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per unit winding connected in delta or
internal delta connection.

Horse power for delts connection
Horse power for inteinal delta connection
Horse power for star connection
Voltege across terminasl 1 and 2 at No load

Voltage across terminal 1 & 2 at locksd cond.

Voltagze across terminal 2 & 3 at no load
Voltage across terminal 2 & 3 at locked cond.

Full load current for delta connection
Full load current for int. delta

Full load curreat for star connection.
Supply voltage

Impedance

Phase voltage

Number of phasse,

slip
Magnetiring reactance

s rinery leaskape reactance

Secondary leakage reactance
leakapge
Total/reactance of Primary snd Secondary

igx uander locked condition.
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No losd current

Total power in.ut
Number of rotor slots
Jumber of stator slots
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INTRODUCTION

A great and groving industry has developed
around the subject of induction motor. In any industry
there can be only one central tnct,that is tho existance
of a demand or in other words a user, without wvhoa the
vhole fabric of the organisation woculd collapse. It
is therefore, fitting as well as bdeing prudent to begin
2 practical investigation of the problems connected with
the motor, by a considerstion of the requirements, which
the machines will be called upon to fulfil, Treating the
user's requirements in this menner there are two main
type of reguirements with five headings in each, namely
internittent requirements and enforced requirements.

The Table No. 1i sets these requirements out,
conveniently at the left hand side and places against
each the range of alternative possibilities wvhich each
is likely ¢to involve. It does not however, follow, that
4t is alwvays possible for any two or more given roqu1r04
ments to be fulfilled. On the whole however, it is found
that practically any normal requirement or group of
‘requiresents is cspable of satisfactory interpretation,
for where our knowledge has not been able to reveal a
solution, the existing circumstances have boon'nodifiod
to suit. For any installation true requirements can bde
defined by a line, tending to be vertical between point.
A and B sand passing between any two of the short vertieal
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line which sppesr on each horizontal level. Though th-e
true ﬁnur:’ requirement can be classified into ten
headings, the different line possidble to draw to ful-
711 the sbove conditions sre almost infinite. It acc-
ounts for the limitless nunber of different types and
size of machines. A group, vhich is interpreted by
manufacturer a standard range of induction motor, iz that
vhich covers outputs of, from 1 horse power to 200 horse
power running at constant speeds of between 365 rpm
and 3000 rpm . .It meets all starting, all transmission
end load condition, 2 phase and 3 phasse supplies, freguency
between 25 and €0 cycles, pressure from 200 to 600 volts,
all forms of mechanical protection, all temperature re-
quireaents, all limitations to starting current, nearly
all limitations to power factor and efficlency and its
technology.

0f the many combinations of user's requirements
with vhich it may be necessary to deal, the large majority
can be covered by that class of A C. motor in which
the energy 1s transferred from the line to the rotor by
transformer effect enly, 1.e., the class of induction
motors. These machines are essentially of the constant
speed type, providing what is ususlly termed a shunt
speed charautofi:tie 1.6y, 1in which spccd‘il ﬁraetieally
independent of the losds. The most important direction
in which they fsil to cover the full requiresents is in



the matter of speed and speed variation. The number of
alternative economical running speed 1is limited. 3peed
varistion is possible by methods, which is not only un-
eeonomical but does not provide the most satisfactory
typs of speed characteristic. All machines in thes class
operate with = lagging pover factor, drawing their magn-
etizing current from A.C. line, end to some extent,
they thus also feil to cover the possible requirements

under heading "Tarrif Restrictions".

They are characterised by very considersble
popularity, a high degree of reliasdility cheapness,
and absence of troudls . Induction motor represents
standard range, and their characteristics satisfactorily

‘meset the large proportion of the requirements.

In the requirement of starting conditions the
standard range is liadble to cover requirements comple-
tely, except 1in those cases where an arduous :térting
performsnce 1s coupled with a single phase supply. The
better reliability of machine add a further advantage
- due to less probability of replacement.

- 7411 nowv discussion 1a.nad0 about the u:ér?a
demand, troﬁnd vhich the dusiness of motor msnufacturer
must pivot; and secondly the adbility of induction
motor in mesting this demand. Manufacturer im general
designs induction motor for a dafiaito.opcfatin;



conditions 1.6., for the rating of Horse power, voltage,
:plod}phnst, frcdupncy keeping in viev to fulfil the
operating charucteristic satisfactorily. The main con-
 siderations in the oporation of an induction motor ar-e
starting torque,starting current, air gap clearance,-
pbvcr factor, officiency heating , maximum torque , or
pull out torque, noise, mechanical vibration, tempers-
ture rise etc. The user selects the induction motor
of specifdcation according to the operating conditions
required. In the industry , for which user's sslect
the induction motor any operating condition_mny like 'y
to be changed., The most frequent changes fﬁb in the
voltsge, horse power and speed, The change 1in any oper-
ating condition of induction motor affects the per-

formsnce of induction motor ,changes caused in perfor-

mance may be undesirable. As for example, change in
the supply voltage will changn_thn horse pover outpu%,
the efficlency and power racto{’utarting torque,
starting currents and other characteristics, change

in speed also changes the above charactoristics. Change
in Horse power rating 1.e., the losd on induction motor
will change the efficiency power factor and other
chammctoristics. Change involtage, speed and the horse
pever may i» demanded simultanecusly or one at a time,
1.6., may be for short duration of time or for tonger
duration of time, Whers motor is selected for certain

use, moter is selected to suit aversge value of load,

T



with a sufficient margin of overloed capacity. The same
motor is used for 1ighter as well as over load. The
performance of {pduction motor that can be obtained
will be best on full losd condition with other opera~
ting conditions rensining same, 8o the 14ghter and

over load condition may csuse pover factor and efficiency
so poor that it becomoh necessary to change the induction
motor . But change in éi%?ctiun motor need extra expen~
diture of money 4 to purchase a new motor or to keep
motor in spare to suit dirferent loads. 8« imilarly
change in voltages and speed may require snother notor

in spars.

The change in voltage speed and horse powver
sinultansously or either in sny one can be nade on the
sane_induction mschine with certain modification in the

winding connection, without the sacrifice in operating
performance, such as power factor and efficiency. The
nev connec tions on the same core with some turns can
be made for new operating condition leaving the motor
entirely normal in performances 4n all essential respect

remaining the same as before.

Change 1in voltago.cnn be st with a proper
connections ot4stator, in series or parallel, delta or
star connection. Changs 4n speed can be met with change
of pole connection and the change in horse power can he
sade with change in msthod of interconnection xeeping
voltage supply and other operating conditions same.



The interconnections that can be made are star, delta

or internal deltsa,

The change in speed with single winding of -
stator can slso be obtained with conventional and ’
consequent type of connections. With series an parallel
combination in starf and delts, different spesd, for
constant torque - varisble horse powsr , constant horse~
power -and-— variable torque and variable torgque -

variable horse power can be obtained.

When only change in horse power is needed to
suit the regquired change in loesd, then the change in

method of inter connection is carried out.

) W=ith the method of interconnections the ¢h-

ange in horse power can be made only for & certain range,

with satisfactory operating performance.
i Y ety MHesse /6”0\)€V dq\’!w&—({»/\'w o dong

The subject of work is "Operation_of Induction
. Metors-with Stator —sonnected in S-tar snd Delta _vith
-chaﬂ¢c~tn’;§;;z, so our main aim is to show the rela-
tion of horse power rating for the stator connected in
dcita)ntar and internal delta, then to perfora the
experiment and to vwerify the calenlated value with the
test value. There is a certain relation between the

full load current , for ltir, delta and internal delta
connected winding. That is to be showrsnd verified
vith experiment , change in connection also causes change

in voltage induced in different part of winding, under no



load and full load dondition, that 1s to be shown and
verified with expefiment; siailarly the nagnetlizing
current for different connections 1s to be compared

by calculations and experlienta .

A com, lete test of no load, blocked rotor
tast;’resistence, and load t.st &re to be carried for
star, delta and internal delta connections and the
officiency , Brake Horse power, starting torque,
gtarting currents/full load torque are to be compared.
Performance is being affected by scturation and harmonie
effects. A discussion 1s to be made about these
effects also., The complete performance of induction
motor with stator, in star or delts with change of

turn ratio 1s discussed irn the follow chapters.

Chapter I Introduction.

Chapter II Analysis

Chapter III Horse Power Rating for Different
connections.

Chapter IV Winding Connections

Chapter V Tests

Chapter VI Harmonics & its effect

Chepter VII Results
Chapter VIII Coum~nts.
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TABLE N0, 1.1

A
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mont, | :
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; |
' i a— R —— ———
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S R e
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condition: belt drive | Rope drive Cear drive, chein drive, overload drive
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e . e e
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ORe i
— ;
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200V e B0V
Fnfor- : |
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require= Atmospheric 1! voltage between 100 v & 11000 volts

g st . A = W et e C e e e ——— s A Wt o ot Mt s e 3 e e

ment | eordition,
oups % Mbpi- Diff‘erent forms of mechanicel  protecifon

Cw - e . T —r— - - e v e S ==

i
Temp & A temp. rise, on duty | of between 2 45°C _end 50 [
S1titude o it S
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Supply various liaitation in' starting current and pover factor
regulation —m————- i —

. ——t———— -

Tarrif D

restriotlon pipiention to destrable ! Power factor and effieiency
!
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ANALYSIS

A. GENERAL OUTLINE

?ho'ptrfbrmanca of an induction wmotor is made
up of a mumber of different characteristics . It must be
able to stsrt its loed without draving from the supply
ciécuit an abnormal smount of current. I+ must be able
to carry its load, as long as itsnruns)with a reasonabls
temperature rise and at a reasonable power factor, I¢
must have & good efficiency. It must have oOWerload capa~
city of from one and one half to two timaes nﬁi:fl full
load torque with-out pulling out or stalling. aAudit must
hsve all these  without an appreciadle sacunt of noise
due to magnetic leakage or windage. Somo of these charace
teristics msy bYe favoured at the expenses of others as
for exampla, it is possible tc get 2 high power factor
at the expense of having a very small clearance betwesn

stator and rotor , or it is possible to have & high
effielency at a cost of low starting torque and high

10

starting current, To get a true comparison of the relati.

ted merits of two competitive ratings, all these points
must be considered and given their due weight in view of
the service in which it is intended to use the motor.

It is understood that all these eharag::risticn
oru~es

sre affected in various ways dy the different factors of
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the design, thst is to say by the axial length of the irom
core as comparod te the rotor diameter, or by the number

of slots er the kirnd and thickness ef the laminated steel
used and matters of this kind, but the thing vhich has

the grestest effect and vhich can zost essily be

© modified is the nusber of turns in the stator,

The ®sin consideration in the eperation of an
induction moter are starting torque,starting current,
air gap or clesrsnce, power factor, efficisncy , heating ,
maxisum torqus or puil out torque » noise and mschanical
vibration., The motor with fewer nusber of turns will have
relatively a higher starting torque and higher starting
current , i1t will probably have a lower power factor wh ere~
as Qith lsfgor nuaber of turns it will have relatively
lower starting current and torque, the efficiency depends

on the relstive wvalue of 4ron and copper loss.

It will de noted that thess changes are ths sam-e
as wauld oecur if the voliage wers ralsed or lowsred on
sny meter, Incressing the nunber of turns in 2 winding

has the same effect s lowering the voltage and vice versa.

‘$4nce the performsnes of the motor as regords
torque and other characteristic is proportional to the
~ voltage per turn in the wvinding. 30 1t is necessary to
xnoV»thn'nunbor of turns and then cross section of copper
vire te carry the superes required to develop tho desired

hérto power,
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So to get an i1dea of all points, the following

different items are considered, They are :

1.

2.

4.

5.

6.

7.

8.

2

Diameter and length of laminsted iron core necessary
to get tha horse power desired at the given speed and

voltage.

