

KT=0



112
113

114
115

116

117
118

135
125

119

122

121

CHECK AGAINST EXPLICIT CONSTRAINSTS
DO 115 J=1sN
IF(X(IsJ)=G(J))112911229113
X(I5J)=G(J)+DELTAO

GO TO 115
IF(H(J)=X(TsJ))11451145115
X{IsJ)=H(J)-DELTAO

CONTINUE

IF(KODE) 119,119,116 :
CHECK AGAINST IMpLICIT CONSTRAINTS
NN=N+1 .

DO 125 J=NNsM

CALL FUNC(NoMsKgXsFsl) .

IF(X(IsJ)=G(J))11821175117
IF(H(J)”X(IQJ))11891299125
IEVi=1

KT=1

CALL CENTR(N;M:K,IEVI:IyXCbX)Kl)
DO 135 JJ=1leN
X{IaJJI=AX(TI4JJY)+XC(II))/260
CONTINUE

CONTINUE

IF(KT)119+11951171

RETURN

END

SUBROUTINE CENTR(NsMsKsIEVLIsIasXCsXsK1)
DIMENSION X(10s20)9XC(10)

DO 121 J=1sN

XC(J)=0e0 . ..

DO 122 IL=1,K1
XCUJ)=XCUI)+X I )

RK=K1
XC(J)=(XCUII=~X(IEVLIsJ) )/ (RK=10)
RETURN

END .
SUBROUTINE FUNC(NsMsKeXsFsI)
COMPLEX BIMPsPsasB

DIMENSION X(10920)sF{10)sE(10510)
COMMON G(15)sH(15) '
DO 1000 L=1,5

READ¥,1PsN
READ*sBAVpAC,RKwaPF9EFF.Q59QMIN
PR=X(1Is1)

AX=X(152)

DELTA=X(I+3) .

DELB=X{1s4)

 AKW=4955

DIA=4e71
FREQ=50.
SLTHM=456
ES=3810e¢5
DELTA=4o
SLF=e4



AX=3e5
OBD=,96
DELB=4e5
STKF=e9
WD=e01
H3=3e5
H4=1e
WS0=5e-
SCO0=4033
ALPHA=040
BETA=1le
SPRB=e021
SPRE=SPRB
CC=100+
CR=T70e
Cl=15.
DENC=8900.
DENR=8900
DENI=7800,
MAIN DIMENSIONS
14 CO=e011#AKW*BAVX%AC
POL=1IP
SYN=2¢#FREQ#1e/pOL
RKVA=RKW/(PF*EFF)
20 SLTH=PR¥3,14159%DIA/POL
PRINT 800sSLTHsPRsPOL
800 FORMAT(2X»@SLTH=@sF12e436X2@PR=@sF8e232X3@P0OL= @’F4ol//)
IF(SLTH=-SLTHM) 252968
68 PR=PR=e¢05
GO TO 20
2 ND=12¢%¥SLTH ,
SLTNI=STKF#* (SLTH~HD#WD?
FLUX=BAV#3,14159%DIA#SLTH/POL
TS=ES/ (4 e44%FREQ*FLUX¥*AKW)
1 S1=3.%POL%*QS
¥YSS5=3414159#DIA/S1
25526 *#TSYS1
C11=RKVA%*1000e/ (3e¥ES)
9 CONA=CI1/DELTA
PRINT 12003:S519Y5S59Z55»CONA
3 ASS=ZS5S*CONA/SLF
6 DSS=SQRT(ASS*AX)
"WSS=ASS5/DSS
TWS=1000e%*YSS-WsS
CHECK TWS
PRINT 19GCsTWS
190 FORMAT(2Xs@TWS=@9sF10e5//7)
IF(TWS—10a)49595
4 QS=QS=e 5
PRINT 1900,Q8
1900 FORMAT(2Xs@QS=@4F10e4//)
IF(QS~QGMIN) 1019191
101 QS=QS+e5
DELTA=DELTA+.5
IF(DELTA~B84)999,8



