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xxiv.
SYNOPS1S

Computer, its role in design, and the general electeic machineg
design probiems are briefly described at the beginning, to give a
general introduction to the subject. brief descriptions of various
types of single-phage induction motors, 2 fauily of asynchronous
machineg, immediately followed, Later in the thegip, induction
machine windings are reviewed., This is immediately followed by a
brief presentation of the cross-field theory, and guantitative
presentations of the revolving field theory and combined winiing
performance theory; all of single-phase induction machines. brief
literature review of the basic motor constants, including magneto-
motive force and flux waves, magnetic circuit and saturation factor
calculations, lcakage reactances, resistances, and losses, are made.
Given detail treatment are the innovative equaticns which arose from
the fitting of grapls us:d in the design of some electric machines.

A new chart for separating the vore diaumcter (D1) and the axial length
(L) from their nfL product is fully presented. At the cnd of the
presentation progedures in computer-aided design analysis of az single=~
phase induction machine are discussed. This discussion 1 swmmarized
in a computer prograa for the design of a splii=-phase induction
machine. The whole work ends with conclusion and suggestions for

further works.



URIGLVAL CUNTRIBUTICNS

The major aims of this project are:

(i) to meke a4 general and detail study of machine design principles
with particular reforence to the single-phase induction machines,
(ii) to investigate the uge of a digital computer in (i),

(iii) produce and test a computer-aided design program,

{(iv) to acquire an in-depth understanding of windings, and

(v) thercafter present a write-up that ¢nables an in-depth under-
standing of the subject by students and interested others, especially
those who may be interested in its physical realisation in this
country,

Though there exist many literaturcs on this subject (sce refee
rences) but none particularly presented detail descriptions of the
aboves. Practical experiences, which are definatcely not obtainable
in any book or article, are quitc necessary for a succesful execu=—
tion of this project. However, the whole work is original despite
lack of practical expericnces, and with those literatures serving
as references only.

Of more innovative approach are the following:

1. The explanations of the construction of winding diagrames for
three-phase concentric and distribution, lap and wave, windings
with the aid of tablcs 1, 3, 4, 5, and 6, as fully cxplained in
Chapter 3, Tables 1, 3, L, 5, and 6 are innovations, and so are

the ideas behind them, and their use. It is believed that these



tables are casy to form and winding diagram construction and undor-
standing are easler through them,
2. The chart, fully described in Chapter 7, for separating the main
dimensions, bore diamcter (D1) and axial length (L), from their
D?L product is an innovation. The idea behind it is an original
contribution. This chart idea unified all the existing and posscible
nethods of sceparation of D‘l and L from JJ?L. It also gives a cleaxer
undergtanding of the problem and allows for easy imagination of the
physical structure of a machine. Furthermore, in computer-aided
design it simplifies and economize computer usage in optimal design
of the main dimensions since only possible range, obtainable from
the chart, is uscd.
3. The idea of using equation, in place of storing datas of selected
peints into the memory of the computer and using interpolation
fornmla to obtain values of a point in-between two s¢lected points,
as a means of represcnting & graph in computer-aided design of machine
is an original contribution, The following equations, wihich resulted
from this idea, are innovations and are fully discusged in Chapter 63
(a) Output constant for polyphase induction machines,

C, = 2060 - 970 gm0- 0P

(b) Ampere Conducter,

¢ = 29303.35 ~ 11L84.05 e_0°018hp



xxvii,

(e) Output constant for split-phase and capacitor start induc-
tion motor for continucus duty,
C = L29,7 = 332,35 o O*2HP

(¢
(d) Core-path Shortening factors,
(i) 2-pole machine: K, = 1.87 (1 + 0.,0346 e2'693)
where B is the maximum core flux density in tesia.
(ii) L-pole machines: K, = 1.686 (1 + 0,029 32'333)

(1i1) 6-pole and overs K_ = 1.62 (1 + 0,0089 o2+ 038)

(e) Slot constant for flat-bottom trapezoidal slots (see article
643.6)

(£f) Slot constani for round-bottom slots (see article 6,3.7)

(G) Belt-leakapge constant,

KB = 111-?‘25"'0.’48
8p
where Nsﬁ=(51 - sz)/bp; average number of slots per pole.

{(h) Speed at maximum torgue, single-phase induction motors,

& _—1.69Wx
upo = 0.7 + 0‘.3 5

(i) Fundz ental-frequency losses (see article 6.3.10).
However, it is believed that this method, apart from being equally
accurate as tie existing one, has the advantages of economising the
use of compuv.cr in terms of storage, time, and cost, DMore advantages
like the easze of use and valuability of the resulting equation in

other areauy are possible as well.
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All other works in this project, including the plarning,
writing, and running of all the computer programs, and the flow
diagram of figure 20 in Chapter €, showing the procedurc followed
in fitting equations to graph points are very satiefactory contri-

bution.



CHAPTER 1

INTRODUCT IOH

Computer-aided desigm of electric machines iz as old as the invention
of electrical machine itself., This is because at least abacus, which is
a device that computes, was already in use by then. Hence, in its
ordinary sense computer-aided design of electric machines is simply the
application of any device that can compute in the electrical machinery
design process. Thoush in this age of electronics the computer we are
concerned with here is by no means any kind of a device that computes,
such as an abacus, slide rule, adding machine, or desk calculator, but
the more sophisticated and advanced type: the noderm high speed electronic
devices that have come into use since about 1945, This device is basically
of two different types: amalog and digital. In brief, an analog computer
can be defined as a machine whiech accepts analogous inputs, pProcesses
analogously, and gives output in analogous form, Vhile a digital computer
accepta digit as inputs, processes digital data, and gives out answers
in digital form,

Designing mn electric machine involves an appropriate utilization
of the theory and performance characteristics, calculations, using the
knowledge from existing designs, reading of graphs, approximating,
trial-and-error practice, judicious guessing, and choosing between

options, in order to obtain its dimensions and electrical particulars
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to satisfy given specifications, such as kilowatt, speed, tenperature
rise, and conditions of services, at the ninirun possible cost. liencey
without conputer a designer's work is by all neans tedious, time
consuning, and error prone,

In the last three decades, since early 19531 to be fairly specifiec,
conputer has been proved to bo not only capable of taking over most of the
designer's job tut also perforning the designer's job with high accuracy
within the shortest possible time, It also gives thc best possibdle
design at the minimun possible costs n subject referredto as design
optinization, Other uses of a computer in desigm, apart from design
analysis, design determination (aynthesia), and design optimization,
are in studying new problems as well as in inmproving solutions of old

39493 Hence, it is safe to say that by computer-aided design

problens,
of electric machines we are referring to electrical nmachinery design
automation =~ one feeds in his specifications at the input and obtains
the design parameters, with its performances, at the output,.
1.1 A Dipgital Computer

Figure 1 shows a sinple block diagran of a digital conputer., It
has a nenory capability to store data and instructions., It perforns
these instructions nany of which ere arithnetic in nature. It nust
also be able to display the solutions to the problems which it computes
and be able to accept data and instructions fron humans prior to their

execution and use,
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The arithnetie unit perforns the operaticns of addition,

substraction, oultiplication, and division. It also performs certain

logical operations too. The instruction control unit of the computer
obtaing the instructions 1-rhidll are stored in the nenory, interprets
the instructions, and sequences the operation of the rest of the
mechine to perforn the instruetion,

The main nerory unit contains the instructions and the data which
are being processed by the control unit and arithmetic unit., The segquence
of instructions which the control unit executes is enlled a programz. A
progran is written by n programmer and placed in a forn which iz
interpretable by a computer, such as punched cards. Once the entire

progran has been stored in the computer’s memory and the dats on which -

_ it is to operate are also inserted, the computer processes the information

'according to the insfructions of the program aft an electronic speed

determined primarily by the rate at which it can fetch instructicns and
data from its main memory. The memory is alse used to remenber
interncdiate results obtained from computations during the execution
of the progran,

The input wnit reads the inatructions and data into the nain nenory
of' the conputer where they arc stored until they are processed. The
unit reads only in a oodium which is compatible with the conputer,

Sone input devices are punched=card readers, punched-paper=-tape

readers, nagnetic character rcaders, optical character readers,
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and typewritera, The output wnit presents the results of the conjukation
to the user in o form compotible with the user and not as electric signals
in binary code as it is represented within the nachine. Sone conmon

output devices are card-punching nachines, nametic=tape units, typewriters,
ogcilloscopes, and high-speed line printers.