Magnetic flux er field required to generate the line

voltage

Nusber of turns of wire in series in the stator winding
which, vhen cut by the rotating fleld will generute
the line voltage. |

Cross section of stator conductor to carry the current
required to develop desired horse pcwver at the power
factor and efficiency that the design will probably o
give,. FNumber and size of siator slots, width and depth

to accommodate winding (3) nnd (4) when 4nsnlated for

the required voltagey

Magnetic densities in the stator teeth, rotor taeeth,

core and air gap dn e to magnetic finld,

Magnetizing or no loéd current required to 2;; up the
fie1d mentioned in (2) with the number of turns in

(3) vith length of path required by (1) and (5).

Iron loss due to densities.

Iren loss due to primary slot operming.



10.

1.

12,

13.

14,

15,

16,

17,

19.

13
Number and size of slots in rotor.
Rotor vinding:’qnirral cage or phass wound,
Figure rotor volts and Amps, if phase wound,
Figure slip or rotor copper loss.
Figurs stator copper loss,
rstimate bearing fricticn snd vindage,

F4gure leakage reactance for stator anound :otor
: ett

slots and coil enda, also zig ~ag &nd g;gi or
differentisl leszkeage,
vrom (7) and {(16) figure power factor,

From {13) and (16) figure starting and maximum torque,

Prom output ond (8), (9), (13) , (14) and (15)
figure efficiency.

Since the consideration for the moment assumes

8 given machine, which already axists, many of these things

are 2lresdy determined and some can be assumed, The facts

that require chacking in determining s new winding for new

conditions of spesd or horse power or voltage or phase or

frequency, 8nd which z=ay be considersed as fundamental ares

1.

Ia the core large snongh to wind for the horse

pover and speed that are dealred.



| 1:4,

2, 1s there cross section of iron enough below the slots
to carry the magnetic field that is needed in the
air gap tc do the work desired.

3. Hev many turns are required in the stator winding.

4, What should be the cross section or sigze of the
| wire or conductor used in the stator vwidding ?

'8, Whet should be the cross section of ¢t he dbars in the
rotor and wvhat should be the cress section of the res~
istance rings at the ends of the rotor bars, assuming

a squirrel cage rotor winding ?

6. Will the rotor dismeter pernmit opereting at the

propcesed r.p.m ?

Besides the factors discussed earlier characteris-
tics are affected bty type of winding and the umethod of
interconnaction., Hence characteristic can be modified by
the change of interconnection of wvinding. Here fors the
given 1nductio;r§:;t of the necessary information as
ﬁnﬁtiun-d abovse are well knewn, along with number of turns
on stator or primary vinding. The only modification
carried is in the type of 1interconnection for different
vinding for different number of poles. And then cperating
characteristic 1s to be calculated and experimentally
verified,
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B. ARMATURE WINDING AFND TYPF. OF CHANGE

vhe essential features of an electrical machine
is the electric cireuit or armature winding, in vhich work-
ing e.m.f. ia induced. In induction motor, both stator
and rotor are provided with winding. In poly phase
indcetion motor mostly lap winding 1s used, dus to certain
advantage over wave snd concentric winding. The problem
of winding is to arrange and connect the coils in the
several slots to obtain the required phase groupings.
Cenerally double layer winding is employed, TheBe are
tvo common metheds of interconnection of three phase
‘winding of stator. They are nemely (1)Star connection
and (2) the delta connection. A third type of connec-
tion of winding may be employed, which is the combinse
tion of star end delts and i1s known as the interconnected
delta. In general or the method of connection are first
selected to fulril the well known operating condttion of
4nduetion of induction motor and then the design completed,

and other performance of induetion motor determined.

But change of connection may be made to use the
same core and turn placed in the slot of stator for as
many eoabjaationl of phase, voltage, pole, cycles and horse
power as possible, leaving induction motor entirely normal
ard performances in all essential respects remains the
sam0 as defore reconnection. Such changes, for example

are represented by connecting the polar groups of a
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vinding in series for 440 volts and in parallel for 220

volts. These are classified as "legitimate changes" .

- A second type of change leaves the performance
in some respects unchanged and alters it in other. These
may bDe represented by operating a motor in star on 440
volts and in delta on 220 volts, In this change thoro is
l1ittle change in efficiency or power factor .

The starting and maximom torjues on 220 volts,
however are only 75 4 of their value on 440 volts. In such
case the adéisibiliﬁy of the change depends mpum entirely
on the work that motor is doing. 1If the torques at their
altered valuey are sufficiant to stsrt and carry the driven
load easily . There is no objection in operating the motor
indefinitely as so réconnected, since the motor will not
run sny warmer than before and its efficiency and power
factor may be better, 8Such changes may be classified as
'possible changes?, |

A hﬁird type of'changoa leaveas & motor operative
in the sense of prodncing torque enough to do the work
required but so alters its performsnce ns to heating es
efficiency or power factor, or inaulation, that it is
undaesirable to leave the motor operating indefinitely
in such s condition, T his change 1z classified as

ankershift oy ‘undesirable changes',

The change in type of connection with fixed supply

voltage 13 also a type of change sbove mentioned in which
S .

some of performance remains unchanged, but soné of the
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performances changes.

¢, DISCUSSION ABOUT THE DIFFERENT OPERATING CONDITIONS

——

There are five main operating characteristics,
namely, volts, phase, poles, c¢ycles and horse power. Any
change in the operating characteristics of a motor may be
reduced to terms of a voltage éhange and that if the
corresponding voltage be applied the operation under the
new condition will be approximately the normal operating
conditions under the original condition. A brief resume
is in order to stating how each one of these may be consie
dered as a voltage change, In other words if, for example,
fhe horse power or phase of a motor 1s to be arbitrarily
changed, what will'be the new operating voltage to secure
this result ? Taking these characteristics in order,

a voltage change 1is self evident since every thing is to

be reduced to voltage,

In the case of a change in the number of poles,
if the voltag;fbe changed in the same direction and by
'the same amount as the change in speed., The torque will
remain essentially constant, and the horse power will vary
with the speed, belng greater at higher speed and less at
lower speed in exact proportion., However, there 1is not
enough 1roéf%§ck of the slots to permit, of keeping the
same total flux, and de viding it into fewer circuits, with
.é¥:2¥3} flux per circuit, the voltage may be kept constant
ahd the horse power will remain practically constant, The

latter condition would mean that there 1s 1less total
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magnetic flux and less torque and higher speeds and greater
total flux and greater torque at lower speeds, as must

necessarily be expected since the horse power is constant

aadeorsc power = W)
52562

A similar statement can be made for change of frequency.

These zsmainiag only a change in horse power to
be converted into a voltage change, and thig is apparent
from the fact that in any motor the horss power is propore
tional to the product of the voltage and current. Since
the cross section of the copper conductor remains the same
and hence the ampere remain the same, the only thing that
can vary is the voltage, and it follows directly that to
get more horse povarﬁonx of a motor require the applice~
tion of a higher voltage and less horse power, will permit

the use of » louif voltage,

From these considerations it appear that the
effect of a change in any of the characteristics of the
motor can be balanced by the proper change in the voltage
The number of turns in the winding or connection of the
groups may be changed.

As the effect of change in the operating vol-
tage is equivalent to change 4in turn, Change in any opera-
ting condition is balsnced by change in voltage. So the
change in any operating condi{tion can be balanced by change
of turn. Mence tg change in horse powsr can be met met by
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change in equivalent turn, The change in equivalent turn
is sccomplished by changingé the type of interconnection.
73] loroiy change of interconnection for a given suppdy
voltsge changes the horse power rating. PFrequency remain-
ing same, speed of induction motor decreases vhen
number of poles 1ncraase;ivicc versa, 1If the supply
voltage is same,, JgﬁiAiownring the number of poles
increases speed, and hence decreases flux per pole, This
causes decrease in torque. But horse power will remain
constant due to relsatively same incresse in speed and
decrease 1in torque (Because Horse power £§p§5$2£§£2§31

to torqus and speed., )Horse power will remain constant

1f the pole ef p i-5 4increased provided supply voltage
sgain kept constant., I¢ the supply of voltags 1increases
in such a wnyi?ihs proportional incraense in voltage is
squal to proportional increase in gpeed (due to decrease
of nusber of poles) Then the flux will remain constant

S0 the torque and as a result, horse vower increases with
increase of speed, approximstely in seme proportion., 8o
with change in poles causes changes in torque or ha?so
power, depending on the value of supply veltagefli;bg cons~
tant or changes proportionstely. Change of matﬁ;d of conn~
ection (star, delta, internal delta) is squivalent to change
in voltage. Sco winding connected Tor different numder ef
poles, with different type of connection (star, delta or
internsl delts) gives Jdifferent value of horse power,

speed and torque.
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Increase in number of poles increases the magne-
tizing current, honci reduces the power factor, and
decresse in number of poles, decreases the magnetizing
current, so increeses the power factor. This change

in pole will change the reactance as by saturation efect.

A polyphase winding may be connected so that
the rotor will operate at either of two speeds, the higher
speed beinz twice the lover speed . If the pole groups
of each phase are connected, sc that successive magneélc
polarities are opposite, north and south at any instant,
the higher speed will be developed, the winding is then
said to be connscted in the conventional manner, However,
if the pole group of each phase are connectsd together,
so that they create similar megnetic polarities all north
or south at any instant, the lower speed will be developed
the vinding 1s then said to be connected in consequent
pole manner. The poly phase induction motor must meet
very rigid and oxsct standards of performance in modern
industrial plants, This generally implies, that each
electrical machinu must have torque, horse power, and
speed ch;ractcrlstic: that match definite requirenents
of the mechanicsl application. PFor the purfoso of stan-
dardization the multi speed motor is davided into three
general groups. They sre (1) Constant torque or
variable horse pover motor vhich develope approximately
the same turning effect, or torque regardless of speed.
(2) Constant horse power varisble torque motor whose

turning effact or terque, varies directly with the
e

- - = - a



21

parallel coubination of conventicnal and consequent type

of eonnection, as follow :-

i, Const. Torgue =~ Series delts for lov speed two
parallel star for high speed.
ii. Const. Horse power- Two parallel star for 1low speed
Series delta for high speed,
111i. Variable torque - Series star for low spesd two
| parallel star for high speed.

The main principles which oparate to fix the
limits of the different combinations, such as serles,
parallel, series star, ﬁnrallcl, star , series delta,
parallel dcita, ete, possible with a single winding
may be enumerated some vhat im the following manner:-

1l. The mechanical output of a motor is limited by
the éro:s section of copper svailadble to carry current
and by the cross section of iron available to carry
-.;h.tlc flux.

2. Anr induction motor is also at all times an alter-
neting current generstor as well, and the voltage genema-
ted by 1its own rotating field cutting the conductor
of its own stetor coils must at all times very closely
spproximate the applied line voltage,

3. It 4s necessary that the pitch or throw ef the
- ao1ls bear reasonsble physical selection to the number
of poles that the wmachine has, Yor example im a



four pole motor the coils should throwa some vhere
nesr one feurth of the circumference of the stater bors,
in #ix pole motor, somevhdse ne-r one sixth the cir-

cuxference &nd so on.

4., All changes in operating conditions wvhether
of horse power, volisge, phases, frequency or poles
may be reduced to terms of chsnge in voltage, and

so eensidered,

5. An 1induction motor is similar to a transformer
in that the number of turns in sgseries in the winding
nust be wvaried in the same direction and by the

same percentage as any changes in the voltage applied
In addition to fhaso prineiples, the following

practical considerations must be remembered.