8 DELTA=DELTA~e5
AX=AX+e2
IF{AX—5e5)69697
AX=AX~e2 _
BTI=le S¥FLUX®POL /(SIH#TWSHSLTNI¥«001)
PRINT 150GsBT1sBAV
150 FORMAT(2Xs@BT1l=@sF12e595Xs@BAV=ReF12e5//)
PRINT 160sAXDELTA
160 FORMAT(2Xs@AX=ReF5e236XsCDELTA=®@sF5e2//)
IF{BT1-1e7)12912s11
11 DELTA=DELTA+e5
: IF(DELTA-8¢)999,13
13 DELTA=DELTA=e5
AX=AX+e 2
IF(AX—5e51696s15
15 AX=AX—~e2
12 IF(BT1=125)85985987
85 AX=AX=e 2
IF(AX=3e5)G29698
92 AX=AX+e2
PR=PR+q 2
IF(PR=PRMAX)20+20+86
86 PR=PR=e¢2
DELTA=DELTA~e4
IF(DELTA=G4)7139+9
71 DELTA=DELTA+.4
87 DCS=e5*%¥(0OD~DI1A~,002%DSS)
BCS=FLUX/{2+%DCs*SLTNI)}
PRINT 600sBCSsDCS
600 FORMAT(2X9@BCS=psF12e¢596Xs@DCS=@9FL245//)
IF(BCS~1. 45)17917918
18 PR=PR+405
IF(PR—- PRMAX)29’20’19
19 PR=PR—-405
AX AX".Z
IF(AX- 3.5)70,6,6
70 AX=AX+e 2
DELTA=DELTA+45
IF(DELTA~84)995,97
97 DELTA=DELTA~e5
ROTOR DESIGN
17 AGL=e3+2e#SQRT(DIA®SLTH)
RDIA=DIA-e002¥%AGL
NUMBER OF ROTOR SLOTS
S2=1e25#851
182=82
23 S2=1S82
SMIN=48#51 -
IF(S2—-SMIN) 1026926
26 DIFS=ABS(S52~51)
IFI(DIFS) 21922921
22 182=1S82-1
GO TO 23
21 IF(DIFS=1)24422,24

Wl ~d



24
25
226
27
28
29
30
31
32
33

35
34

700

g3

37

38

IF{DIFS—2)25922,25
IF(DIFS—IP)226922+226
IF(DIFS=2%IP)274,22927
IF{(DIFS—3%IP)284,22+28
IF(DIFS—=5#1P)29,22+29
IF(DIFS—IP=1)30422930
IF(DIFS=IP+1)31,22s31
IF(DIFS—IP=2)32,22+32
IF(DIFS—=IP+2)33,22,33
YRS=3e14159%RDIA/S2

PRINT 1300sAC»S52sYRSsSMINsSLTNI
IF{YRS—402)22335935 :
CIB=e85#6e#CILI¥TS/S52
BARA=CIB/DELB

WRS=YRS#1000e/2,

TWR=WRS

DRB=BARA/(WRS~1,)

DRS=DRB+3.