411 the foregoings are the hardware conponents of the nmachine. The
instructions and comrmnications within them are carried out in machine
language., Due $o the unpleasantness involved, programmers do not write
progran in machine language, rather higher languages ~ like FORTRAN, PASCAL,
COBOL, etc ~ are used, FORTRAN is found most suitable for engineering
problems, However, to enable computer oxecute instructions wriften in
any of these languages, service routines, which are themgelves computer
prograns in machine language, are included as part of the computer to
help in converting these higher languages into the machine language and
vice versa. They are reforred to as the software components of the
conputer, dn exanple is a compiler,

142 Design Problons.

The general problens to be solved in the dosign of most clectrical
ﬁach:ines including transforncr ared
(1) The nagnetic circuit, ita geomotrical dimensions and the
nagnetic loading (¢ ),
(ii) The olectric circuit, its conductor size and the cleetric

loading (WI),
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(iii) Performance caleulations and the adequate adjustment of (i)
and (ii) above to meet the specifications,
{iv} Insulation of the tachine, suitable vent and other thernal
b designs (to enable adequate cooling of the machine so that
%1 its temperaturce rise is within specified velue) and other
nechanical designs,
To sucecsfully carry oul all thesce there is need for an adequate
Imowlodge of the theory and perfornonece characteristics of the nachine
to be designed. Tho expericnce of the designer and knowledge of cxisting
designs arc alse required to start the design by guessing almost acourately
cortain initial values, Usually the designer comes up with an initial
design at first and obtains the Tinal design by a cut-and-try Process.

1s3 Hole of Conmpmter in Dosims

The role of conputcr in design can be grouped into four: design
analysis, design determination (synthesis), dosign optinization, and

143213,14 programs which

design probvlen study. In design analysis,
analyse each of many aspects of the machine to be designed arc written,
These prograns are relatively sinple, and therefore a library of many
such programs can be prepared in 2 relatively short time. PFurthermore,
these analysis programg nake the conputer serve as an aid to the dosigner,
by enabling larger calculations and more accurate methods to be used and

by disposing of f quickly, routine and tedious calculations, Greater

accuracy and reliability arc also achieved, #&n analysis progran accepts



as input data the speeifications, ineluding the nachine ratings and

other constants based on the designer's cxperience, and gives az outjput

the dinensions amd varioug perfornance values, Usually a finagl design

is obtained after repetitive running of the progran with various adjustments,
based on the lagt result, nade on the input data. This role of comnputer in
design is as illustrated in Tigure 2,

193413,14

1
it Design synthesis entails n more involved program which

iﬁcludes degign analysis but furthermore makes the computer to do the
designer's part in fimure 2, It nlso deternmines the design of relatively
small components of the machine. Here, the designer fecds into the conputer,
together with sufficient input datas, the performance specifications of the
product to¢ be designed., The progran then procceds to obtain first mn
initial trial design then calculgtes the performance constants as in

design analysis. However, it then compares them with the specified
perfornanee values and proceeds to go back and nake changes in the trial
design and recalculate until the design meets the spocifications. This

is illustrated in Figure 3.

; The third role of conputer in design, dcsigh optinization1’3’13'14’15
involves a progran thnt does not only design the nmachine to spocificationa
as in design synthesis, tut optinizes the individual design in the process.

Hence, a design so obtained, an optimun design, meets all perfornance

requirements and other limitations at minimn cost (which include losses).
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This is difficult, quite involving, and linjting, The problens here
include definition of variasbles and their permissible values, setting
of objectives, adequate definition of cost, and then nininization of
this cost function, The block dingran of Figure 4 illustrates an
approach,

The last role of computer in design involves the use of conputer
in investigating ways of inmproving an existing method of solving gertain
problems in design, or design process in general, and in studying problems
confronting design generally in order to obtain nore accurate and more
reliable designs and better cconomic use of computer in design as well,

One ain of this study is to achieve this,
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CHAPTER 2
SPLIT~PHASE TNDUCTION MOTOR

The induction motor is the most widely used and nmost popular of a1l

alternating current motors', It is simple in conmstruction and it is a
nost desirable type of industrial notor due to its ruggedness and ability
to stand rough usage. DPolyphase motors are self-atarting, reliable, and
are eszentially constant speed; even though they are sometines used for
varying-speed or for multispeed appliications. |

v  Single-phase induction motors, especially fractional kilowatt sizes
exceed polyphase motors both in production and usage, Single-phaso motors
unlike polyphaée, are not self-starting:; hence various methods and devices
are used to start them., The special starking circuit may be cut out )
entirely or left wholly or partly in the circuit whon the notor is up
to speed. This variety of starting arrangements form the basic difforences
between the various types of single~phase induction motors like split-phase,
capacitor-start, two-value, permonent-split, shaded-pole, repulsion=gtart,
and repulsion~induction notors.

221  Induction Motor.

W The induction motor derives its name fron the faet that the currents
flowing in the secondory nenber {usually the rotor) are induced by currents

flowing in the prinary nenber (usually the stator), More accurately, the
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secondary currents are induced by the action of the nagnetic fields set
up in the machine by the stator winding, This action is better explained
by Faraday's law, which states that, when there is relative motion between
the nagnetic field and a coil situated in that field, there will be an
eeflefs induced in that coil, wvhose nagnitude is equal to the tine rate

of change of flux linkage between the ficld and the coil, That is, if J
is the flux, and N is the nunber of turns in the coil, then the induced
0:8,.L ¢

nag

e = = ] at R {2-1)

A corollary of Faraday's lay is

e = Blv veene (242)
where B is the constant flux density, and 1 is the effective length of
the coil cutting the flux, and v is the velocity of coil moving through
the constant flux at right engles to the direction of flux,

Most induction motors use a squirrel-cage rotor for the secondary,
because this type im lowest in cost and highest in reliability; it
requires no slip rings and has no brushes to wear out or to cause radio
interference, Polyph.:ao notors sonetines use wound rotors, with slip
rings and brushes; this arrangenent pernits control of speed and torque
by use of external rheostats for specinl applications, Single-phase
induction notors generally use a sguirrel-cage rotor, Single-phuace
notors nay use a repulsion-type rotor which carries a drun winding

sinilar to that of a d-c machine,
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Squirrel-cage construection is the most popular, The "winding"
consisgs of individusl conductors in each of the slots; these individual
conductors are all severally joined to end rings, there being one end
ring at each end of the rotor. (See Flate I), These conductors nay
be of copper, brass, aluniniun, or of any other conductor naterial; the
end rings nay likewise be of aluost any current-carrying naterial,
depending upon the characteristics desired. The conductors nay be brazed,
soldered, or welded to or cast integral with the end rings at cither end,
Modern practice favours the die-casting process, Usually aluniniun or
sone alloy of aluniniun or nognesiun is used. This type of rotor is
known as a squirrel-cage rotor because of the resenbalnce, of the eurrent-
carrying conductors and end rings to the cylindrical cages used for
exercising pet squirrels, If the iron laninations are renoved, the
resenbalnce becomes at once apparent,

2.2 Split-Phase Motor.

A 8plit-phase notor is a single-phase induction nmotor equipped with
an auxiliary winding, displaced in magnetic position from and connected
in parallel with the nain winding, Unless otherwise specified, the
auxiliary circuit is assumed to be opened when the notor has attained
a predetermined speed,

Figure 5 shows a schenatic representation of a split-phase induction
pnotor, There are two separate and distinet windings on the stator, a

pain or running winding and an auxiliary, or starting, winding, Dach
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PLATE TI: A Squirrel - Cage Rotor,
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winding is a conplete circuit in itself, Ordinarily, but not necessarily,
the windings are displaced in space by 90 eclectrical degrees. The rotor
is usually of squirrel-cage construction.

For purposes of starting, both windings are connected to the comnon
power source. The esgence of the suxiliary winding is to produce a rotating
flux at standatill - which is necessary for starting the motor. The two
conditions necessary for the production of this rotating flux are that the
axis of the starting winding has to be displaced in space with respect to
the axis of the nain winding, and the current in the starting winding has
to be out of time phase with the current in the main winding. In split-
phase induction motor, the latter is satisfied by naking the nain winding
to have a relatively low resistance and high reactance, while the starting
winding has a high resistance and low reactance. This results in an angle
of about 30 degrees between the currents in the two windings,.

A starting switch opens the circuit of the auxiliary -inding when
the rotor attains a speed of 75 to BO per cent of synchronous specd, This
is because at this speed the notor can develop almost as much torque on
the nain winding alone as it can on both windings, but beyond, less torque
is developed with the auxiliary winding in the ecircuit, Mnother reason
for the switch is to prevent the notor fron drawing an excessive anount
of watts from the line and burning out the starting winding,

Thés motor found its use in washing nachines, 0il burners, fans and

blowers, refrigerators, centrifugal punps, wood working tools, business
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nachines, bottle washers, churns, aubonatic nusical instruments, buffing
machines, grinders, and nany other devices and appliances which require
noderate torques.

2.3 Other Single-Phage Motors.

: Other typea of single-phase induction motors are either modificd
forns of split-phase induction motor by the addition of one or nore
conponents to improve the performance, cither at start or at run, for
other various gpplications or single~phese induction motor which is
nodified for starting by another method other than that by the produétim
of rotating flux.