. The nev voltage, which is applied to a reconn-
scted motor must not excesd the limiting value of
the insulation which is en the coils,

b. In reconnecting for higher speeds the periph~
eral speed of the rotor wmust be koﬁﬁ down to a safe
value 30 that the centrifugal forces does not damage
the roter core or winding mechanically,

e, In & wound rotor motor the rotor winding aust
be sonnected for the same number of poles as the

stator winding.
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4. In & squirrsl cage motor if radical changes are
made in the number of poles, a change nmay also be
required 1in the short clreuiting rings of the
squirrel cage rotor windin( in order to keep the proper
starting torque,

.. In a polesgroup vinding the individusl cotls ot
sre the beginning and end of the phase groups have
oot e~

usually hesmfur insulation thed the inside coils of
groub. Where this is the case, vhen reconnecting

for change 1in phase or poles, the coils with the
heavier insulstion should be shifteda to their proper
new places in the winding.
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H.P. RATING FOR DIFFERENT CONNECTION

A BASIC PRINCIPLE

It is s2id that there are three methods of in-
terconnection of 3 phase double layer winding. They
are star connection, delta connection and internsl
delta connection, All three types of connection
i3 shown in the Figure No.(3V Dirfferent
type of internnl delta connection cen be made by chang~-
ing the different, bat aqual number of coils 4n delta
Voltare dlagraa for these different type of connection
is shown in Figure No. (29

For the fixed ratio of full load torque to
maximum torque, ;%3 for same supply voltsage, The ratio

of horse power for the 3 connection 1is |1v§n by

000(301)
Where ¥ 1s the per unil of winding, ccanected as
~ delts is internal delta connection.

Taking the effect of ssturation and harmonics
1t can be assumed that
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1 , 1
3,6-3.9Y +1.3Y2 3.3

LR 0(3.2)

If the required horse power rating for the three

case be
L] § — 1 1
RN S L -
eses(3.3)
3 .
Then Y = - - /O.'?? X - 0,852 0000(304)

2

So knowing the required value of horse power x
the proper value of ¥ c¢en be calculated by equation
3.4.

Another approximate rule in determining the
ratings 1is that the ratio of horse powser ratings for
different connections is inversely proportional to the

stator resistance bvetween line terminals.

Let V© = Line voltage

v = Yoltage across terminals 1 eand 2 at no load

120

Vaap = Voltage across the terminal 2 and 3 at no load

Lo
Vi21 = Voltage across terminal 1 and 2 at icné;3Q conditio
V337 = Voltege across terminals 2 and 3 at lowded conditic

Then aprroximately

v 1-Y
[ ] 000(305)

3




v Y
v23o = i e P — 000(306)
_j 3 v2
- 3
14 '13 2
v 1-v 3 ek
v = —
12 L i 3 2(1"2/3 .Y) va
3
....(3.7)
v Y le‘?l -247 + 7Y%
Vg 1 =
/3 2(3-27) J 1-Y +¥_§/
Q..(B.G}

The ratio of full losd currents neglecting saturation®

1l
L :1 s =1 3 : $1/3
) A int. 12
(3—102672)_J 1=y + Y2
3
ocot(aog)

and considering saturation, ratio of full lozd current
is .

1 1

]i\'&int.*tyﬂls, :3.:

_Ja‘s «3.9¢% + 1.3 ?2 (1.73"0073?)

000(3010)

Putting the value of ¥ 1in egquation (1) and (2) Horse powver

rating 1s to be compered for star, delta and internal



28

Similarly putting the different possidble
value of Y in equetion 3,5, 3,6 , 3,7 , 3.8 voltages
can be calculated slso similarly current can be

celculated by equation 3.9 and 3.10.

Completing two layer winding for a particular

number of poles (%m0 , four, six or 8 pole) and connecting
the same in the star, delta, unt er internal delta for
different values of y. The losd test, no losd test,

Locked rotor test can be performed and chsracteristic can
be determinsd, and also no load voltage, full losd voltage,
Load current, Horse power 9 rating, obtained by experimental
result as well as by calculated value can be compared.
The calculated value and experimen*sl value it given in

Chapter VI3

EXAMPLE

As for Qxanpla7 complete winding for 4 Pole, 6
pole er @ pole and connect 1t to star; delta and internal
delta for y = 1/2 as shown in Figure 3.1(B). Supply
voltage to stator equal to 250 volts, across AB, BC,
and C4& determine the value of 'vlae ,v23 O s Vlgi, & Voay

an ollso FQXQW\.Q'\“Q \)\’LO \)9_50 \;\‘2Q J\/le

by Fquation No (3.6) to(3.8), compare the calculated and
sxperimentally obtained value. Similarly measure the

value of 1! I emd I 4nt » compare this value with

calculated value.
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The voltage across each component of stator is
vector sum of
l. T.M,F, generated.
2. I z drop in that winding.

Covm S~ o

First consider the no load esleulstion and neg-
lect I, drop. The vector disgram for interconnected

delta in Figure (=13 will be 83 shown in FWigure 3.2 A.

Let @ = voltage 1induced in each winding

J. Voltage FPC = @#~§;=a; s DG = & e

2
1 p
6D = == MD = -'—-a' Mo
3
1 1l
He = = (m = — e
/ 3 /3
) ! 0.289 (
e ® GD = e = . e 3011)
2 /3

. = | 402 2 | )
ee OA _I AD + 0D = ELB 3)2 + (0.289 @)%

wil

T _ o
= e J 8.25 + 0,0838 = g/ 2.,3335 = %.527 o
essee{3.12)

Let Line voltage = Vv = 25¢ volts

[ 4

.. OA =V//3 = 286/y3 =2 148 volts

By equation (3.12) |
OA 148

1.527 1.527

= 96.8 volt:

e = V 271' = @' =
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Nov resolve internal delta into equivslent

Y as shown in Figure (3.2B0

Impedance per branch = 7/ 3

Iz drop in winding a' = 3/4 ., Iz dro, per phase

Iz drop in windin: a = /3 x 1/4 . 1z drop/phase

The vector diagram for ouererrt, induced voltage

and-—3#~q¥op 1s shown in Figure 3.3- (A)B40).

consider
First 6f all /ideal case i.8. effect of

saturation and harmonic is neglected.

For the connection of delta snd internal delte
the ratio of flux per pole changes with loed, Ddut
approximately 1t can be essumed that changes in flux
due to load 138 so swell thet changes in the flux
due to load when compared for both connection can
be neglected. The flux is proportional to the voltage.
Therefore neglecting the chenge in flux due to losad,

the 2atio of flux for both connection i3 ejual to the

ratio of induced voltage.
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o Induced voltage in winding s
Figure 'V = 1/2 . Applied voltage
= 256 /2 =138 volts,

Induced woltage in a8

rigure (310 = 96.8 volts.
«{ 128
o.c = ) = 10323 ‘ s o0 0(3‘13) )
% int. 96.8

Now torque is proportional to flux and current
and . the current is proportional ¢to flux. So finally tor-
2 .
que 1s proporticnal to (flux)

Ta g, 2
= ( )]

p
Tynta A 1nt

.+ Ratio of Torque =

2
= (10323) = 1.75 000(3‘14) .

\s
Hence torque pst speed curve for connection
given 1in P4gure . 9 in the i1deal case can be obtalned
by deviding the torque for connection (a) by 1.75.

To take care of the saturation and harmonic
effects approximately a further correcticn will be

radeo, It can be aszared

Ta

= 1,3 [(1.79-0¢ 1 = 3.98 . (3.15)
Ta int.



predicied ey
Puz!:ir\ec& s and ten results are compared on

sbove 1ltnes. Also T, .. /Tﬂ s Tss, N 1 , I/ f1,

Cos & f1 and efficiency on fullload is compared.

Any deviation st lowv speed region would be
due to the effect of harmonics, stzsy losd losses and the

change in flux ratios.

BASIC RELATIOR

When the 3= phase of stator is connected for
internal delta as shown in (Figure ) the horse

power rating of the mobtor depends on the basis of the

rating s
Tfl
Be Hcps& int. EH.I:\ x -
33X A 1int.
Ter
b. H.P, =H.P y
T ) |
. H. = HPo x L
e TePa gne. R "
syn. N 1int.
I
d. H.P. *HePo x e
S iat, It 5 e,
e, If the ratinmg 1s limited DVy temperature rise,

the motor should De rated, lighter. Under this basis, the
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full load point of the motor when connected in Y will
be at the maximum at point for ratings under the Readirg

1 to 5.

Then find (1) Maximum torque (2) Starting torque
(3) full load current , (4) full load speed (5) power

-

ractor (6) Efficiency.

The ratio of the rotor current in FPigure 3,1(B)
to that in Figure \O'P at the same ilip is equal to
Sabinahon
the ratio of fluxes if éa-&c—*%ébio is neglected,
But when saturation is considered, then assumed

approxizately that

T .
= BQQB = 1.4‘07 000(3016)

Ta int,

Tha equdvalent turns in star for ths connection

-

shown in Pigure 3.1UA) 1s 7, / /3 and that
for connection = shown in Pegure3(ty for internal
delta
dleso connection is (1~ Y) Tph + v &.
/
00.0(3.17)
Therefore
refore, : (173 T 7 Tph
T oL mmapeene—
—logd comp, 4B R~ _ 4 497 Ph /3
Iloml comp, in A int, Zon _
/ 3

00..(3‘18)



“ith the connection shown in Figure (214 4in order
to bring the horse power of the motor bsck to horse power
rating of delta connection the applied line voltage ,
should be approximatly V =256x /1.98 = 256 x 1.407

= 361 volts ,

This 1s to be checked with the Test results

In general, due to phese dispiacement of the
currents in the coils internzal delte connection will
introduce large harmonics., The hermonies in  internal
delta connection and other type of connactions are discu-
ssed in Chapter VI, These harmonics will produce a dip
in the Torque / sSpeed curve, will reduce the lt;rtiug
and maximum torgque and will incresss stray load losses.

However, it docs improve theé power factor at light loads,

The discussion made for the value of Y egual
to ¥, %/, but similarly we can discuss about the
horse pover, current, torque, ratio for delta and internal
~ delta connection, for the different values of Y and wiil
doterminaa( velues can ba compared. The value calculat-ed
and'obtainéd. with test results are given in éhaptcr vIL

Nov Before giving the actual test result, and show
ing —thetest—results obtained, the winding disgram,
along with different connection for different number
of poles 1s to be discussed,
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1. 407 (1:0.5) T+ ——eozh.

h 1.732
=
Tph
1.732
0«5 Tph
. 1,407 x 0.5 x Tph + -~i:;§§
Tph
1.732

'1.732 x 1.407 x 0,8 Tph = 0.5 Tph

1.732
ﬁm[1.732

= 1,732 x 1.407 x 0.5 + 0,8

H

1.218 = 0.5 =(9.74%

Assume that the exciting currents have the

same ratio and hence the same phese relation .

Then _A

= 172
% int,

31
80 the current g spead curve for <2onnaction (b)

can be obtained by dewiding the curraent in connection
Showa in figure ¢y by 1,72,

The cslculated and test results are to be plotted
and compared.



T e ap—— . At . T L Rt 7 v

CHAPTER IV

WINDING CONNFCTION

36



o1

WINDING CONNECTION

L

Ao GENERAL OUT LINE

The primsry function of every current carrying
armature winding is to create megnetism , To sccomplish
. thie most effectively , the copper coils, constituting
the srxature winding, must be asrranged in definite
symmetrical patterns in the slots of the armature core
and joined together in accordance with well estasblished
practice. Total number of colls needed ia equsl to
total nuwber of slots for double layer winding, but for
single layer uinding numbsr of colls 13 equal to half
the numbér or total number of slots. In Kép and vave
winding all the coils are identical, however, vhen colils
of any of the windings indicated are placed in the slots of
the core , it is done with coaplete regularity, i.e,
the procedure that i3 followed for one set or group
of golls is repeated for every similar set or zroup
of coils. When the individual coils are interconnected to
form the completed a-¢ windirg, it 13 necessary to join
them together so that (1) the proper coils are groured
together to fcrm pole phase sections., (2) The preper
pole rhase sections gre combined to form the individual
’?:i:: vith the correct polarities (3) The individual

phases are interconnected to fors the proper poly phase
eonnection.
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The number of colils in a pole group is equsl
to the number of slots per pole per phase, The pole
rroups are ;onﬁgﬁly connected in series, bnt may be
connected in parallel to suit the voltage applied when-
ever it is needed to change the applied voltage.
The pole groups are connected in series in éuch &
wvay that the pole group of each phase are connected
so that successive magnetic polarities are opposite Forth
and South at any instent. In this case number of pole
is equal to number of pole group per phase, All the
eo0lls in n pole group are joined in series because the
coll construction and connection procedure autonatically
Join together the coils in each section in this way.