BLTH=SLTH+e05 _

BT2=1500 ¢ ¥*FLUX*POL/ (S2%SLTNI*TWR)
PRINT 700sBT2

FORMAT( 2X2@BT2=@sF12e57/}
IF(BT2=1e7)93293s22
CIE=S2%CIB/(3e1£4159%PQOL)
ERAR=CIE/DELB

DE=SQRT(ERAR)+3,

TE=ERAR/DE

DEC=RDIA~cGO2%DRS
DEI=DEO-+002%DE
DEM=(DE/+DEI)/2,
RSID=RDIA-e0U2%pRS—DCS
RSID=RDIA~e002%pRS—e002%#DCS
PRINT 1400:AGLsRSIDSRDIA
PERFORMANCE EVALUATION
MAGNETIC CIRCUIT CALCULATIONS
CGCS=le/(le+3e5#AGL/WSO)
CGCR=1lec /(le+3e5%AGL/WRS)
COCD=1e/(le4+23e5%AGL/(2e%¥WD¥*10004e))
GCFS=YSS/(YSS~CGCS*WSO*¥0QO1)
GCFR=YRS/(YRS—CGCR®*WRS¥,001)
GCFD=SLTH/{SLTH-CGCD¥*WD*ND)
GCFT=GCFS*GCFR#*GCFD
EAGL=GCFT*AGL ‘
ATG=800e%1e36%BAV*EAGL
WTS=(3el4159%(DIA+e002%DSS/3e)/S1)=e001%WSS
AST=S1#WTS*SLTNT /7POL
BTSS=1e36%FLUX/AST
WRT=(3e14159%(RPIA—e004%DRS/3e)/52)—e001%WRS
ART=S2*%WRT*SLTNI Z7POL
BTRS=1.36%FLUX/ART

PRINT 1100sBTSS.BTRSsEASLSATG
K=0

K=K+1

GO TO (38239,40)sK

FD=BTSS

GO TO 41



39
40

41
42

43
44

45
46

47
48

49

50

52

FPb=BCS

GO TO 41

FD=BTRS

GO TO 41

IF(FD-e06)42:42043

AT=9108%FD+45,

GO TO(50s51452)4K

IF(FD=1e)44444545

AT=200+%FD—20e

GO TO(50951,521),4K

IF(FD=1e45) 46546947

AT=0e44%*EXP (3 e2%FD)

GO TO(50951+52) 4K -

IF(FD=1e7)48+48,49

AT=+CO052#EXP (8 1%FD)

GO TO(50851452),K

AT=eO8THEXP (5623%FD)

GO TO(50251452),4K

SATST=AT

G0 TG 37

SATSC=AT

GO TO 37

SATRT=AT

ATST=SATST*DSS#,001

ATRT=SATRT¥*DRS*,001

SCPATH=3¢14159% (DIA+4002%DSS+DCS) /(3 #POL)
ATSC=SATSCH¥SCPATH '
RCPATH=3414159% (RDIA—~e002%DRS-DCS) /(3 %POL)

- ATRC=SATSC*RCPATH

53
54

TAT=ATG+ATST+ATRT+ATSCH+ATRC

CIM=( o 42T*POL*TAT )/ (AKWHTS)

IRON LOSS
TWM=3¢14159%(DIA+e001%DSS)/S1-e001#WSS
WTST=eQO01%#DSSHDENI*SIHTWMRSLTNI
BTSM=3¢ 14159%FLUX/ (2 *AST)
IF(BTSM=1e6)53¢53s54
SPLST=103%#BTSM#®2

SPLST=1e3%BTSM%%3

LIST=SPLST#WTST
WTCI=3e14159%(0D-DCS) *¥DCS*SLTNI*DEN]
SPLC=1e3%#BCS¥%2

PRINT 1400sWTST,WTCIsTAT

LIC=SPLC*¥WTCI

TIL=2e%(LIST+LIC)

FWL=10 ¢ ¥RKW

NLL=TIL+FWL

CIL=NLL/(3e%*ES)
CINL=SQRT(CIM##2+CIL*¥%2)

ANLL=NLL '