2¢3,1 Registance-Stort Motor:

This is 2 split-phase notor with a resistor connected in seriaa
with the starting "winding® to increase the angle between the currents
of tho nain and starting windings and the starting torque. The registance
mist be cut out together with the starting winding at about 70 per cent
of the synchronous speed,

2:3.2 Reactor-Start Motor:

[ This is a split-phase notor with a reactor connected in seriecs with

the nain winding to obtain tho sane effect ns when a resistor is connected

in series with the mixiliary winding. This reactor must be short~circuited,
or otherwise nade ineffective, when the starting winding circuit is opened
_by the centrifugal switch. A schenatic diagran of such a mofor is as

o
shown in Pigure 6,
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C tor-St Hotor:

A capacitor-start motor is o single-phase induction notor with a
main winding arranged for dircet connection to a source of power and an
auxiliary winding connected in series with a capacitor. A capacitor-
start notor is a capacitor notor in which the capacitor phase is in the
circuit only during the starting period. Here, the capacitor causes the
current in the starting winding to lead the terninal voltage ond the
angle between the currents of the nein and auxiliery windings to increase
considerably and may apprpnch 90 degrees. The starting torque inercases
congiderably too., Figure T shows a schematic representation,

2,3.4 Permanent-Split Capacitor llotor:

This is a capacitor notor having the same value of capacitance for

both starting and running conditions. Here, the starting winding and
the capacitor are designed for permanent operation, giving an unbalanced
2-phase notor, It has a snall starting torque of about 35 to 50 per cent
of the rated torque.

2:3,5 Two=Value Capacitor liotor:

This is a capacitor notor using different values of effective

capacitance for the starting and running connections. The use of
different values of capacitance for starting and running here cnables
the 2=-phase notor described in 2,3.4 to develop high starting torque
and at the sane tine have a satisfactory running performance, The two

najor types of two-value capacitors, capacitor-transfornmer type and two
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capacitors type, are as shown in Figures 8 and 9 respectively. The

lagt two notors, permanent-split and two~value, develop a more uniforn
torque and are, therefore, quieter than the others, previously described,
which produce a pulsating torque resulting in vibration and noisec under
certain conditions,

203.6 Shoded-Pole lotor:

A shaded-pole notor is o single-phase induction notor provided with
an auxiliary short-circuited winding or windings displaced in nognetic
position from the main windings The pain winding is usually a concentrated
single-phase winding placed on salient poles, JMround a portion of cach
pole a copper strap (called shading coil) is placed, thus forning a short
¢ircuit, The rotor is of the squirrel-cage type. The nethod of production
of starting torgque here depends upon the production of a periodic shift
in the pole flux across the pole faces by neans of the shading coils,

This notor is schenatically represented in Figure 10,

2.3.7 Repulsion-Start Induction Motor:

A repulsion motor is n single-phase motor which has a stator winding

arranged for connection to the source of power and a rotor winding
connected to a commutator, PBrushes on the commutator are short-circuited
and are so placed that the negnetic axis of the rotor winding is inelined
to the nagnetic axis of the stator winding., This type of motor has a
varying speed characteristic,

A repulsion-start induction notor is a single-phase notor having

the sarie windings as a repulaion notor, but at a predeternined speed
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the rotor winding is short-—circuited or otherwise connected to give
the equivalent of a squirrel-cage winding, This {ype of notor starts
as a repulsion motor but operates as an induction motor with constant-
speed characteristies.
2s3.8 Repulsion~Induction llotor:

A repulsion induction notor is a forn of repulsion motor which has
a squirrel-cage winding in the rotor in addition to the repulsion notor
winding. A notor of this type nay have either a constant-gpeed or

varying-speed charsacteristic,
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Lo CHLAPTER 3
REVIEW OF INDUCTION MACHINE WINDTHGS

f Winding may be defined oz the arrangement of a group of ceils in a

nachine In such a way that they constitute an electric circuit through
which the working e.m.f. is induced, armature winding, or through which
the magnetic fluxes are created, field winding. In induction machines
conductors are arrenged in series peirs to form turns, then coilsl(one
of vhich may have one or more turnse )}, which are situasted in slots, punched
uniformly round the air gap surface of stator and rotor, and then a
winding by arranging and connecting these coils 1in a way to give a pre-
apecified phasc grouping. dctuslly,the problem of winding is to arrange
and connect the coils in the several slots to oblain the required phase-
groupings, Beforo describing the various types of induction machine
windings, items that specify a winding shall first be briefly defined,
3.1 Winding Specification Ttems
{a) Types of coil: This could either be concentric, lap, or wave.
These are illustrated in figures 11 (a), (b), and (c) respectively.
(b) Layers: This could either be single or double. In a single-layer
winding each coil-side ¢cccupies a whole slot, whereas in a double-
layer winding one coilwcide lies in the upper pogition in s first
8lot whilc the other occupies the lower position in a second slot

gpaced alt a pole-pitch sor less from the first.
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Phage—-gpread: The requirements of an a.c., winding are that 1t

- ghall produce a symmetrical m-phase system of e,m,f,'s of identical

magnitude, wave~thepe nnd frequency, and displaced in time-phase
by 6 = M /m electrical radians, This is secured by having
identical windinss for all phese-groups, and arronging the groups

with an effective space displacement of 271 /m glectrical radians,

" Henco phase-spread is either 277 /m or ﬂ/m electrical roadians.

Slotting: This could either be integral or fractional, Windings
with a whole number of slotas per pole (i.e, ¥ = nunber of slots 5
divided by number of poles 2p Is an integor) are callad integral-
8lot windings, The arrangements in which y 1z fractional are
termed fractional-slot windings,

Ooil-spans This is the spacing of coil-sides; figure 11. When
coil-cides are spaced by exactly a pole-pitch they are said $o be
of "full~pitech", The pitch of a coil may be sreater or - more
often ~ less than a pole-pitch, in which case it Is described as
"short-pitched" or 'chorded", The latter is usually done to reduce
the amount of corper in the end-~connections and to reduce or
suppress certain harmonics in the phase e,n.f.

Coil Group: There is one coll group per pole pair per pPhase and
each coil group is made up of 2 or more single coils usually connected
in seriesa., Each coil must have one or more turns. To connect coils
to form a ecil group, the last turn of the first coll of o coil group
is connected to the first turn of the second coil of the same coil

grouy, and so on, until aAll coils are comnected together,
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(g) Circuits: A circuit is formed by connecting the coil groups of
o phase eithor in series or parallel, The latter is done only when
windings are required for large currernts and low e.n.f.s., For series
connection of coil groups of ~ phase two coil ends which earry current
in opposite directions should be connected together, For parallel
connection of the coill groups, ends carrying current in the pame
direction have to be connected together,

(h) Coils: The coils may have one turn or several. In the former case
single~turn coils require only one conductor in each layer, but this
will generally be laminated to facilitate bending in the end~windings
and to reduce eddy current lossea, These coils foru bar-windings, and
are commonly found in low-voltage nachines with large phase currenis.
Hachines with small numbers of polea and low values of flux per pole
require a relatively large nunber of turms per phase: this is true
adso of high-voltage nachines, However, the choice of coil depends
on the nunber of turns per phase required {o gonerate the e.n.f,,
the current rating, and the nunber of parallel circuits obtainable,

(1) Polewpitch and Slot ingle: Let the following be defined thus:

S = the number of slots in the stator or rotor
2p = the nunber of poles
n = the number of phases

y = the pitch of the winding
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The pole-pitch of the winding, y = 8/2p. The coil-piteh or coil-
throuw is the number of slots between two coil sides of a coil, The
coil~piteh, Z, is equal to the pole~pitch Ior n full-pitch winding,
For short-chorded winding Z is greater than or less than y.
The short-chording angle, B = 180 (1 - Z/y) olectrical degrees
The slot angle (slot-piteh), a = 360 PB/S electrical degrees
The number of slots per pole per phase, gq = S/F’_pm.
Distance in slots between beginnings af two phases for phase sequence
Y = BF o= Talcts, Porthe besglanieg oF phass I &b 836% 1,

beginning of phases II and III must be ot slots 1 + X and 1 + 2X

respectively,
3.2 Single-Layer ‘Tindings.
T - Co; ic Yind >

Concentric winding are so named because all the coils for & single
pole have a comnon center and different pitches, or throws, for each
individual coil,

/. 3=phasc concentrie winding is best understood by an example,
Figure 12 shows the circular and developed diagrans of a concentrioc
winding for a 3-phase, 4-poles induction motor with 48-stator slota,

In the diaggran, four coils, connected in series, make up a coil group,
Bach coil consists of several turns and the cross-over from ene coil

to the next 1s indicated by a short slanted line.



FIoiRe 12(a): Cireulsr di ;rams of a Concentric
inding, 4f= slota A~joles T-phacne
Indnetion hotor,
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(iii)

(iv)
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Twocedure in constructing the diagram is as follows:

Given,

3.