The 4induction wrotor selected to perform the
experiment is of the squirrel cege rotor type; of 2 HoP.y &
andcoupled with a D.C. machine of the same horse powsr.
This induction motor is designed to provide various types
of connections with respect to number of poles in a
three phase distribution winding. The stator of the
induction uotor has 36 slots wound with 36 coils in
two layers. All the ends of the ¢ oils are brought out
and numbered as shown on the connection board. The
ends of the cils are indicated as 1-101, 2-102, 3-103,
4,104 ees..o 36-136 . Tach coil con‘aining 38 turns of

21 8,%.0., super enamelled copper wire in series,

The machine can be connected for 2 poles, 4 poles,

6 poles, 8 poles. Then 3 phase can be made 1n star, delta



or internal delta., Three types of pole changing conn-
ections can also made for 2/4, ~ni4/8 poles, for
constant torque, constant horse power and wvarisble

torque snd horse power,

we will give the connection dJdingram for 4 pole,
6 pole and-8-pole for delta stsr and internal delta
connection. The possible number of'internal delta for 4
pole winding 48 3 , for 6 pole is 5 and-for & pole
is 7,

B. FOUK POLE THRFTF THAST COIL CORNNFCTIONS

ﬁ)\o“\’g\e

A winding of suitable layerd type for 4 pole #111

have followins details

No. 0-4 Jpofeg , ___4
No. of pole group per phagse =4

Ro. of pole vhaze group = 12

* * Yo. of colls connected in sories to form pole
group = 36/12 = 3 coils.

Potal electrical angle 360° ¥ x4 ,2 = 7200,

~ee Angle between any two slot = 720 / 36 = 20°

«« Angle spresd by 3 cotls forming a pole phase
group = 60°

es No. of slots ver pole = 36/4 = O
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For full pitch zoil windins apan should be
slek
equal to © st=r,
"o form 3 phase win'ine spaced 120o apart in
Jepaces number of slots between two phnse eiual to €
S0 1f phase 2 start with slot 1 then phase B will start

for slot 7, and phase (c) will start et slot (13).

"he conns«ction diggram with decrease of current is shown

in (Fipure 4| 492) -

Tach phase 13 h=ving feur pole group, which is
shown in Pqgure 4 Ja9¢,

_ mhese three vhpse cen .be connected in deltn,
star and 3 internsl delts connectior. The delts and
star connection is showmn in Fygure 4~2¥»q-1raspec-

tively.

Three possible number of internsl delta connec-
tion with one pole phase group in delta, 2 pole phase
group in delta, 3 phle phnrse group in delts 1is shown
in figure arhy tp Ak & 4.] respectively.

Ce. SIX POLT THRF™ PHAST COIL COMITC™ION

A double 1layer winding for 6 pole will have
following deterils,

Rumber of poles = 6

"umber of pole grouns per thase = 6
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Number of total pole rhese group = 18

¥o. of colls connected in series to

form a pole phase group = 36/ 18=2

i
o
Q
S

o

motnl electricel degree = 360°x 6/2

Angle hetween ~ny two slots = 1080/36 = 30

"R‘D*w\‘w
Angle spread by 3 coils fzes%né pole
o

phase group =2 x 30° = 60
o. of slots per pole 36 / 6 =6

ee For full pitch winding coil span = 6 slops.

To foram 3 phase winding, spaced 120° apart in
space, nunber of slot batwecn twe phase equal to 4,
vhen PRase A starts from slot (1) then phase (M)
starts from slot 5 , ami phase £ starts with slot O.
fhe connection dingram will dix v+ shew direction of
current in pole phass group iéitggigure Tos 454 48

Delta and star éonnection 1s shown in Figure

a1o & 4 respectively.

In this 6 pole windine, there can be 5 possible
types of internal delta connection. The internal delts
connection with one pole phase group ; two pole phase
group o three pole phase groups, 4 pola phase group, 5
pole phase group 1in delta 1s shown 1n ¥igure

Ay ey Lot dens o= Ml regpectively.
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TES3TS

A. Geyc-mg. outling -

It is discussed in the previous Chaspter that
change of connection of stator winding of 3 phase
| induction motor causes a change 0f horse power out-
put and an approximate relation of horse power vhen
connected for delta, star and internal delggidﬁ?o;*aw
Justify the expression it becomes necessary to have
cortain definite test on induction motor . Along with
comparision of horse power rating, different other
characteristics of induction motor, for the dJdifferent
connection, {delta, star or internsl delts ).fbr aire-
srent number of poles must de compared so that relative
sdvantage of different conre ction can be notified and
hence can be utilized. The other characteristic, 1s
to be compared are magnetizing curreént, power fsctor,
starting torque, maximum torque, full load torque,
the efficiency, over load capacity, spesd~torque chara-
cteristic.,

The machine selected for the test is of the
squirrel cage type, whose all the dimensions are ti;nd.
The only change that will be made is in the winding for
different nusber of poles and in connections, for
delte star and intermal delts, change in nusber of poles,



changes ni;n.tiz&ng reactance. Magnetising reactance
18 inversely proportional to square of number of poles.
So magnetizing current is slso changes with change in
number of poles. Similarly harmonics snd saturation
has got also some effect on someé of the above

mentioned characteristics.,

Performence calculation can be made by two methods
1. on the basis of all the physicel data, obtained by
its original designer,

2., By test data,

Here the machine 13 not supplied with physical
data by the manufacturer, $o0 only way %o know about
the operating characteristics of induction motor is based
on experiments.

Foremost necessity in calculating the perfor-
nnnctjto know the ciréuit econstants of induction wmotor
They are resistance, resctance of primsry (stator),
secondary (rotor) and magnetizing branch of. the machine,
Some of these are fixed and some vary due to varition
in operating condition of motor . Nriction and windage
loss can also bs considered one o the eﬁgéggi constant

for calculating the motor perforsmances,

Te calculate the ecircuit constants of induction
motor, and the other performance under different operating

conﬁitions the following tests are commonly carried out:



1. No. load test.
| 2, Blocked rotor test
3. Resistance test
4. Load test
5. Turn ratio (for slip ring motor).- <o
6. Temperature rise, test,
e Insulation test.
8. " Back to back test.

A mong the above mentioned tests first four
tests are noat essential snd sufficlient for our purpose,
to calculate the performance and to compare the different
characteristics of induction motor. S 0 only these tests

are to be performed.

The circuit constant calculated by the teat
does not agree with actual value, because they are effected
by certain factors, so they need some modification. As
for example the value of X (reactance) and R, :(Resistance)
should bs modified to allow the magnetic stturat&oh and
eddy currents. Before discussing about the modifications
discussion about the different tests is being made.

1. ¥o Loed Test

This 1s one of the most informative tests, which

gives the core and pulsstion loss, friction and windege loss,
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magnetizing current, and no losd power factor. PFurther
any wmechanical unbalance, noise faulty connections etcC.y

are revealed. Magnetizing reactance can also be calcule-

ted.

To perform this test, a winding for proper number
of poles (two, four&: six or-eight poles) is made =2nd
connactfﬁhs in delta, star or internal delta conrections
are made to supply normal fresquency, various voltage, and
instrument including to measure the voltage, input power,
and the current. Motor is run with its rotor in the normal
iﬁng}ng conditions 1.e., short circuited wvhen the motor
hes run encugh for its bearing to show dlstress if faulty,
the applied voltage is raised to sbout 25 ¥ over normal
and input power and airrent observed., The slip i3 measured.
It is 4ifficult to accurately measure speed dus to very lov
slip. The readings are taken st lower values of voltages

down to that at vhich the current starts again to rise.

When the voltage is decreased current decresses,
vhen voltage comes to nearly 25 £ the normal voltage
current increases, similar i3 the case with power input.
The slip and power factor increases with decresse of voltége,
upte 50 €, 1f the normal voltsage incresse is small, but
after that incresse in slip and powar factor svery quick .
Here the power-voltage curve 1s parabolie in
shape. Thn:o‘pov!r-§§§§§i is to supply the core and pulsa~

tion loss, windage, friction losc and stator copper loss,
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which 1s small compar-tively. Knowing the value of atator
rcsistance7copper loss can be caleculated. The parabolic

curve vhen extended downward cuts the power axis curve at
some point to voltage supplied. The value of power input

is equal to friction smnd windage loss. This 48 glao obtained
by drawing & curve of power input with respect to va wvhich

is a straight line and extending it to y axis, the intersept

on y sxis at v = O gives the vslue of friction snd windage
1l0ss. This loss 1s assumed fixed when friction and windage
loss and stator copper loss at normal voltage is deducted

from powver input, then rest gives the value of core and pul-
sation loss, The core and pul:ation}%éan be assumed constant,
actually speaking core loss which inciudes hyatcriiés and |
eddy current loss varies with slip under loading condition.
Pulsation loss also depends on ralatigﬁ ef speed of rotor
with respect to stator and number of type of slots. For

& given machine this c¢can also be assumed constant.

Also by knowing no load slip and masuring no load
86lip of motor total high frequency losses (Pulsation losses)
palus friction and windage losses can be calculated from

the formula.,

High frequency loss +te fricticn and windage loss
¥ g
Ry
Where T is the unit phase voltage, q is number of

- q

Watts.

phase, R, 1s secondary reactance in ohms per phese and
ot
8 1s the slip of no load.
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ak
The value of the no load current rated zoltage

and frequsncy fixes the starting point of the circle
diagram. The magnetizing reactance 'my be calculated by the

formula

r
X * RS |
0

The primary leakage reactance xl iz determinad

from the locked rotor test dates,

2. Locked Rotor Test

This locked rotor test in induction motor is snalo~
gous to the short circult test of a2 tranaformer, The rotor
is held stationary and short circuited under its normal
running condition. Though this test conazequently reveals
no mechanicsl defects, dut is of importance as furnishing
the shoot circuit current and power fgcter wvhich, with
the no load current and pover factor, enables the current
disgrem to be drawn. In addition the 12 R loss measured
by the test are necessary for the estimation of efficiency
by loss summstion.

To perform the experiment, the»atator is supplied
with a low voltage of normal frequency, to avoid excessive
current. The v&ltago is raised in steps, with a resdings
of sdcurrent and povwer input, untill the current reaches
not more than twice normal., The reedings sre taken quickly
to avoid over heating.
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The position in vhich the rotor is champed may
affect the current, if so, the varistion are noted vhen the
rotor 18 locked in various pogsitions and s mesn position

found.

Alternatively the rotor may bs allowed to rotate
very slovly during the progress of the test. Here the pow er
curve is practically a paradola and is equal to copper los-s
of stator and rotor. . Plux is very less at the usual
short circuit test voltage. S50 the core loss as & whole
will thus be quite small. In particular the pnlsétion losses

naturally venish and the mechanicel losses are absent.

Here 1mpodunea falls with the higher currents. This
is due to the reduced laskage reactance consequent upon the
aaturation of the testh, For the sune reason the parasitic
eddy current losses 1n the conductor are some what reduced ,
so that the effective rqaistance may alsc fall. Hence at
higher current values the current is no longer propor-
tional to the applied voltages, but {ncreasss more
rapidly st a power fsctor probably higher than at current
in the region of the full load masgnitude.