PRINT 1500sCIMsCILoCINLsANLLSDELB

COPPER LOSS

SCML=SLTH+1¢15%3e14159%DIA/POL+e12
SCLP=2¢%SCML%TS
RS=6021%SCLP/CONA
SCLOS=3 o ¥RS*¥CI1%%2



RB=SPRB#*BLTH/BARA
BCLOS=S2%RB#CIBx#%2
RE=3PRE¥3214159%DEM¥1 s+ /ERAR
ECLOS=2¢¥RE#CIE%*2
RCILLOS=BCLOS+ECLQOS
TCLOS=SCLOS+RCLOS
PROT=S2%¥RE+2 %R
TFR=6 ¢ ¥ TSXAKW/S2
RSR=TFR#*#2%¥RROT /3«
PRINT 1400sRSsRROTSRSR
EFF=RKW#10006/(100Ce*RKW+NLL+TCLOS)
) PRINT 130.EFF
130 FORMAT (2X-s@REFF=@sF1l5e6/)
IF(EFF—e 97)55’56a56
55 DELTA=DELTA~-¢4
IF(DELTA~4 43820959
82 DELTA=DELTA+e4
56 CONTINUE
RM=ES/CIL
AM=ES/CIM
PFNL=CIL/CINL
SLIP=RCLOS/ (1000 *RKW+RCLOS+FWL)
LEAKAGE REACTANCE
H1=SART{Z5S#CONA®AX)
H2=DSS=H1=H3~H4
PSS=4¢%3,14159%(H1/(3e *WSSl+H2/WSS+H3/(WS&+WbO)*H4/WSO)
1/(1000¢%*10000Ce}
PRS=4e% 3014159 (DRS/{3e*WRS)+e75/WRS+3e5/{WWRS+3 0} +e5/30s)
17(1000e%10000e)
RPRS=PRS#AKW*#¥2%51/52
SSLR=400%3614159%TS%%2#SLTH®*PSS/ (POL#QS)
RELR=400 %3414 159%To¥#2%8BLTH®RPRSy (POL#QS)
OP=4e%{314159%pIA)##2/(YSS*#POL#1000%100004)
OLR= 400e*3o14159*TS**2*0P/(POL*QS)
AR=527(3%POL)
RZ=Bo K AMISG o # (1 A LQSHE2)FLe /{QR®H*2Z )} )
KS=SSLR¥XZ+45%0LR
XR=RSLR+o5%0LR
PRINT 12C9sXS9sXR
120 FORMAT{2Xs@XS=@3F 154596 X9@XR=C9F15e5/7)
FUuLlL LOAD POWER FACTOR
GL=RMX*XM#*#2 /7 (RM%¥24+XM#*3#2)
G2=RM%# 2% )M/ (RM#R*2+XM¥#%2)
bB»((RSR*GI/SLLP'XR*GZ)*(RSR/SLIP+61)+(RSR*GZ/SLIP+XR
1GLI M XR+G2Y )/ L{RSR/SLIP+GL ) ##24+(XR+G2) #%2)
Gh—((RoR/SLIP+Gl)*(RSR*GZ/SLIP+XR*61)—(XR+CZ)%(RSR*Gl
1/SLIP=XR*G2) )1/ ((RSR/SLIP+G1LY#%2+(XR+G2)%¥#12)
PFFL=(RS+G3 )/ ( {(RS+G3 ) # X2+ XSH+G4) ¥#2 ) %4 ¢D)
PRINT 11GsPFFL
110 FORMAT(2Xs@PFFL=@sF1246//)
IF(PFFL~¢8)60362961
60 DELTA=DELTA+.4
IF(DELTA~8¢)93s9461
61 CONTINUE.
DEEP BAR CALCULATIONS
THETA=e0U01%DRB*SQRT(3e14159%20¢/5PRB)