483 43

2p

o d
ot

48/(4 x 3) 4

llence, fron (1) q = S/QPm

With the slote alloecated numbers serially from 1 to 48, and with the

number of slots per pole per phase, q = 4, known, construct table 1

a

o shown., M asterisked nunber signifies the starting slot for Phase,

It will be seen thot the first number of the first North polarity
Tor each phase is chosen,
I¢ ourrent flows in the upward direction in the North pole, it flows

in the downward direction in the South pole, Also there is a coill

TABLE 1: Slot Allocation for 3-phase, 4~pole, 48 slots Concentric

Winding,
POLE~-PAIR { POLE |} THASE TOL/RITY SLOTS/CONDUCTORS)
3 3] * 1 2 3 4
1 111 S 5 6 7 8
l_ 1T N * 9 10 11 12
L I S 13 14 15 16
2 I11 N *47 18 19 20
II 5 21 2 23 24
1 H __T==i;:====:g_—_—;;- 28
3 111 s 29 30 3 32
5 i - Ij -‘ 33 34 35 :f_ )
l 1 S 37 38 39 40
1 4 I1T N 4 42 43 44
‘ II S 45 46 47 48
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group per pole-pair per phase. Then, for example, a coil group for
phase I and pole~pair 1 is formed by concentrically joining the conductors
in the North pole to those of the South pole thus:

A

Ne-w { = 16D 2 ——B {5 —9p 3 3> 14 $ 4 313 ~m— a3

On the whole the total nmumber of coil groups should be mp = 2 x 3 = 63

2 for each phose. llence, the coil group for Fhase 1 and pole-pair 2 ia:

Ne—y 253 40~—3 26— 39 = 27 —9p 38 —3 28 ¥ 37 - 3

Then by joining these two coil groups together either in series or parallel

a phase group circuit is formed,
Sinmilar procedure could be perforned for the other two phases resulting

in six terminals; C1 and C4 for phase I, €2 and C5 for phase II, and

C3 and C6 for pvhase III, These terninals could be eonnected to form either

a star or delta commection. )
The pole-pitch y = 48/, =12 = (13 - 4) + (14 = 3) + (15 = 2) + (16 - 1)/4,

the arithmetic mean of the pitches of the coils in & group,

202.2 Single-Phase Concentric Winding (Plate IT),

This is just 2 single phase of the three-phase winding discussed in

%.2.1, except that in single-phase induction motors there are two single~
phase windings, the main winding and the starting winding. However, there
is no need for « special procedure here since the diusgram is simply
constructed for the siven distributions., For exanple a single-phase

2=-pole motor with 24 slots having the following distributions:



290,
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Slotss— 1 2 3 4 5 6 T 3 9 10 11 12
Mains -~ 1 1 1 1 1 X X i 1 1 1 1
Mmxilliseys- { ¢ 4 X X X X X X 1 1 1

will be drawn as in Pigure 13 according fo toble 2, The main winding is
displaced in phase from the auxiliary winding by {§ electrical degrses.
In practice, B = 90, but there are designs in which P is cither less or
nore than 90 elcctricel degrees,

TABLE &3 Slot Mlocation Table for Single~Phase Concentric YWinding,

] . J 2 r 1T 1 l N

suop wo, | 1)2h sl alslel7lalolid 1] 12 15]14) 15] 161 17} 181 19) 20} 21y 22) 23] 24

MAIN Tt p AR I TP 1P 191

1 AUX, AERARSRINE 1 1t 1
' 4 4_i_ | L

poima

-

#224% Windinzs with BeusleGpon Coils.

Bqual-Span c¢oil winding is the nane applied to windings consisting
of coils wound with an identicaol pitche These windings have the advantage
that their pitch ecan be shortened. Three types con be ldentified:
nush (plate III), involute, and chain or inbwicated windings, Dach differ
from the other by the way the end connection is arranged. The differencs
in the aITangGﬁent of the end connection is achieved by altering the

mode of formation of the coll groups or, and, shortening the pitch.17’18'
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.3¢3_ Double=Layor Windings

- %.,%.1 Three-FPharce Distributed Windingzs,

i Distributed windings are so called becamse they have more than one
slot per phase per pole. For example o 3~phase, 2~-Pole induction machine
with 12 slots will be as shown in Pigure 14{a) for s full-pitch 1l-p winding, and
Figure 14 (b) for & full-pitch wave winding. Procedure for the construction
of these diagrans ig a2s follows:-—
(1) 8 = 12, 2p = 2, m =3. Given,

{ii) With the slots allocated numbers gerially from 1 to 12, and with
r fﬁ the nunber of slots per pole per phase, q = a/om = 12/6 = 2,
] kmown, table 3% is constructed as shown. & asterisked
nunber significsthe starting slot for o phase. It will be aep:m
that the Firat nunber of the Tirst Wortn pole for cach phase is
chogsen. The bracketed numbers are repetition of the unbracketed
ones but with slash superseript. Those without glashes represents
the top layor of the slots and those vwith sloshes represents the
..f' botton loyers.

TABLE " 3! Slot Allocation for 3-phase, z2-poles, 12 slots Double..
' Loyer Vindings

POLB« PAIR “FOLE PHASE POLARTIY T SLOTS
_. | I N #(11) 2 {21)
: 1 11 s 3 (3') 4 (47)
o T N #5 (51) 6 (61)
1 I 3 7 (1) 8 (8")
2 11T i) w9 (91) 10 (yor)
II 5 110141) 12 {121)
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(1i1) The pole-pitch = s/2p = 12/, = 6. A full-piteh will have
the coil-gpan of all the coils equal to the pole-piteh, Ience,
6 in this case.
(iv) Lap Winding: For cxanple for phase I, the starting slot is 1.
1 + 6 = 7, then a coil is formed by connecting a conductor
in slot {1 to a conductor in slot 7. 3ince it is 2 double layer
winding the top layer of slot 1 will be connected to the botton
layer of slot 7. Hence, a coil is { - 7!, Sinilarly,
2 + 6 = B8, then another coil i8 2 -~ 8', To forn a coil group,
these two coils are joined together as shown in the diagran, Hence,
a coil group is:
e T e S )
A closer study will show that this arrangement obeys the polarity
(or the direction of flow of curreni), The second coil group is
formed similarly by connecting the corductor in the bottom layer
of slot 1 to that in the top layer of slot 7, and the conductor
in the bottom layer of slet 2 to that in the top layer of slot 8
thus,

bt 1 oepp T e 27 ey B i §

By connecting these two eoil groups cither in NSN3 (scries) or
NN8S (parallel) n phase group circuit can be formed, The diagran

shows a series connection,
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The same process can be repeated for the other 2 phases, Thus
resulting in six terminals which could be connected in star or delta,
Figure 14 (a) ochows a sari coinoetion,

(v) Waye Winding: ‘o construct a wave winding table 4, for phase 1

only, will have to be constructed from table 7;.. :lence, for

TABLE 4.; Coil-Groun for One Yhase of a Wave Winding

POLE GROUP :
 PR— 2 ——y 1
COLUMI ~—
1st S—d1-a7l | Bea-T7-a-1L
.
; P -
l
2nd ;/24- 8, vE —%= 2V,
1 ]
boi A e

phase I group circuit the connection should be:-

START wewp | vy ' ed 2 g O e 2! eep § ety | Ny T = FID
The same table could be constructed for other phases, For further
understanding of liow to construct table 4 another exanvle is considered.
For exanple table 5 shows a phase I group circuit conncetion for a 3-phase,

4=poles induetion machine with 24 slots,
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TABLE 5: Coil Group for One phase of & 3~-phage,4-poles, 24 slots

Vave '/inding.

£
GROUP
:  Jpum—"| p—
o N
COLUMH N
e
Gaw v} = o= 1% B =T - ~135
-~ < ,/
18t ) A =4
13 - 19! ‘19 -1
o P #
e -
7 P
% s
S 8}‘ B 14
- -
2nd ~ A~ B ol
b 14--’-— ?O!, ’20'*@"211
]

ﬁ,

e

3.4 Fractional Pitch or Short-Chorded Winding.

This is best understood by considering an exanple, Consgider a
3-phase, 2-pole induction machine with 18 slots., The winding diagram
ig as shown in Tigure 15. Procedure is as follows:—

(i) Given: 5 = 18; 2p = 235 m = 3D,
(11) ¢ = s/emm = 18/ = 3
(i1i) Pole-pitch, ¥y = 18/? = 9, For full-pitch, the coil-pitch

e
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But to reduce harmonic content of the winding and hence the rnachine,

the winding is short-chorded by 2 slots so that

the coil piteh

bacomen 9 -~ 2 = 7, Hence,ﬁ = 80 (1 - 7/9) = 40 degrees.
Coa P /9 = 0,94
Comstruct table 6. Slot anple, o= 360/5 = 360/18 = 20°

Henee, distance in slots betwoen beginnings of any two phases {or

Phase sequence of 120 degrees = 120/?0 = 6 slots. For the

- beginning of phase I at slot 1, beginning of phases II and ITI

must be af slotg 1 + 6 =7 and 7 + 6 = 13 reapectively,

aaterisked in the table,

TABLE S:.

Double~Layer Winding with Fractional Pitch.

They are

Slot 4llocation Table for a 3~phasc, 2-poles, 18 slots

f,?ﬁg POLE | PHASE | POLARITY SLOLS
I K w (1) 2 {av) 3 (37)
1 11T S 4 (ar) 5 (s7) & (6*)
l I1 N w1 (11) s (8) 9 (o) |
1 i 5 10 (10} 11 (11t} 12 (121)
2 IIX i #3 (1310 14 (14') 15 {15%)
11 3 16 {16') 17 (17') 18 {(18")

The theoretical alot alloeution {(for full viteh coil) is shown in the

table.