The motor impedance per phase 1is determiped from
the volts, amperes, and watts readings. The totzl resistance

componant for a three phese motor is R = ¥ /312
(Ohms per phase)

Where I = per phase current , W = Total imput watts,
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and the raacpnnc. component 1is

2
t ‘2 (Ohms per phase)
Where Eph = phsse voltsge,

The test value of reactance x£ fros sbove equation
i3 a 11ttle smaller than the true value of reactance, beca~
use the formula assumes the line current to flow through the
primary and secondary iupodanQQ in series, whereas actually
the msgnetizing component of the current flow in the
primary winding only. A small correction factor must be
lppli@ﬂ-@o Xy ¢ therefore to obtain the reactance ‘X' for
use in equivalent circuit calculations.

Kormally the primary and secondary leakage reactance
value X3 and Xp are assumed equal each having the valus of
X/2.

Thye Figure Ko, shows the circuit diagram

for the experiment,

3. Resistance Test

The primery resistance is measured with direct current
a curv£b8b0u0 one quarter of full load value being prefers~
bly used and readings being taken quickly to avoid srrors
due to temperature changes during the test., The resizta-

nce calculated is corrected for Temperature 759c vhen test

" 1s carried out at room temperature.
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Substracting the primary resistance at the temper-
ature of test from the resistance component of the total
impedance, gives the effective secondary resistance at

stand still,

Load Test

This is the most important test for the induction
motor, because with this test quantities for pull ocut torgue
or starting torque are to be furnished, thaﬁe may also be
investigated, and with test and efficlency, brske horse ‘. ....
power factor, torque, end slip can be determined at

variouas loads,

For this test an absorption hrake or a coupled
calibratgd d.¢c. gonerator may be used to load the machine.
The motor 13 operated on normal voltage and frequency
at loads between zero and 50 mreent or 100 percent
over load, readings being taken of voltage, current in all

phases, total power and slip.

A curve for speed, pover factor, efficlency ,
brake horse power, torque and slip to & base of percentege
mnﬂfﬂlhﬁcww@j?ﬁiﬁwmwnmtwnewmm
can be drawn will be fairly strairht as J: brake horse
power curve , Since the speed is nesrly constsnt. As
current increases from no losd value, the pover factor rises
to a maxiwum near full load, Power factor will fall ezain
to short circuit value if the load is increesed and the

motor stalls. The efficlency 4is gzero at no load, but
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with rise to 2 maximum , wvhere roughly the 13& losses
cqunl%bthn no load losses. Thereafter the sfficiency fills
because the losses increases more rapidly than the output,
The circuit diagram for the experixent is showvn in

Figure No. < >

5., Correction for the Circuit Leomgtanti

Although the performance of & poly phase induction
motor can be eazsily visualized by the phasor or circle
diagram, it is not convenient to make exsct or repetitive
calculatlonnrhy these graphical methods. For this purpose
the equivalent circuit offers a far more ccnvenient and ver-
satile mofhod of annlyiis. The exsct equivalent circuit du-e
to 'S teilnmetse' normelly used for %$his purpose is shown
in Pigure No. glﬁ .

Tbé constant of the equivalent circuit can be deter-
mined by a no load test, locked retor test. D.C. resistance
test, In prectics so falled constant of ths equivalen-t
circuit or circult impedances vary somevhat with changes
in motor current, speed, voltage, temperature, etc., The
variation can be taken care of by introducing, appropriately
modified values for each condition of operation. Usually
the resistance of stator winding correlated for 75°C.
Also lower values of motor reactance taken under full
voltage starting condition , when the current is high and
- the leaksge path {3 saturated, thanj}ull sﬁ;ed vhen the
current is low. Similarly non uniform current distribution

in the rotor conductor causes the secondary resistance to be
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Righer and the secondary reasctance to be lower, at stand
st1l1l than theyr sre st full speed. All these varistions
are vecognised in practice by using test or calculatod

values appropriste for the particulsr condition,

Instead of varying the circuit constants to take
an account of all conditions it is often preferable to
make circuit calculat;é“with fixed wvalues of the ecircuit
constants, and then to correct the results, if necessary
by suitable formulre, A correction formulae have been
developed that make it essy to determine the effect of
any moderate change in the fmpedance valuss without j\gal-

culzting the wvhole circuit,

Circuit Calculations

For cnlculationa of circuit constant from the

test data the following formulas are important,

L 4 4 =
t £y

W

- ( —

3 12 3 12

| .

Where 2 = Line voltage ( Y connection)

Xy = Xy

2, X =xt 1+ r———— +8& x
4 Bo

3. X1 =X, =0.5x

L
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_5~ Vg + wWr =¥, - 31,
( Wy =G5tray losd loss 1m equal to 0.01 to 0.02

times rated output at full load, and varies

as the square of the load current st other

loads) .

B
O
- X

6.
Xn o 1 1

If values of torque , currents etc., are desired
for considerables overloads, or to through out the accelera-
ting range, the values of R, and X should be modified
to allow for magnetic saturation and eddy currents, Curves
Tor reactance against current obteined by locked rotor tests
over the desired range of values, and a value of Ry and
corresponding values of Ax  obteined by locked rotor
tests at Jdifferent frequencies ere desirables for this
purpose, especially for closed slot or de&ble squirrel

cage rotor.

A GENERALIZED CIRCUIT CALCULATIONS

To facilitate the derivetion of formulae and chart
from which any desired characteristics of & polyphase motor
can he determined, it is convenlent to make use of the

follcvingx symbols ;-

e

a = El‘g‘ﬂﬁ}{atsio of mo load current to primary current.
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b = ‘fl':L" = Ratio of spparent leakage drop at
Eo assumed lomd to impressed primary
voltage.
I, R |
e T T = Ratio of primsry resistance drop to
Fo impressed voltage.
a n‘E!jE!L— = Ratio of secondsry resistasnce drop
Fo besed on the primary current to impressed
voltege. |
Core loss
h = = ratio of core loss watts per phase
Volt-Awp=input to volt - Amp input per phase
st the load under consideration.
Also let

x = & _ P2 _ B

‘o
= ratio of appsrent percent ascopndary resistance
drop to psrcent slip.
xm X
ad = =
5 X, + X

X

= The leakage factor.

C-CALCULATION TN THF REGION CF STAFD 5™ILL

T  In the calculation near the region of stand still

following correction will be done for the calculation of
parameter. |



ab
e. X =X, (1+ 3 ) epproximately.

b. Apparent secondary resistant Bt s approximstely
neasured in the locked rotor test is smaller then

the true wvalue by the factor ( 1 - ab),

e. Btaﬁting torque ie¢ lesz than the torgus that would
be obtained if the magnetising current were zero by

the factor
‘ ‘ab
(L + -9%- ?! (l=ad) = (1~ --5-) aproximately

. CAICULATION IN THF REGION OF FULL LOAD
2 .2

+hec+2 az ba

For this casea) K = &+

This equation i useful in maﬁing perforusnce cal-
enlations from the test results, fbrhlfhire ia no suitabdble
means of directly measuring Ry 4 and a knowledge of this
1s essential for the start of squivelent circuit calcu
lation for a definite value of slip. Measuremsnt of Ry
by stend still iwpedance test involvas large oerrors duse
to iron losses and eddy current, and sn slip ring
motors its measurement with direct current applied across
ths rings involves transformer ratio calculations which

may lead  to error.

The norrel procedure in testing i3, therefore

to operate the motor under load, and take simultaneous

o6



readings ef line current and slip, establishing a slip~
current curve. The usual primsry resigtance, running
light and VWlocked rotor tests deteramining the value of
2y¢y h and b for any assumed value of prizary current I,
'suhstitutins values in above this gives the value of X ,
whieh 1in conjuncﬂonvif:h the test S versus I, curve
gives R from the identity

32 = Ks 70 e A check may be obtained bdy
repeating the calculations for several velues of current
and the same value of R, shculd be found in all cases.

I, 2
be =2 ¥  0.98 = -B- - -8B
1 C 2 o

This equstion is convenient for dJdeterminating
the actual secondary copper loss, and hence the torgue
and rotor hesting , for any slip , when the usual no load

test data ar2 svailladle.

- 2
& ab 3

Ca m-%- - 1 - ( o 3 -v—-—? + c) + agbg
Eo 2 8

This 1s conveneint Zor determinting the sctual
secondary flux densities and the eir gap flux under load
condition. At no load, the per unit primary reactance
drop 18 ab/2 , so that, assuming the cere loss to vary
as ¥ ‘2 3 the ratic of setual core loss under loed

to that as no losd is

!gz

4. = ( 1+ ab) (!:;,2/ r,)

32 (1-:!:/8)2 »

o : 2

=1« 2. -2¢ sprroximately,
4
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This equation does not make any allowances for
siray load lossas, which are 4due to the leskage fluxes
produced by the load currents. It gives the same value
for, core loas as found by the formsl solution of the

equivalent cireuit of Figure s-u .

f POWER FACTOR DETERMINATION

(2 +b)2
2

Pover factor = 1 = +3 a2 b?

*his squaticn 4indicstes clearly the symmetrical
way In wvhich s and b determine thé power fac tors, but,
1.0,y 1s not sacurate anouzh for most performance
calculations. Other relstions obtainable from the above
squetion shows an &ffect on power factor of an increase
in frequency at constant l4ine cuvrrent and voltage 1s
practically the zame as the effsct of an equal percent
increese in lins currsnﬁ 25 constant voltare and frequency.
Alsc an increase in voltage vith fixed frequency and
current hss exsctly the same affect on power factor as an
egqal percent decrease in current W th vclteage and

frequency c¢onstant.

F CALCULATICK IN THE REGION OF MAXTMUM TORQUT

Neglacting the effect of magnetizing current

[PRRY

Rg( 1~-3)

& x__j,

. 2
(Rl +R2)2 + (xl + Xy )
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Whence maximum autpgt is - 2

q B
be Maximum output = 2 Watts.

o s e g —————

2
2 (31*’ Ra) +J (814- Rz) + X

and it occurs 2t a value of slip.

Rgy

o

be 3 at mneximux oudput = ‘ -
| Rp + | (R +Ry)° ® 2

4. Maximum torque occurs when

Rz i 2
T TR ex

-~

The msximum torque 4in synchro watt 1is

4 392
e. Maximum torque = : ,
2( R +~! E:? 'S )
Occurring at slip
fo 8 = L
b LE

Cocnsidering the effect of magnetizing current.

: 2
q an 3ab agbz bh _ ¢
€ Tax 2~ 1s g T e )
‘1

This 1s similar ftc equation e, except Por the factor
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Therofore reduction of tho‘maxinum torque due to magnetipg-

ing current.

The value of K at maximum torque is

. ab azbz : 5bh e 3aC
X 30’707- em——— ane————e - evmmaen g
¢R) g 2 ' 8 3 * 8
5 ¢° |
* + L3 ALK )
16 bh

Fpor this slip at maximum torgue is found to be

I bR
K Z¢ K x
_ - . _
Rg [ _sb c 2%y aC c
b ST 4 16b 4 2 8 b
or apprqximatoly
R, | a
(s o= =i 2T
x - 4

The power factor at maximum torque is approximat-ely
5. p.t = 0,707 - ‘Z"'E“b * -"?"'c"'
10 8b

by 8 similar procedure, the maximum output is

found out by o
q %, 3ab
k. Maximum output = -~ 21 -
2Ry R+ | By* B,Y +X§J ‘

Synchro watt.



G SUMMARY OF FORMULAE

Por convenience, the foregoing formulae may be
expressed in terms of the spparent valus of lesksge
resctance Xt found in the locked rotor test (They are
.ﬁ;marizad here) - |

The true valpoe of eguivslent clreuit reactance is

a, X = (L+ab yx | Ohms.
) y t
" The stand st111 current is
: B
bo b ¢ = i - Q o
s A | ] P
| Ry +(1-ab) Ry +X,
A | "

and the stand still torque is

2
K, K. q (1=8b) Is R
e. s = 7.0n —E- 0. S—f— — £t 1b.

Vs

Where K is an empirical constant of the order of 0.9
vhéch allows for non fundamental secondary losses, and
x.'»ll 8 factor gneater thanif%o»allow for thﬁdigar effect
in fexmx the rotor conductors.