P=CMPLX(~ALPHASBETA)
A=le+P
B=SINH(2e#THETA)=P*SIN(2¢#THETA)
BIMP={BLTH/(1000+*WRS) ) #CSART(3e14159%#%2%20,% SPRB*A%*B/
1(COSH(2e*THETA) =COS(2e*¥THETA)))
BRS=REAL(BIMP)
SRROT=52%BRS+2a%RE
SRSR=TFR*#2%SRROT/3e
SXR=AIMAG(BIMP)
XRST=AKW#%2%SXR%S51/52
PRINT .1200,BRSsSRS5ReXRST
TORQE RATIOQ
C1=1e+RS/RM+XS/ XM
TFL=3 ¢ #ESH%#2¥RSR/(SLIPH* ((RS+CI¥RSR/SLIP) #%2+(XS+C1%*XR)
1%%2))
TST=3#ES#%* 2% SRSR/(2e ¥ C1# (RS+ (REH %2+ (XSHCLUXR) ##2) %% 45) )
TRT1=TST/TFL
TMAX=3 e HES*#2/(2e¥C1¥# (RS+ (RS*¥% 24+ (XS+CL*#XR)¥%2)%%45))
TRT2=TMAX/TFL
PRINT 140sTRT1sTRT2
140 FORMAT{ZX»@TRT1=@sFB84338Xs@TRT2=@sF843//)
IF(TST~-TFL) 57259559
57 DELB=DELB+.5
IF{DELB—9e)3453£ 958
58 DELB=DELB=e5
59 IF(TRT2=2e)57290990
90 CONTINUE
CIST=ES/ ((RS+C1L#SRSR) ##2+(XS+C1%#XRST) *#%2)
CIFL=ES/({RS+C1#RSR/SLIP)##24 ( XS+CI*XR)%%2)
STCR=CIST/CIFL
PRINT 160D0.PFNL, SLIP’TRTlsTRTZ,STCR
63 CONTINUE
TEMPERATURE RISE
550=3414159%0D% gL TH
CHL=SLTH+e025%( ,001*¥ES+3e+YSS/4e)
SSI1=3414159%DIA#OHL '
SSD=3¢14159% (0D#%2—DIA¥%#2)%(24+ND) /4e
SPS=3¢14159%DIA%SYN
SCI=s033/{Xe+el%SPS)
SCD=415/(e1%SPS)
SLOS=SCLOS*SLTH/SCML+TIL
STRISE=SLOS/(SSQ/SCO+SSI/SCI+SSD/SCD)
RS0=3¢14159%RDIA*BLTH
RED=3¢14159% (RDYA¥%2~-RSID*%2)% (2+ND)} /4 e
RPS=3¢14159%RDIA*¥SYN
RCO=6033/(1le+el#RPS)
RCD=515/ (¢ 1L%RPS)
RTRISE-(RCLOS+FwL)/(RSO/RCO+RCD/RCD)
PRINT 1700sSTRISESRTRISE
IF(STRISE~75¢)64644555
65 DELTA=DELTA~s2
IF(DELTA~4,)889949
88 DELTA=DELTA+.2
64 IF{RTRISE=75,)66366967
67 DELB=DELB=.3
IF{DELB=445)89534934



89
.66

400
(000

L1000
L200
L300
L400
L500
Lé0o
L700

10

DELB=DELB*e3
CONTINUE
X{i»5)=BT1
X(1+6)=BT2
X{1sT}y=EFF
X{I+8)=PFFL
X(159)=TRT1

X{1+10)=TRT2

X(1s11)=STRISE

X{1,12}=RTRISE

WTRI=DENI®*SLTNI®#(3e14159% (RDIA#*2=RSID##2)/4e=52%DRS¥WRS/10000000)
TIC=CI* (WTST*WUTCI+WTRI)

WTSH=CONA#*6 « #SCHL%TS*DENC/ 1000000
WT?W—DENC*(57*BARA*BLTH+2.*3.14159*ERAR*DEM)IIOOOOOOo
TCW=CC¥WTSW+CR*WTRW

TC=TIC+TCW

E(IsL)=TC

PRINT 400sTC

FORMAT ( 2Xs@TC=@4F1265/7)

CONTINUE

F(I)= S@RT(E(Isl)**2+E(Ia2)**2+E(I;3)¥*2+E(I,4)**2+E(Is5)-*2)
FORMAT { 5E1546)

FORMAT (5E1245)

FORMAT (5E1546)

FORMAT{ 4E1848)

FORMAT (5E15¢6)

FORMAT { 5E1245)

FORMAT ( 5F1245)

RETURN

END
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