However, becausc of short chording, some slots will apcomodate
y )

B
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coil sides of different phases, That is, the bottom of a slot may be
used for one phase, whilst the top is used for another phase. In such
slots, currents will flow in opposite direction, This occurrence is
common in ghort-chorded designs, In fractional pitch windings, the
number of slots in which currents flow are in opposite directions is
usually given as 2p {pole piteh — coil pitch). Here the slots are

8, 9, 17 and 18,

(vi) Taking the top coil side of slot 1 as the beginning of phase I, the
coil's other coil side will lie in the bottom of slot 1 + 7 = 8, The
coil is then denoted by 1 - 8', That is and in general, in two-layer
winding, one coil side liec in top of onec slot, and the other in the
botton part of another slot one coil pitch aways. The construction
using parallel lines is as showm in Figure 15.

For 3 slota per pole per phase, the last turn from 8' will be
connected to the first turn on top of slot 2 whose bottom coll side
is in slot 9 (denoted 2 ~ 9'), The last turn from 9' is comnected to
top of first turn in slot 3 the bottom of which is in slot 10 (the
coil is 3 = 10'), Thus we have passcd through and connected three
coils (q = 3) in series to form the coil group with two ends coming
out at 1 and 10!,

Since the full piteh is 9 slots, then the next coil group with
respect to phase I must start at 1 + 9 = 10, The bottom of coil
whose top is at slot 10 must be in 10 + 7 = bottom of slot 17,
Accordingly, the coils which make up the coil group are 10 = 17!

to 11 - 18" to 12 - 11,
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F““: By comnecting these two coil groups either in NSHS (serics) or
'.ﬁﬁSS (pamallol) n Phase group cireuit can be formed, The disgran chows
a series connection,

. The same process can be repeated for the other 2 phases. Thus
resulting in siz terminals which could be comnegted in star or delta.
P Single-phase mokors ecan be wound in two layer winding also. This

usually offers bhetter porformance characteristics and involves the nain

and euxiliary iindings respectively.

3.5 __Fractional-Slot Windines,

f o These are windings din which the slots per pole per phase are
expresged an a wholc number plus a fraction., lor example a 3-phasc,
8-poles induction motor with 36 alots has q = 36/(8 £ 3) = 1%; In
induction mobors. such cages usually arise when stators with the same
nunberr of siots are wound for_more than one nunber of poless. For a given
nunber of slots in the stator, the slots per pole per phasc in one winding
will turn cut to be a whole number, and in another winding a fractional
nunber, |

| i The fractional-slot winding differs from tho integral-slot winding
in that it must be conposed of coll groups with different numbers of -
colls and each phase must occupy tho same number of slots, olherwise

the winding would be unhalanced,

- : .
' Datail treatment are found in already published works.9’17}19’20
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CHAPTER 4
THEORY AND PERFORMANCE CALCULATION METHODS.

nila polyphase induction motors are explained and analysed by a
single theory, the revolving field theory, the single-~phase induction
motors are snalysed by two, the cross-field theory and the revolving
fiald thoory, Theso theories are useful for qualitative and quantitative
analysis of single-phase induction nachines,

Voinott, in his book!, presented a quantitative and qualitative treatment
of these theorics, His quantitative treatment led to methods for calculating
the »unning and combined-winding (nain and mxﬂliary)pcrformancea of a single=~
phase induetion notor from its characteristic constonts, which may be derived
by caleulation or fron test. These methods, due to their simplicity and
thoroughnesa, arc quite svitable for use in commuter-~aided design, and are
thercfore adopied with suitable modification in this work,

Howuver, both theories are equally good and give the same overall
~gwers, Thorefore, a theory used in a particular work is a matter of
choice, In this work, the revolving theory iz chosen, and hence, shall
be given a better treatment,
2:1__FProduction of a Rotating Fiold,

Imagine two coils, . and B, placed in guadrature to each other,

The cross-cectional view is as shown in Figure 16, Let each be a distinet



Ampere

— — —

U5

FIGUHE 16:

Production of a rotating field.
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eircuit that is supplied with current from separate sources, Let these
two currents, I A and IB' be simusoidal, equal in magnitude and frequency
but 90 degrees out of phase in time., Such currents are represented by

sine curves in Figure 16 (a), where instantaneous values of the currents

IA and IB are shoyn,

The four views shown in Fipure 16 (b) are drawm to represent the
instantaneous currents (1, 2, 3, and 4 in Pigure 16 (2)) in the two coils
and the corresponding instantaneous resultant fields set up by them at
each of the four different instmnta of time, The dotted lines represent
the field and the arrows on them, the direections, The dot on the crosas-—
sectional viow of the coil indicates that the current is flowing direcetly
toward the observer, while a cross indicates that it is flowing away from
the obscrver.

A close obscrvation of the four views shows that the resultent field
rotates through 450 for a time lapse fron { to 2, and another 450 for 2
to 3, and so on, Hence, the field will make one complete revolution in
one c¢ycle of current. Thus, a rotating nagnetic field has been set up
by the structure and the two conditions necessary for this are:

(1) two scparate circuits (made of coils) located 90 electrical degrees
apart in space; (2) two phases, or sources of a-c voltages, equal in

magnitude and displaced by 90 degrees in time,
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4.2  Crosg-Flold Theory

o4 The structure in 4.1 ia o two-phnse induction motor if in place of
the coils we have two separate phase windings. If currents arc supplied
to the windings as in 4,1, therc will be iwo component fields that are
gtationary in space, btut pulsating in amplitude with time, ond these two
component fields combine in such o way as to produce a gingle field which

remaing substantially constant in amplitude, but rotates at a uniform

spead.

If one of the phase windings in the two-phase motor is removed or
open—circuited, e shall be left with a single-phase induction motor,

& current through this single winding on the stator will set up only one
gtationary mlaating field component with fixed axis, Since the other
fiold component i abgent there will bo no rotating ficld, hence no
torque and no teundency to start.

Somehow if gtarting is achieved and the rotor revolves at gynchronous
speed the windings of the rotor will revolve through the stator field
(the stationary mlzating fiold), voltage will be inducged in it due to
the cutting of flux lincs. This induced voltage 1o in vhase with the
stator flux and magnetizing current since it is direetly proportionsal
to flux density at congtant speed. The induced voltage in the rotor
winding implies current flowing in the winding and hence the setting up
of a field component whose axis ia in space quadrature with that of the
stator field, This axis is known as the cross-field oxis. Hence,
gsatisfying one of the conditione necessary for the production of a

rotating field. P

N
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The second condition, that the ercss-field should also be in tine
quadrature with the main ficld {the stotor field), iz gatisfied by
thinking of the rotor winding ns nogtly inductive, henee the impedonce
is nostly reactive sec that mny current flowing in it would lag behind
the voltage induced in it by about 90 deprces.
4¢3 Revolving-Field Theory

The revolvings field theory of sinrle-phase induction notor is
developed from the fact that the sum of two uniformly rotating vectors,
equal in magnitude and rotating in opposite directions, is egual at all
instants of time to a stationary vector which merely pulsates in
magnitude, For cxranple, Figure 17 shows two vectors of constant
nagnitude F/2, revolving in oppositc dircctions at oo angular velocity w.
i tine t = 0, they are both horizontnl in the same direction, hence
having resultunt I, M tine t = t, they takc positions wt radions
above and wt radians below horizontal, as shown, The vector sun is
P cos wt which is a vector which remains stationary in gpace but

pulsates in nagnitude sinusoidally with timeo.

32 F cog wt
-

Figure 17, ’Tcoolution of a gtationury pulsating vector
into two constant-mognitude revolving veetors.
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For a practiecal applicntion, the nagnetic flux in the air gap of
the induction motors at emy instoant varies sinusoidally in space around
the periphery, Figure 18 shows two oppositely revolving sine woves,
equal in magmiiude, The one noving in the positive dircetion is labeled
the "forward wave", and the onc moving in the negative direction, the
"baclkward wave!. I& zore, the centers of the two waves both coincided
with the Y-axis; at tine t = t, they have cach moved sway from this

position by the angles +wt and -wt, How, let

fxf = height of forward wave at point x
fx‘b = height of backward wave at point x
fx = height of resultant wave at point x

Then,
fxf = %cos (x-wt)=£2:(coaxcoawt+sinxain wt)---(4o1)
£, = = Cos (x+wt) =% (Cos X Cos wt - sin X sin wt) 4.u(4s2)
£, = fgp + f, = F Cos X Cos wt, ISR SRR | T8 )

fx is pavirun vhen X = O nnd t = 0, and it i3 equal to F, it ¢t = O
fx = F Cos X, Hence, any stationary pulsating sine wave can be resolved
into two counterrevolving sinc waves, each having = constant nagnitude
of half the nognitude of the stationary wave.