The rolition'bctwaon Ke snd R, &md the apparent

secendary resistance Ry 3 determined by impedance test

The maximum torque is



2
q(1=ad) ®,
@Q T = ‘_hmm*x,_,z
2 (R, +|§° + )

The slip at maximum torque is

. R
f«. S5 nT = rﬁ‘gﬁg-m_““,.

'J Rl + X 2

The maximum output is
2
q (1 - ab) Eo

3 [ ] tfi’m = .

2 Rl*’gz'i* ‘J (lea)a

Synchro

The slip at maximum output is
R
2

h. Sw o = . - o o i r——

1. The ratic of Im / Is C I el B

+Xt2

vatts,

{ 0.5 numeric

The power factor s given bdy

(e + b)g 2.2
5. Pefe = 1~ 2 +3 a b

Synchro watts.

numerie

(33423 )}

2
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CHAPTER VI

BARMONICS A®D ITS UFFECTS




HARMONIC8 AND ITS EFFRCT

A. GENERAL OUTLINE

Superimposed upon the currents snd forces due to the
tundsmental sine wvave fleld of an induction mofor, there
are many smaller currents and forces produced by the
myrisd of Hermonics fields that are alsc present. The
parasitic vagnetic fiolds are attributed to m.n.f. harmonics
origtnating tn (2) windings (b) the slotting (e) saturation
(8) gap lenghh irregularity . Minor causes inciude (e)
over hang leskagze, fields (f) Axial leakage of mmin flux
In some cases (g) unbslance of or (h) Harmonics 1n the
3 phnsse supp1y vo1tag9 vwill produce the troudble. The most
{mportant causes sre 8,b,¢ & 4 ipherent in tﬁa machine.

' The effecta include elastic deformeaticn {.e. shaft vibra-
tions parasitic torque, vibration and noise. The current
floving in the winding produces harmonie thst msy contsin
only space hermonics, or space harmonics with time hermo-
pics, in m.m.T. 5, and 30 18 flux and flux density is produ~
ced ; beeause of rectangnlsr shapa of z.m.f. wvave, and

due to variation of ecurreprts respect to time.

The harmonic so producud in wm.m.f. flox and flux
density wave can be minimizad dy (e) distributed type of
vinding (b) chording vinding(e) proper selection of phase
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belt of coil (a) by skewing, (B} by proper esnnection whether
.t;r; delta or internsl delts. Tven some of the harsonic

" etn be eliminated completely. Digcunsian of wiading changes
the spsee of m.m.f. , flux and flux density wave from
roetanguiar to trapeszcidal so net reduction ir harmonics .

But it decreases the rcsultant magnitude, TFactor which s

uubstitutod to express tze effect 13 known s distribution
8ih q/2 . n

factor sand exiressed by fornula tan =
q Sin n/2

VYhere ¢ = no. of slots ver pole per phsse.

& = Angular spacing between tvwo slots.

Effect of chorélnc ctusen‘thc défference of phase
between the voltage induced at two sides of coil, so wa kes
shape of m.m.r. ,.flux,flnx‘ density rectangular dut of
unequal length about the axis, i.e.,, contains even harmonics

The resultant voltage induced 4= being redaced j;y
chording 1.e., by fractional g%gégib winding but decreases
scue of harxonics . By proper chordirg, any particular
hermonie can be elimineted completely. Generally 3rd, Sth,
and seventh harmonic causes unwanted affects, $£0 they are
elininated. Third harmonics iz eliminsted by polvphase
connections. So te reduce 5t» and 7th harmonic piteh
of coil 1s kept betwean 140° ¢o 160°. '"he factor which
rodncasuthc resultant wagnitude of a.n¢f. 18 known as pitch
factor and expressed by Cos %}/2 o

Yhea \F is t-e electrical sngle by which piteh is

shortened,
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Proper value of phease belt 13 necessary to resduce
the harmonics , For three phase winding the valus of
phase belt 1s €0°.

In the case of induction motor, skewing of the
slot has the same result as the increasing the effective
reluctance of the eir gap towards pole tips. This skew
reduces the magnitude of the harmonics, specially S5th

hermonics.

Presence of slot in stator and rotor 8lso introduces
harmonics in the m.m,f, wave, The harmonics depends upon
the nusder of slots per peole and 2130 on slot opening.

The order of these harmonies are

=1) ,

”~
o e

8 R R
;;ﬂ) .(; -1) , (-p+1)

Irregularities of air gap caused by stator and rotor
@

Crwesi
slots, also introduces harmenics knoun &5 ‘lenumfice har-

monics, they can e represented by

| 4 g = PQ *Pl Cos [(R-S)x - Bﬁt_} +P B Cos Sx + PR

Cos R ( x = Nt)
Pp-  «Pg

W
here P). = 5 po

Po Average permeance
P. = half smplitude of permeance variation due to
rotor slot opening.
X = angular position of the rotor, messured in

mechanical radian.
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N = Rotor speed in mech. radiansper second.
t = time, in second.

R = pnumber of rotor slots.
Among this, {ﬂR—S)x - RN@} is unimportant, this correspond
to a field of small number of poles 2 (R=8), The term

i

| (R +8) x~-n" Nt~§ 1s uniamportant, as 1*s number of

poles 4s too great to proddcn &ny large torque or force

variations.

The term Cos Sixt 2and Cos Rm = R Nt are the
short piteh permeance, ripples due to the stator and rotor

slot openings.

B. COMPLFX MAGNETIZATION OR FFFFCT OF SATURATION,

When the flux density of induction motor is on
straight line porti n of the B-H curve, then the shape
of the space wave of the flux density or flux is similar
to m.m.fs vave. But vhen flux density reaches 1its
saturation value then the magnitude of harmonics is redu-
ced and space wave of flux becomes finusoidal , when flux
density 1a on a straight line porticn of belt curve,
then the sinusoidal impressed voltage, produces sinusoidal
flux and sinusoidal uagnoﬁi:ing-cnrront, but when satu-
ration tskes pleace then permeability of iron portion
reduces vith degree of saturstion. Final ef'fect s that
sinusoidel {mpressed voltage produce sinusoidal flux
or flux density even for saturated condition, but

the shape of magnetizing current becomes peaked one. Con-
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Gontaining 3rd, Sth, 7th sni other harmonics. The
magnitude depends uponfigz iegree of‘saturation, To
induce & §ine wave of peaked vave of ragnitédéng current,
and to induce a flat wvave of flux, sine wave of magnetiz-
ing current is necessary. So a flat t@pped wave msgnetizing
current induced a flux wave vhich is still aore flat
tgrped, specially 1f high magnetic flux densities are

reached,

A sine wave of flw; causes = sine wave of
wClae eAw- +ta :

reactive e.n,f. to be incdmdutadthe wirding, but a

flet topped flux wave causes & peaked wave of induced

voltage to be set up and vice wvorsa.

The 3rd , seventh, eleventh etc., harmonlics
inducgs pesked e.m.f. wvaves for dimpled flux wave
and vice versa while fifth, ninth, thirtith etc.,
harmonics give rise to e.m.f. wave vhich are dmpled
when the flux wave is dimnled and peaked <when the flux

wave are pesked,

(C)_EFFECT OF AVY FORM OF APPLIFD VOLTAGE MAGNYTIZING
CURVE

When harmonics are present in the applied voltago

wave, they give rise to correspcnding harmonics in the
flux wave, these may b? either pesking or diapling sce-
ording to the order and phase of the e.u.f. harmonics.
When a voltage harmonics 1s of such &8 nature as to

peak the resultant flux vave, the r.m.s. valua of magnetizing



69

current is incressed very creatly if high flux densities
are reached. If , on the otherhand the voltagze harmonic
is such as to flatten the flux Qave, then the machine
value of the magnetizing current is reduced but not

to the same extént as 1t was increased in the former case,

D. EFFECT OF RFSISTANCTS INDUCTANCES , CAP/CITANCE

The effect of resistance, in the circuit 1ia
thus to distortion flux wave, the rate of growth of the
flux being greater than its rate of decay,

Vhere as conditional inductance ceuse s
flattening of the flux wave in Iron, series capacitance
causes a peaking of the flux wave 1n to unsymmetriecal
- shape.

E. HARMONICS IN POLY PHASE SYSTEMS

In balanced 3 phase system, connected in star,
even 1f 3rd harmonic ocrurs, it cancels out in
between the line., But 5th , 7th harmonic may be
prcsan; in between line. For 3 phase delta connection,
for balanced case 3rd harmonic voltage constitutes a
short ecircuit, path, so 3rd harmoniec ecurrent flux
such that 3rd harmonic voltage is cancelled by
3rd harmonic voltage dropy so 3rd harmonic voltage
disappear harmonic voltage drop, So 3rd harmogic

voltage does appear between line.
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In general if n be the order of the hermonic snd

leat n=26a % 1 vhere & 13 any integer. Then vhen ails
odd, the harmonic 1s reversed in relative phase, when s ¢
appears in tve line voltage and a vhen s 1s even it
anpesrs In the 1line voltage, unchanged. This rule apply
to all harmonic axcept the third and those multiple cf
three, All thess disapp srieg eatirely in the line voltge,
asaulini & three vire system with an insultsted neutral,

The propertles of the vartattmn;;trmonics ix are surmari red

in the followiag ¢table . ™~

Fhese of harmonic
in Lue wvoltage.

- - —— -

Phase sequence

.

Fundanental Fositive Unchanged
3rd wero -

Sth Xagative Reversed
7th Positive Reversed
9th Zerd -

11th Negative Unchanged
13th ' rositive Tachenged.

L

S e b as o gk o -

—

In general, the third harmonic and any harmonic
the order of which ais a multiple of three gives rise
te the phenomencn of the cscilisting neutrsl, but none
of the other hsarmonics shows this effect; no matter

vhether the eireuit i3 oarthed or insulated.
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€. HARMONIC IN DELTA CONNECTION

In the ease of delts connected load each leg
is supplied with line voltage, The latter msy contain
various harmonics, but in a balanced system the tripplen
harmonics are sbsent. The vave form of the current in
each load circuit takes i*s character from the line
voltage, the harmonics bdeing reproduced unchanged
in the case or resistance, damped down in the case of
a constant inductive resctence and magnified in the cas e
of a cepacitive reactance, For balanced case third
hermonic current flows in closed delta, but na  5th,
7th and other harmonic current can flov in closed
delta. M-uxilisry magnetization of iron core at 3rd
harsonics frequency tends to restore the flux wave to
its original wave shape, the flat shape of the flux
vave being greatly reduced, but not thcoiit!eally eli-
minate. The effect of lack of phase balance 1s to
cause small harmonics p.d.'s to apprear at different
podathls in the closed delta .

(;, HARMONIC IN INTERCONWNTC™™D DELTA CONWROTION

The interconnected delta ensbles s star arrange-
mont of conductance to be ciploﬁbd, vhile ensuring a
stable neutral potential. rhé connections are shown
in Figure : wvhich represents <three iron corsd

choking coils, each of which must have an intermediste



tapping. The voltages ere imagined to be of such a
magnitude as to bring about 2 certain amount of satura-
tion in the iron . J#ssuming bdalenced line voltages,
there can ba‘no third harmonic voltage between lines

and so no third hsraonic current 1s derived from

the source of supply. Due to tha vresulting defeciency

in the thirvd harmonic wmacnetizing current, the flux
wave is flat topped, containing g third hormonic in phase
This induces a third harmonizs enf 1in each viniing.