423.1 _ Equivalont Circuit for Single-Phase Induction liotor
4 single~phase induction motor has o single stotor winding which has

both resistance, »,, and reactance, Xye The resistance , is responsible

1
for the copper loass in the winding, while 1:1 is due to leakage flux which
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Hesultant wave

~ 1 ™™. t=¢C

= ‘ =t
—he-
‘ / e we FORWARD WAVE
P

i
4

BACKWAHD
WAVE

FPIGURE 18: Production of a stationary sinuscidally
pulsating wave by two constant-magnitude
gine waves moving in opposite directions.

0.5-12

O.Sré

0.5(2-a )I
(2~a)Rb

FIGURE 19: Coupled circuits representing the single—
phase induction motor, according to the
revolving=-field theory.

-
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links only the iarimary winding. The mutual flux, which crosses the
air gep and links the sceondary winding, is Kﬁ.

I How, appiyin:; the revelving field theory, since vhe actual
pulsating air-gap flux is resolved into two ecgunl counterrevolving
ficlde,. half the woltage inducod by the air-gap flux i due to the
forward field and half to the backward field, Iiencc half the mutual

A

reactance should be charpged to the forward and half to the baclwrard
figld., This i3 zhown in Figure 19

.; Now consider the rotor circuils when the rotor it revolving at a
-épéed giving a ©lip of s with rospect to the forward tield, The
voltage actually induced is sEf at a frequency of sf, and the reacfaﬁce
in the eirecuit is 0.50X,, whoere Xé iz the rotor loskage reactance at
line frequeney f, The slip of {the rotor with respect to the backward
ficld iz 2-8, llence %he voltage induced in this eircudrt is (2—B)Eb at
a frequency of (2-8)f, ond reactances are muliiplied by 2-s, Mutual
reactances, of coursc, are alse multivlied by s and 2-s, 25 shown,

For the priuary of Figure 19,

V=T, + 3Tz + 3T - T H05%) + 3T - 1, )(0,5%) (2.4)

g L b s

= Ir1+jIxt+Ef+Eb:Iz]+E2 (4,5)

For the forward-iield robtor circuit,

B

f Al
I = \ma— = ——— 6
22 * BITE, v ie%) 05 [,/ + % {4,6)



For the backward-field rotor circuit,

(2~s) B, By

g = - (4&7)
0.5 x, + §le-s)x,4 0.5[1'2/(2_3) + 3%

Ly =

Hence, from (4.5), (4.6), and (4,7) the elasgieal revolying-field theory
cquivalent circuit can be drivm s shown in Figure 20,

Powcr transferrcd ceross the air gap = Power input - stator losses (4-3)

= Secondary input (4.9)
0051' p
From Figurc 20, secondary input power = Iif ( -—-;3—-2- ) + Iéb (0.5r2 (4.10)
2=g
2
Obviously, sceondary output = secondary input - sceondary 1I°r losses {4.11)
o = PO
e R LA
Henece, sceondary Output = 0.5 Igf -:;g = 045 sz T, + 0.5 12,\ = -
0,5 I,°r (4.12)
* 2v "2 B
2 _ 2
= 05 L7 (1-8) - 05L,°x, (1 -8 (4.13)
8 2=
: 2hn
But Torue = output watts/ <z (4.14)
I is the speed and Na is the synchronous speed
For slip s,
N = da (1 -s)
2 ! 2
1.7 §1-0) 5.2 . (1-8)
L 11 . ] _EE_.Z___ - (.5 .Ab._a
. a Tol‘quo (u.m) = 2.&‘:5 ‘(‘1 = 5}/6_0 XEOB 0,5 oeg (4-15)
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7%,
«*. Torque (synch. Watts) = Torque (Wn) x -z5=
0,5 1.2 » 0,5 I.%
P . S * ntlal
h g - 2= 8 {2,16)

which are theo copper losses in the two adjustable resistors of Fipgure 20,
These are the forward and backward torgues in synchronous watts,

Currents sz

by the forward and backvard fields in the rotor bars ot frequencies of

and Izb represent, in stator terns, the currents induced

sf and (2—3)1‘, rcspectively. These currenis set ud revolving mmf's with
each revolving in space at synchronous speed, one forward, one backward,
These must be overcome by stator currents which flow in the stator at

fundamental frequency, The latter are I?f and 12.0 in Figure 20,

4,3,2 Running Performance Calculations }

A running performance calculating method for the single-phase motor

baged on the revolving-field theory as exemplified by the circuit of
Figure 20 can be developed. The easiest woy to do this is to reduce
the two parallel branches to cquivalent series circuits, so that the
whole beecomes o simple series circuit, as shown in Figure 21, For the

condition that '.‘{1 = ;:2’ it is found that,

0u5 Kr rz/ﬂ

. ) ' (4417)
£ Era/xo)./g R
- -‘ 2 -
05 XK, /R M} " + 05 K% (4.18)

T feo/x /a7 +
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R, = s rflene) (4.19)
tra/xo)/(z - g}] 2

0.5 XK Ei~2/xo)/(g - 3—)_} 2 0.5K X,

e e

B [z x )2 - s)] 2 5 1
i where K = X /(X + x,) (4.21)
and K, = er (4.22)

Appendix 1 shows a caleulation sheet, as used by Ve.i.nott1 .y Suitable
for routine performance computations.

i 2 2 t 1
s Te = I Rf and T, = I Rh’ heace total Torque T = Ty + Ty,

4.4 Combined-Winding Ferformance Coleulstions.

Figure 22 shows the schematic diagram of a gingle~phase induction wotor
with two windings in space quadrature. Using the revelving field theory the

!
equivalent cireuit of the joint operation of the windings in quadreturc i

a3 shown in Figure 2%,

PV 1 thie case there are two single-phase windings on the stator, each
winding sets up a forvard field and a baciawrard field, making four revelving
cowponents in all, When the windings are in space quadrature, there is

no mitual reactance betwesn the stator windings in the ordinary menge,

that ia, by transformer action. However, each of the four revelving
component fields must of necessity induce a voltage in esach stator winding.
In each stator winding the sum of fhese voltages plus the stator leakage-
impedance drop must equal the applied voltage. These conditions will

determine the primary currents in the respective windings.
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Voltages induced in the main phase by the two component revolving

fields set up by the main phase itself are

By = L2 (4.23)
Ebm = Imzb (4-24)

Likewise, the field coaponents which are set up by the auxiliary

winding induce the follouving voltages in the auxiliary winding

. 2 i2
Ei‘a = Ia‘:L zf (4‘ 5)

B, = laZ (4.26)
where & is the ratio of effective turns in the auxiliary winding to
effective turns in the main winding.

Since main winding has 1/, times as many turns as the auxiliary
winding; and since voltage induced in the main winding by {he forward-
revolving field lags 90 degrees in time phase behind Efa’ while that
induced by the backward-revolving field leads 90 degrees anhead of E‘Da’
Then, voltages induced in the main winding by the auxiliary fields are:

by the forward field:

= ET‘a
2 = -jal 7, (442T)
by the backward field:
+J Bb
ba _
= = +jal 2, (4.28)

Similarly, voltages induced in the auxiliary winding by the nmain-

winding fields are:



by the forward field: +ja:'m = -rjaIme
by the backward field:
...ja!-' = -—-jaImZb

Hence, voltage in tie twe circuits arc,
_— ok z 10 a
Vn = Im21 : Imuf J Iazf + 3 I:,zb r Inzb

and

2 2 )
+ LZga~ + JalZ, + Ia°% =~ JjalZ

Va = IaZ P

1a
IfRT=r1+Rr+Rb; X,I,=x1+1f+xb
By =T, + (R + R.b)ae, =X+ a® (%, + X))

then, total impedince of mnin winding, «t any slip o is,

B By v 3T

and, total impodance of muxiliary winding, at any sliv s in

Z‘PQ=RT3+jx'Pa

substituting (4.33) and (4.34) in (4.31) mad (4.32), we have

m

Zp T = Ja(2p - Z)I,

a -!—ja(zf - Zb)Im * zTaIa

golving (4.35) and (4.%6) eimultancously, we have

ViZp, * j‘._f&a (z£ - zb)

5(‘0

(4.29)

(4.30)

(4.31)

(4032)

(4433)

(4.34)

(4.35)
(4.36)

(4.37)

(4438)
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These are the primary current in each winding,.
To determine torques develoned by the forward and backward ields, The

magnitudes of these fields in terms of main-winding volts are from (4,31)

and (4.32)
Veltage induced in the main winding Ly resultant forward field,
= (Im —jala)zf . (4:39)
Voltage induced in the main winding by resultant backward field,
= (I, + 3a1))Z, (4.40)
: 2
(Im - Jal'a) = Real, + j Imaginaryf
2 2 - .
Realy = I ° + (aIa) + 2al I sin § (4041)
Zf = Rf + j;{f,
hence,
2, (aymehronous watts) = Realy X Ry
- -
I 2 -
= Em + (a Ia) + 2a1m1a smﬂlﬁf (4.42),
g - & e
(Im + ;jaIa) = kealy + J Imaginary,
2 2 :
eal, = I° + (aI)” = 2aLl sin g (4.43)
Zy = By + 3 X%y
hence,

'I’b (synchronous watts) = Realb x R‘b

" {_Imz + (@_J:Q)2 - 2aL I sin ﬂ]ﬁb (4.44)
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Total torque,

?(synchronous watt) = T, - T,

. [.Ima - (axa)zj} (Rp = &) + (2aL I sing )i, + R)  (4.45)

secondary 121' losses at slip s are:

due to forward field = 8 T, (4.46)

due to baclward field = (2 - B')Tb 4.47)

Appendix 2 shows a calculation sheet, as used by Vei.nott1

suitable for combined winding performance based on this theory,
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5.1 Air-Gap MMF and Flux Waves of a single-Fhase Winding

Any periodie, finite, single-valued function, f(x), can be expanded
into a trigonometric series of the form:

f(x) = ﬁao+a181nX+a29in£X+...+ansinn:+

+h1coaX+bzcoBZX+. .‘+bncoanx (541)

Such a series is known as a Fourier series. The coefficients are

evaluated thus:
] 257
aﬂ = -ﬂ i f(x) dx (5.2)
)

a, = 3% f £(x) sin (nx)dx (5.3)
o
1 2m
o, = 7 f(x) cos (nx)dx -- (5.4)
o

S.1s1_MMF Wave of a Full~Pitch Cecil

If there ic one full-pitch coil per pole,.excited with a current to
produre a mmf of h, the mmf wave is & series of rectangles as showp iy
figure 2L. Applying tne above Fourier series theorem, it will be found
that the series of the mmf wave of this single coil is,

£(x) =[%£T Si4RoinIx+1/58in5%4 e | =====(5.5)

S5.1.2 MMF Wave of a Chorded Coil

If the throw of the coils in figure 2l is reduced to an =nglc g and

if the centers of the coils are left in the centers of the poles, the height
h of the mmf wave will not be changed, but the area will be reduced along

the X-axis, as shown in figure 25, 'The Fourier series for the mmf wave can

be found to be,
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FIGURE 242

The wnt wave ol a full-piteh coil

PIGURRE 251

He
A

»

The mwu!f wave of a cherded codl, ’



61,

(54€)

f(x) = o sinx—-_;sin3 P sinix -i-gtﬁﬂiﬂijiSiﬂ(ﬂX)
2

T ‘E’ 2
where + appear, + is used if n = Yr+l, and - is used if n = Lr-1, where
r is any whole numbcr,

The first terms in equations (5.5) and (5.6) are referred to as the
fundamental of the mnf wave, whilc other terms are the harmonics. For
example, if n = 3, then the term correspending to n = 3 is the Jjrd harmonio
of the mmf wave.

5+1e3 MMF Wave of a Conentric Coil

As previously discussed in Chapter 3, a concentriccoil is made up of a aw.ber
elemental coils having different pitches, but all having a common center,
The mnf wave of each clemental coil is a series of rectangles, as in
figure 25, but when they are added together, the resultant mnf wave takes
on a stair-step appearunce, as shown in figure 26.
The fundamental wave for the group is obtained by adding the fundsmentals
for sach of the elemental coils, by applying the first term of eyuation
(5.6), the Coefficient of the fundamental wave is,
a; = %(0151:1131 + C,einb, + chinnj) (54 7)
Similarly, for the nth harmonic,

sin nb, + stin nBB)  — )

a .
n ==-;'-.n$ (C,sin nB, + C,
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5.1,.4 Distrilution Factors of a Concentri. Jfi:ding

If tlic concentric coil of figure 26 ucrc roulaced by a single
full-pitch eoll having the sane total nw Dor of conductors, the arpli-
tude of the nih hamonic would be, fror euuatlios (5.5)

a = nJ’T (cy + ¢, + 03) ——— (5.9)
Distribution i ctor for the nth hamonic iz defined as,
Ky = Aolitude of ath harmonic of mnf wave for actual coil

Aollivde o nth hamonie of a full-piteh coil of sane
tot 1l conductor,

Hence, dividing (5.4) br (5.9)

K'.m = .CJ. ..;-I-ni-p C2 Sin 11132 +" ::?. )L:iﬂ (5.10)

C| - l’J2 + C.

end, for the IMindmental,

. Sin t Sin 1 C, 3
. ) C1 in B, 4 (l'2 Sin "52 + “3—21:1“13 (5.11)
wi ¢c, + C, + C, :
1 2 2
Let € = total nwber of secries-conn.cted conductors in rachine, and
P = nunber of pole-pairs, hence,

¢, + €, + C S (5.12)

L
2 3 4P
Then, substituting (5.12) in (5.10) and (5.i1) we have,

cx o -
= C1 Sin !131 + Cz i I'l.-a2 -+ 03 Sm nB} —— (5.]1)

o m—

4F
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and (5.13) in (5.8) gives,

a = -.':". m{‘um = G ) s (g14)
n njl 4 B
Por fundamental, n = 1 in (5.14), hence,
CK'.H )
A o em———— B
1 = =z (5.15

It is uwsal o ctypress the nth harnonie in per unit with respoct to

the fundarental; thus,
For = unit r.th harronic = _3o = Km (5.16)
an

2 Magnctiic Circrii end Saturation Factor 1

Table 7 alous a typiecal schedule for calcultaing ragnetiic circuit
values and the saturation factor, The derivations and cxplanations of
sone terms and fomulac in the tablc ean be found in alrcady published

vorke!+647:8:9,12,18,13,20,

9.3 Leakamc Reactance

This is considered as being nade up of five componcnts: (1) slot
leakage (stator and rotor); (2) zig-zag lealnge; (3) cnd leakage; (4)
belt lcakege; and (5) skow leakage. dach one of these is computed
separately znd the vhole added togethor to oblain the total leakage rcac~
tance, However, definition and formulac for evaluating cach will be
presented heorc. feaders who arc interested ir the derivations and detail
explanations arz referrcd to alrcady published 1.'or!c:,.1’6'7’8'9’12’18'19’20‘
B.3.1 Slot L caiinze Reactance

Slot lealage recactance refers to the lealige due to flux croseing

the slots within ilic slots thamselves and thcreby linking the conductors

that set up this flux, If L is the length of stack and (':!:t the total
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wogmetic = Circuit and Saturation Factor Calceulationa

(211 dimensions in cm)

Stator Rotor
Quter Diam tor Do D2
Internal Dinoctor (lore) D, D,
Stack Length, L 13 I?
Slote 81 32
Tooth pitch A =11D1/31 A, ='1TD2/32
m - _ A =¥ . W
Tooth face t10— 1 10 t20 2 20
T idth
Tooth widt t1 t2
Dopth of Yolu. dyt dy?
Cartor factor K = A1(5g+ﬁ ) T 12(5g+w?{)

B — 2 a2 i R I
MGerig) =4, 20e+ 5] iz
Slot Opening W,O TEO
Number of Poles 2pr Gap congtant K =K =x '3'_,j
AT gap ¢=(D;-D,)/2 |Pole pitch A =T +c)/2p
Volts/ phasc v Frequency {(Hz)
Flur per A:O-hb'mém‘/fcx Eff, cond,/phase (022
pole wi wi
Stackin/ factor r Core pnth chortening KcT o Z - (fruA equation)
factor -
Ky 1=(I_r (Pef.)/V) | ir gap flux demsity 4.454% - 1(:"0?{"11
' p) " 3

. 2 |
Magnetining roactance = 0, X )
Magnetining roactanes, X = 0,04 (crﬂ) Agf/{]‘rgGSFmKé(?p))
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(Table 7 continued)

P Area, A Length, 1 Density, B AT/m AD

‘ - . . , - .
Stator core EFL_Idy,} (D——dy,i)/l;} PR K (B, 1K H
Stator teeth F1.1S1t1/2P Actual, 1 B 6374) g L
R?t?l:lr teeth FLS,t,/2P  Actual, 1.,  #/(.6374) 1y o 1yl
Rotor core 2rLd, (Dyrd o)/ 2p B/ EoH , 1K o,
Alr gap L, =48 g, = & g/4 Bhy, 8) Bty

Total Ampeore tums,

ZAT

P4 Gaturation Pactor, §F, = total AT/(gOHg)

A i m mt  re —©
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serics conductors in a slot, then the total rezctance of the slot can be

proved to be,
X = 2TfC X 1678 {;.1%}(51} e (5417)

Ka‘l is known as the slot constant and it is defined as the cquivalent
permeance of a glot; which is a function primarily of thc geometry of the
slot and the arrangement of the conductors therein, Usually thig is
evaluated from graphs, but in this work two new equations were innovated
for use in place of the graphs, Further discussion on this is wade in
Chapter 6,

For a sgingle - phase concentric winding the total stator-slot leakage

reactance, which is the sum of the reactances °f all the slots ig,

S 2 -8 o
Xiot = liﬂ'(cxw) X 10:] (6.)6%1113101} —— (5418)
where Cx is an arbitrary correction factor,

2.2,

. loeepayd 3B e [B99)
x 2 2 == $ a0
(c1+02+03) K.,y &

5:3:2 Zig:fgﬁ Leakage Heactance
This is the rcactance due to flux that crosues the air gup through
a tooth face on the oppesite member and returns across the gap. The total

zig-zag reactance per phase can be derived as,

X = X 1,06

22 X S1g X2z g (5.20)

8

where K is the reaciance constant = 2ﬂf(CKw1)2x10- e (5,21)
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2
and Kzz is the zig-zag constant = “10 \ 1;20) —— (5.22)