The portion of the winding reprasnnted by AC has no
their harmonic current flowing in it, and therefore the
point C oscilates, in rotential with respect to newtral
at third harmonic frequency. In the same way the points
B& D oscillates in potentisl with an equal amplitude.
The whole area BCD therefore oscilates, theoretically,
with respsct to msutral potentiel. Third hsrmoniec emf's
are therefore, induced inBC , CD and D B, Just as

in the other portions of the wirding, snd the delta cons-
tants a closed circuit for the third harmonic currents

& third hsrmonic circulating current is therefore,

set up and this nsgnetizes the three iron cores at

third harmonic freguency, thus repairinz the dsficiency
of the magnetizing current drawn from the supply. The
flux wave is therefore restored to very ne:;}i{}ts normal
shape, It cannot, theoretically, be made guasi Sinusoidal,
for in that event. Thewe wonld be no thirdA\ harmonic
flux . Consequently no third harmoniec circulating curreat

would flow and no comupensating action would take place.



The third harmonic component ~f flux is however, prac-
tically eliminated, so that the potential oscillation of
the inter connected dolti is also practically eliming~
ted, and stable conditions are maintsined , Neo third
hsrmonic potential difference’s are discessible

in the closed doiﬁa itself, since the voltage drop occurs
sinultaneously with the induction of the third harmonie

e.mn.T,

G. EFFECT OF HARMONICS

Uptill now we have discussed the possibilities
of different harmonics in m.m. f wave, magnetizing current
xand e.m.f. induced, vhich are generally oaigigﬁi“h
1n‘a/w1nding . (b) slo*ting (c¢) saturation (d) gap
length irregularity aldng“ with the method of
elininatios of ~different harmonics. For three phas¥s
induction motor 3rd harmonic are generally eliminated
completely by connection, But 5th, snd 7th and other
harmonics romain present, With suitadble method thaese
higher order harmonics can bte minimised, even a particulsr
harmonic can be eliminsted completely. But generslly
higher hnrmonicﬂ9£§e;ins present,. The harmonic orgginated
in differeat -Eniﬁff’ 4hava different characteristics,
but all has got objecticnadble effect in the form of
Asynchronous cravling, synchronous crovling.stsnd still
locking, noise and vibration and formation of voltage

ripple. Besides these they effect the power factor efficien
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1. Asynehronous Crawvling:

Space hermonics of the winding m.m.f. creste
revolvinvy f£1ield which induce secondary currents end
produce torques, similar to these of the fundamental,
but have more pdlns} and therefore, Yower synchronous
speeds, Aa‘fho‘ motor accelerates through the synch-
ronous speeds of one of these harmoni~s, the harmonics
torque reverses causing a dip in the resultant motor
torque speed curve, unless minimized by good design,
thc-conscquont Asynchronous crawling may be seriously

impair the motor's starting ability.

At speeds sbove their reapective synchronous
values, the forward harmonic® produce braking torque
as the backward harmonics do at all forward speed .
 They cause stray load lo8s6s and increase the motor

h‘ﬂt’.n‘o '

Forward nsenoting slot and phase betlt
harmonicsdue to stator vwvinding produce magnetic fields of
(8+P) and (2q +1) P points of poles, whose m.m.f is in
direct proportion to priiery current just as fundsmentsl
m.,m.f 's. The speed at which braking torque starts
is at P / 8+ or i:/ﬁq +1 times fundamental

synchrenous speed.
. w H
The back-wvard revolving harmonicshfs =P) snd
(2q-1)P parts of peles are similar in all respects,



except that their synchrenous speeds are reached vhen

the motor 1s driven backwasrd at speeis P/3-F or 1/2g-1
times fundsuwental. FPermeance hsrmonics with (P-R43)

pair of poles and (P+R-S) pairs cof poles, and rotor hx
harmonics with RE=P and R+ pairs of pocles else produce

Asynchronous crawvling.

This asynchronous crawvling can b%e minimigzed
by reducing the magnitude harmonics, by chrowding the
pitch, interspacing snd skewing the slot.

i1. Synchronous Crawling:

If any fwc of the seperste harmonic flelds
have the same number of poles, pulsating torgue will
be produced as they slip, past each other. Yhen their
speeds coincides the two 1like fields with synchronize and
a corresponding Pocking or synchronous crawling” torque
vill be observed.

Then fundamental or principal phese belt
harmonic field with pole 2 P (2q-=1) and 2P (2q+1)
revolving backward and forvard at spesd w/P(2q -1) and
v / P(2q+1) respectively in pole number and speed
with the permeance harmonic field's poles Z2(P-R+S) and
2 QPNR-S) pole revolving at speed w-RN/ P-R+4S and
WARN/ PRe8 ’ ;ynchronous crovwling will ocecur at corr-
esponding speed.



6

This tendency can be avoided by employing proper

winding pitch and number of rotor and stator slots.
111, Stapd Sti1l Locking

When the either of number of poles and direction

of rotation of permeance harmonics is siwmilarto pole

direction of fundamental and phase belt harmonics, there

will be two independently produced flelds revolving
in synchroniza, vith a phase displacement R} that
varies with the relative positions of shator and rotor
teeth. In such a casse, locking wiil occur when two
similar f1eld are in space phase opposit on and the
stand still torque will vary up and do not through a
wide range as the rotor is slowly turned one rotor
tooth pitch. This will occur for funiamental field 14
PR -~ 3 =P

or Re8 =0 and for harmonic field if

P+R~38 =(2q+1)P or P=-=R +85 = (2q~- 1P
or S Re«p =x(2q-1) P orR=-8-P =(2q~1)P
giving R-8 = + 2qP

Taking into account the nth harmonic of rotor
permeance, the nth harmonic of stator permeance varis-
tion and the kth harmonic of the phajo belt varistion,
any slot combination having WR = nS = ¢ 2K 4 P,

vill have a locking <fendency at stand still. Locking

is also csused by stator and rotor ststex -and-rotor
slot harmonics, this occurs vher MR = N3 = + gg oy

KR,
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Locking tendency can be minimised by proper
selection of fractionsl slot winding snd skeving

of rotor 6be{rotar slots

iv. Magnetic Noise and Vibrations:

If two harmonic fleld, with number of poles,
differencing by 2 epaxists in the air gap, they will
prodnce unbalanced radiol magnetic forcas, and conse-
quent radisl vibration of the rotor as a whole, Also
sysmetrical radiel forces of high frequency asre
produced by superpostition of rotating magnstic fielas
of difrersnt pole number ., These phancmens create

stator vibration =nd magnetic noize.

v. Undalanced Magmetic Full

in the extreme casé vhen the stator snd rotor
slot nuwber differ oy only (R=3 = + 1) The redial
magnetic pull duwring tho stationary period is «
maxizum 2t the poin® of %eoth opposite slot, and »
ninimum at the epposite end of the same dlameter,
wvhere tooth 13 epposite tooth, This 4s 30 becasuse
the zigzag lesksge flurx 18 lergest when both slot 1is
opposite and this leakeags flux has a much hlghor
alr gap density then the fundamental flux during
starting, wvhien the stator ard rotor currents are each
many times as large st the pno load megnetizing
carreat. ‘Arounﬂ the periphery between the two extrems,
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the maghotic fpull veries grasdually, forming a two-

node force vave . The force wave rotates at a speed
R times then the speed of the rotor itself, since it

‘moves forward (or backward 4f R ¢S ) a whole revo-~

lution for each advance of the rotor through /R

revolution.

- The total force on stator or rotor, for R=S8 =1

is given by F = rnepgp, X Cos (RC+0 ).

This 1s an alternsting radial force at rotor tooth

frequency vhich therefore tends to bend the rotor

shaft and cause oscillation of the shaft in clearance
of sleeve bearing. If the shaft i3 sufficiently stiff,
and the bearing clearsnce is amall, the force will
cause some vibration and noise during the stdtionary>
period, but will not materially affect full speed

operastion.

The phenomena of unbalauced pulls and conse-
quent forque dip occur ot a speed corresponding to
the critical speed of the shaft vhenever a harmonic
field with two more or 1less poles then the fundamental
field exists., This will happen, as shown sbove
vhen E=8 =1 , and 8180 vhen R=8 = <2 F =1 , =2P+1, =1,
2P=1, & + ,

Sualler torgque drops =»nd scconpanying
noise will occur st other speeds with any odd value
of R=S , since there will then be harmonic fleld with
poles differin: by 2. |

I“ I D
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terminals, And thesa voltages will produce currents in
the supply lines, which will induvece high frequency.
Voltage in any adjacent circuits, giving telephase inter-

ference.

For the selected squirrel cage induction
‘motor for the test, with 36 stator and 44 rotor

slot, torquk curve wvill be of the neoture shown in

Figure 6~ ., The cheracteristic of the motor is
starting noiseless.A vrather strong saddle, also, in
this cese caused by the number of rotor slots, is to

be noted as ~ 136 = - n/p . Further ssddles of -90

and + 79 , somewhat ¥eaker anes at ~40, ; ~300 , + 275

very wagk ones at 150 and ~180C rvpm,
vii, E-ffect of Harmonies on Power Factor

Effect of harmonics is to decreasa ths value
of meximum power factor that can be obtained in
the absance of harmonics. In fact whenever the e.m.f.
and current waves are dissimilsy in shape, a power
factor of unity is impossible even although the eircult
may possess nothing but resistsnce. The special case of re-
sonance &a;pasffiféoy i1 the e.m.f. wavs be comples
18 character (i,e., if 1t contains harmonics),'the current
" wave will not be similar %o 1t; end saximum power factor
obtainable 1z 1lssz than unity.
0 vhen every +ve e.a.f. wave contsins, harmonic,

which does not present in the current wave or vice versa,
/0 5020

fre

L ,’? 'I"lr :y-~ R ”
R AN
Roeoiuivis
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vi. Voltage Ripples:

As discusscd then magnetic circult is saturated
then wmagnetizing current will heve a pesked wave forq,
and 1t3 impedance drop will accordingly ¢nclude 3rd,
Sth, 7th harmonics, besides the fundamintal'voltago
component. The connecting three single phase transfore
mers in Y or A , the triple frequency currents
can be eliminated from the power lines , but with Y
connectisn, there will be a third harmonic woltage between
the line terminal gnd ground. This voltage 1s also »oliuina~
ted by delts connection, allowing <triple frequéncy
current which are required to meintain a shnusoidal
flux wave form, to flow in the delte, In the case of
fndaction motor presence of air gap make the motor

current flux relstion much more nearly linear.

If the motor with open stator slots and a squirrel
cage rotor with relatively large numsbsy of slots, with-
out skew. In this case, stater hsrmopie flux induces
large high frequency secondary currents vhose ‘armature
reaction’ oppose the stator m.m.f. reducing the stator
harmonic fluxes to a small velue, Since the rotor
slots per stator harmenic pole ore few in number, the
spsce wave foras of the hagrwonic nrnaiure reaction will
be very riged. This is, torque, low order harmonics
of the slot harmonic field will be created and these 1in
turn will induce high frequency voltare in the stator
winding thus giving rise to voltage ripples at the primary
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The maximum power factor obtainable 4is less then
unity. The effects on powver factors depends on the mag-

nitude and order of harmoniecs.
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A. CALCULA-TED VALUR

The relation of horse power for star, delta and
internal delta with different values of y , for four
poles end s8ix poles 1s given by the samé emperical

formula.

ithout considering harnonic and saturation
effect :-

1 1
H.PA 3 H'pi\ int. 3 H.Pi = 1 3.6'3y+y2 P 3
eee{7.1)
and considering harmonic and saturation effect:-
1 1
H.P»! : H.P.A’ int. : H°P'¥ =1 3.6 -3.9y+1,3y2‘ 3.3
ceee(7.2)

Substituting the value of ¥y, equal to 0.25, 0.5,
0.75 for 4 Pole winding and equsl to 0.166, ,333, 0.5,
0.667, o833 the numerical relation willbe as shown
in table 7.1.