Trn)
where t t and 3 ,, are as defined in table 7.
ere & Ty Y0,M, MAAL &
m is the number of phases., m = 2 for single = puase wotors,

5.3.3 End Leakapge Heactance

This is the reactance due to leakage fluxes interlinkin,s wiih the
end turns of the primary winding and with the end rings of the rotor,

A single empirical formula for end leakage reactance is,

1.r7mDe£CT)
2p5,

(5.23)

xe.-m;l - Kx{

where DQ is the mean diamecter of stator slots, and
ACT is the average coil throw. Both will be further

defined in this Chapter,

5.3.4 Belt Leakage Reactance

This is a form of differential leakage reactance, Differentizl
leakage reactance is caused by a difference in distribution between
two coupled windingg, when two mutually coupled windings have different
distributions, it is not possible by short—circuiting one winding to
reduce the air-gap flux to zero at all points because of the difference
in distribution, This "differential flux" will link the short-circuited
winding in such a way as to induce no net voltage in the short-circuited
winding, but the same mutual flux will inducec a reactance voltagce in the

primary winding. Hence, the primary winding docs have a definite {inite
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value of leakage reactance, and this leakage reactance iz coused by
matual flux that links both windings,
This reactance is usuczlly computed by the empirical formul:
Xpe1t = %5 (0.00118mxmxﬁ) —— (5.24)
wvhere, KB is the belt leakage constant, Its evaluation is diucussed in
Chapter 6,

5¢3.5 Skew Leaxage Reactance

This is a form of dirferential leakage reactance which is introduced
by skewing cither the rotor or the stator of an induction weotor, The
skew leakage reactance is evaluated from either of the following

formulae:

2
X skew (1= LSK) Xpr —= (5.25)

or

K, (0.323umkmqu) — (5.20)

A
skew

where C_, , skew factor, = (ﬁin-%)/(“dfjéo), — (5,27)

K, = AJESP,(2R)s — (5.28)
K = Ax +x,) R (5.79)
QP = skew 1\':‘“&k0.¢_{lj factor = 1 = Cik e (5430)

or approximately 4 = 0,25 (a/100)2 m— (5.31)

E.g Hesistance

Primary and secondary resistances are basic constants that have to

be evaluated in order to predetermine torques, currents and losscs.
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5.&.1 Primary Resistance Calculations

The procedure of estimating resistance and weight of wire is first
evaluating, the length of a mean conductor, or LiC; then, from the results
of this evaluation, the number of conductors, the wire size, and the num=
ber of parallel circuits, the resistance is then calculated with the aid
of wire tables,

For the following simple caseg, the procedurc for caleculating
resistance is:
1. Windings where tusted resistance values are available for a similar
winding. In such a case, evaluation of the resistance usually involves a
gimple rationing process,
2, HMold windings wherc the perimeters of the various see-
tions of the mold are accurately known, These perimeters, plus a2 small
allowance for build-up of the coils on the molds, cnable one to determine
the length of a mean conductor readily.

For other cases the mean length of condugtor has to be estimated, A
gimple process for deing this is given in the following procedure, often
known as the “gamma method", For concentric windings, the first step
is to evaluate the weighted-average coil throw.

If a concentric winding has 01, 02! ?3 number of turnms distribution,

then



T

D1T1+GET2+CJT3

C1+02+ G

(5.32)

P
 f§ ACT 3

where T1 is the throw of coil Un teeth onclosed)01 in rumber of slots.
l The mean diamster, De, of the stator slots, is taken as the diameter

-

at the centers of the wound portions of the stator slots. Yor cxample,

figure 27 shows one way of specifying the dimensions of 2 stator slot.
If the slot has a round bottom, d1 is measured to the very bottom

of the alot., It is agsumed that all the slots below d11 contair con-

ductors but that d10 and cl1,| portions contain none. Hence,
bl

_ R ™
De = D1+d1+d1o+d11 (5.33)

Length of a mean conductor is evaluated thus,

e = L, + ?nkgg ACT == (5,34)

r
]

1

whero L1 is the stack length,

ok &
! + - h'ia 1.3 for 2-pole, 1.5 for l-poles, 1.7 for six or mowe poles.
The second term of equation (5.34) is the length of one end connection.
If there are ¢ paraliel paths and if all paths arc wound with wire

of the same size, then the primary resistance, is given thus,

; r,

WC)(C) (ohms/1000meteors) ‘g
GEE (elggretene] (5.35)

The value of olms per 1000 meters is taken from a suitable wire table at

an appropriate ambient temperature (avout 31°C for the tropics).
LG o Kg/1000 metres
Weight of wire = 100 555 m——— (5.36)

T2e

54,2 Secondary Resistance Calculations = Bguirrel — Cage Rotors

T

The procedure for evaluating rotor resistance in terms ol the primary

*inding (so that it cun be used in equivalent circuits) is as follows:

(i) A value of bar current flowing in a single bar is assumed; {ii) the
12r losses in all the bars are computed from the sguare of this assumed

bar current and the ohmic resistances of the bars, the laticr being cal-
culated from their dimensions and gpeeific resistances (iii) the end-ring
currents are calculated by summing up the currents for the bars in half a
pole~pitch; (iv) end-ring losses are computed from the end-ring realistances
and currentsy (v) adding these two components of loss gives the total rotor
1%y 1osses in terms of the current in a single bar; (vi) mmf of the

rotor iz found in terms of rotor=bar currcnt and equated te the mmf wave of
the stator in terms of stator current, giving a relationship between rotor-

2 .
bar current and stator current; (vii) total rotor I r is then cxpressed in

terms of stator curront,
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D4, Dr

Ring = Ar(Zp)zx % cond. === (5.10)

The effect of wide resistances rings ia taken into account by modifying

(5.40) thus:
63,7 DK
o (5.41)

Ar(2p)2}'n cond.

Ring

I
)

D
i & 2p
where Kring = p 1-31' T+ (‘Dj.f'n}:'J ——— (5.42)

™ (Difbr)Qp

5.4.3 Secondary Resistance Calculations = Wound Hotors

The rotor resistance referred to the primary is,

?..E C F.w_‘ 2
n CK g r22 - (SOhj)
8 8 wis

r, =

Ly

where the subsceripts p & & denotes primary and secondary terms respectively.

Ths is the actual resistance in secondary winding.

The reasistance inecreasce with temperature thus:

(5.44)

Rt = RO(1 +at)

Where Rt is the resistance at temperature t°C anad Ho ig the resistance at
OOC, while @ is a constant depending on the material,
5.5 Losses

Iron losses in induction motors fall roughly into two classcs: (1)
fundamental - frequency losses and (2) high frequency losses. [undamentale
frequency losses are supplied directly by the stator from the line, High-
frequency losses are supplicd by mechanical power developed by the rotorg
that is, they act as a mechanical drag on the rotor, jJust as friction and

wmdag\-: do .
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The evaluation of fundamental frequency losses is discussed in
Chapter 6. High~frequency and surface losses is evaluated fron the

following enpirical ferrmlas

1.55 g 1,22
"6 ¥ 2-3 f 2|05 k‘
Watts Loss = 8.463 x 10 Cop Bg (;p) By /81 L —;,9'
(5.45)

where CBf = 0,9, 14, or 2.3 depending on the grade of steel used;
transfornmer 50, transforrer 75, electrical or field respectively.
An empirical formula for friction and windage losses for sleeve-

bearing fractionol=-hcrsepower induction motors for speeds up te 3600rpm is,

3
Fraction VWatts = 1.25 Journal outer Diameter Tpn _ (5.46)
2.54 100

Stray load loss is defined as that portion of the tetal loss in a
machine not accounted for by the sum of friction and windage, stator 12R

loss, rotor 128 less, and no-load core loss.
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CHAPIUR 6

FITTING EQUATIONS TNTO DESIGN CURVES

A computer that can read a point on a graph on its own is yet to be
invented, Hence, in computer aided design of machine, means have to be
provided for this. To the author's knowledge, the wmethod employed up to
date is that of storing the datas of selected points on the ,;raph into
the memory of the computer and then fetching them when needed in the
design program. A point in between two points is obtained, with the
aid of a program within the main program, by any of the popular inter=
polation formulae11.

This method, though quite accurate, does not economize the computer
usage, in terms of time, memory, and of course cost., Also its implementa-—
tion is teco involving, and thus the possibility of error can not be over-
looked, However, it is believed that the establishment of an equation
for curve overcomes these disadvantages and even offers an extra sdvantage
of the resulting eguation being valuable,

6.1 Flow Diagram of Procedures Used

Fitting equations into graph is a step-by-step procedure. Figure
28 is a flow diagram of the procedure used in this work: It indicates the
work to be done and the decisions tec be made at each sgtage,

The box, in figure 28, marked with the asterisk shows thal the itera-
tion method, suggested in appendix 3, for those whose constants appear in

the non-linear form and are non=reducable was never applied here., This is