The relation of load current for delta
internal delta with different values of y and star is

given by € J same emperical formula, wk



TABLE No. 7.1
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HE\ 3 HR

nt: HPY'

without consider- Considering hormo~

ing harmonic &

y 2;§3§2f1°n n&gf:gi’saturation
a. For 4 Pole.
1o fierea O™ O 025 14 0.433 4 0.333 13 L3698 5 .32
1i. with 2 coil inA 0.5 11.572 s ,333 13 .507 032
141. with 3 coil inA 0.75 11.762 s ,333 1l : .711 .32
{b) For 6 Pole
iv. int. N with 1 coil ind ,166 13,396 s ,333 13 .335 .32
Ve with 2 coil inA «333 1:.474 : .333 13 ,409 «32
vi. with 3 coil inA «50 11.572 3 .333 13 507 «32
vii. with 4 coil ind 667 1:1.692 ;3 .333 1 .634 32
vili.with § coil ind « 833 1:.841 1 333 13 .798 32

without conslideration of harmonic and saturation effect:-

ko Ii\ .’mt.sIY =13

considering saturation and harmonics effect:

ot X gnet IY = } :

1 1
| , L
(3-1.267y)J 1=y +y°/3
e$7.3)
1 1
" "3.3
|3.63.97+1.35°  (1.73-0.73y)
000(794)

Substituting the value of y the numerical relation will

be as showvn in Table 7.2.
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TABLE NO. 7.2

THEORETICAL RELATION FOR LOAD CURRERT

}
Value 1{4 BN L7 v
° ithout considerdng considering saturation &

y -?aturation & harmonic harmonic effect.
effect, .

o —— s T R T W ———o— "=

|

———

For four Pole

0025 1 3 0042 $ 00333 1 3 393 H Q.32
0.6 1 31 0.556 3 0.333 1 3 505 3 0.32
0.75 1 35 0,738 3 0.333 H o714 3 0.32

For 8ix Pole
0.166 1 3 0.391 : 0.333

] 036 H 0.32

1 .431 3 0.32
.522 3 0.32
$ .641 31 0.32
t 797 3 0.32

0.333 1 s 0.464 : 0,333
0.5 1 31 0.556 s 0,333
0,667 1 3 0.672 : 0,333
0.833 1 : 0.8 3 0,333

I R ST S
L 2 J

: on no load
The value of Vg, and VFAFB

and locked rotor condition can be given by the derivative

from the above relation

VSAFB at no lcad = V voltage ncross termlinals 1 &2

120
a8t no load = V230

v voltage across terminals 2&3

FAFB

4 at locked =
SAFB condi.

v
at locked =
VPAFB condi. ' Voa 1

] = voltage across terminal 1 &2
121

]

voltage across terminal 2 &3
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vlzo = :___ -—-}-—:.—y-—— 4..(705)
3 | 1y+3y/
v = .._..v.-- [ y - — se e 0(706)
230 f .
3 | 1-y+¥%3 ECHECR
v 1-y 3 9
v = * ’ 2
121 I3 | 2(32y) 1oy + ~&
3 . ere(77)
. 2
v y 2l = 24 y +7y
v = . ' 2
3 [ s y
#BL Tz 1=y + 3
000(7.8)
Where V = Line voltage.
Substituting'fhe different valus of y the value
of voltages will be as shown in Table 7.3.
TABLE NO. 7.3
v
y V120 Vie L 230 Yoz L
0.256 126,26 66,51 42,08 206,701
0.5 96,76 55,42 96,76 317.2
0.75 65,86 36,95 16,75 331.0
0.166 134,18 69,28 26,86 148,37
0.338 117.46 63,34 58.73 254,33
0.5 96,76 55,42 96,76 317.2
0.667 71.0 44,34 142.0 337.03
0.833 39.04 27.71 195,0 375.0

B. EXRERIMENTAL RESULTS

To perform the experiment the stator winding is made

for 4 pole and 6 pole , the connection made for star, delta
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and internal delta for the value of y equal to 0.25,
.60 and 0.75 amkt for 4 pole and y equal to 0,166,

0.333 , 0.5 4 0,667 , 0.833 for 6 pole 4, after that for

odch connection no loady 2nd blocked rotor test

and lord test performed according to procedure

discussed in previous chapter. The observed data

of load test with calculated value of efficlency,

B.H.l'y torgue and P.F* 41s shown for 4 pole in Table

7.4 (a to e) ‘and for 6 pole in Table 7.5 (a to g) .

The no load test data for 4 pole is shown in

Table 7.5 (a to e) and for 6 pole in Table 7.6 (a to g)

The blocked rotor test data for four pole is shown in

table 7.7. (a to e) and for 6 pole in Table 7.8 (a to g).

The curves for B.H.P. , slip » speed, torque,
for 4 pole and 6 pole winding 1is shown in grarh
nos. 2 to 6 and 8 to 14 respectively, These zrasphs
show the performance for delta, star, and internal
delta (for different value of y) connected stator
winding . The curves for slip versus torque 1s shown
in ¢raph No. 16 and 17, for 4 pole and 6 pole raspec-
tively.

By the Oxpcrlmontalidata of no load and blocked
s
rotor test, circle diagram constructed and maximum
torque , starting curr¢nt , starting torque are

determined, The ratio of maximum torque to full losd
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torque, starting torque to full load torque and starting
current to full loed current for delta star and
internsl delta connected winding of 4 pole snd 6

pole is shown in Tgble No. 7.9.

_TABLE NO. 7.9.

y = Toax. Ts Iss
Tei1. Ter Ier

For . 4 Pole.
0 2.69 2.3 5.36
0.25 2.76 1.87 5.08
050 3.39 - 2.29 5.426
0.75 3.3 2.3 6.78
1.00 | 3.23 2.75 7.2
For 6 pole
o 4.52 4,01 5.22
.166 2,268 .77 4,98
.333 2,2 1.845 3.94
«50 2.38 ~ 1.86 3.19
.667 2.57 2.29 4,22
0.833 2.862 2.59 4,27

1l 3.11 2,654 4.43




By the help of .this table it will become
easlier Do say which connection will give best performance,
1.e.y better, ninimum load current with better efficlency
and power factor for a particular vslue of Horse power.
The horse power for which load current, efflciency and
pover factor are determined from 0.2 to 2.4 Horse power with
an increment of 0.02 horse power connection for the
best performence for 2,1.5, 1.2, 1.0 , 0e8 4 0.4 Horse

power 18 discussed in next chapter.

IN R gpp. & R/ apt.
The table No. 14 showvs the ratio of /zxxxant

for delta and internal delta and torque for delta

and internal delta.
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C. RELATIVE PEHFORMANCE OF DIFFERENT CONNECTION

After performirg the experiment and cslculation,
parformance curve is drawn, vhich 1is shown in
fig. 2 to S and B to 14 ., These curves indicates
difference shape for delta star and internal delta
connected winding of 4 pole and 6 pole, These curves
indicates that there is a limit of Horse power to be obt-
ained with each connection. The relation of Horse
power 1is given numerically in Teble No. 7.1.
With the help of table No., 7.l. and performance
graph No, 2 to 6 and 8 to 14 , the load current,

pover factor, and efficiency for different horse

power can be determined for delta, star and internal
delta connection of 4 pole 2nd 6 pole winding. These
values are shown in Table 7.10 (s to @) and 7.11(a to g)
for 4 pole and 6 pole connection respectively. Graphs
are dr.wnvto show the relation of loed current, power
factor and efficiency with r:igggggtgfngrse pbwar for
delta star and internal delta connected/and 6 pole
vindings in graph No, 18 toc 23.,By these graphs , for
different horse power, value of load current power
factor and efficlency for 4 pole and 6 pole i3 obtuined
which 13 shown in Table No. 2,12 and 7.13, along with

the value of slip, The value of Tmnx/Trl. ’ T,/Tfl ’

1,/ I, 1s shown in Table No. 7.14. 7-7
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COMMTHYS

After drawing the performance greph N-.
18 to 23, and uwaking table No. 7.12 and 7.13, it be-
come very <ssy to select the connsction for eny parti-
cular wvalue of horse power to 3ive best perforwmance.
Hence we will discuss here about the best connection
for 2 Horse povwer, l.8 horse power, l.2 horse pover,

0.8 horse power snd O.4 'worse power.

For 2 Horse Povar

For 4 pole =amx in delta connection, the
load current is 5.0..4 amp,efficiency 77.5 Z and
power factor 0.885, slip 0.075 4 For four pole wind-
ing this horse power cannot be obtained with star
connectinn, &8s is seen from grggh 2 « The loed current
for internal delta incresses xtxk the vaslue of y
decrensvs, only sli:ht change in Power fector and effi-
ciency and s8lip increases with decrease of y. Taking
all considerations, four pole delta connection 1s
best connection for this. PFor the € pole, winding,
2 Horse rower cannot be obtained with star connectio-n
and internal delta wilth value of y equal te upto 0.5.
Now only delte connection and internal delta with
y = 0.833 gives better performance among them, Load
current is less in delta, then in internsl delta,

efficiency is also 804 4n delts compared to 735 of
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internal delta, The powsr factor 1s besi in delta,

but not so inferior, slip is elso very less. 3o for
6 pole winding, the delta connection i3 to be

' sélected. 3o for 2 Horse power we rre getting

two connection 1.e. delta of 4 pole winding end 6
pole winding.

1.6, Horse Lover:
Eor 4 Pole

This much horse power ¢rn be possible with
delta connection and 4nternal delta of y = Q.75, other
connections shows high load enrrent, poor efficlency,
high value of 31ip and ~omparatively lower value of
Tmax/ TeL 0 ?start/ Tf.L « Among these two
connections, load curreat of delta is 3,85 Amp, effidlency
egn%erﬁagower factor .875, and slip 0.0528, compare
to/delts connection, with I = 4.45, efficiency = 633
and power factor = 0.87 , and slip = 0.1025. So fex

delta connection 1s best among all.

For G pole:

In this csse 1.6 Horse nower i1s not possible
with star, connection, snd internal delts of value upto
y 30.5 4, becsuse sll; is very high, current is
high and efficliency very poor. So the selection is
from delta , conrnection’internal delta of y = 0.833,
0.€77 . The varistion of losd current is small, but

varistion in efficlency and slip is wmore , so delta



connectinn 1s best am-ng them, but internsl delta

with yequal to .833 also gives better performsnce.

1.2 Horse Powver,

For 4 role

1.2 horse power is not possible with star
connection end 1internal delta with y equal to 0.25.
Among the delta, &and internal delta with y = 0.75
and 0.5, The load cirrent in delta is swmall, than éthers
efficliency is same for 4elts and internsl delta vwith
y = C.75, vhich is more than for internsl delta with
y = 0.5 Power factor is hetter for intornal delta,
but effictency Slip is high for the internal delta,
The selection 1s to be made from delta and internal
delts with y=Q.75.

The best connection for 1.2 horse power
in 4 pole winding is then internal delta with y = 0.75

due to its bet'er powsr factor.

S.role:

1.2 horse power 1s not possible with star
and internal delta with y 2-0.166 . Amonz the rest
connection, internal delts with y +.0.667, needs
mdmimum current but slip 1s high, efflciency less.
Internal delts with y = 0.833 needs comparatively
less current than delta with better power factor, but
with smaller efficiency 2and higher slip . But diffe-
rence of c«fficicncy, power frctor rurrent and slip

is not more so elther of these can be selected.



0.8 Horse rower.

4. role;

0.8 horse pow r 18 possible with all c¢onn-
ection, but he efficiency is very poor rorvstsr
connections and elso slip is very high. &mcng the rest,
internal delta with y = 0.75 , nceds smallest current.
and gives meximum e¢fficlency, and best power factorwith
comparatively good sliip, So best connection is
internal deltas with y = 0.75.

6 Pols

0.8 horse soviY 13 possible with sll type of
connectlion. Here star connections needs, smallest
value of current with better efficlency and power
factor, but slip 1s very high on the vhole. Internsl
delta withy = 0.333 5 0.166 are better due to
comparatively less current and good efficiency and
power factor so selection is to be made frox either

of the two.

Q.4 Horge Fowar

a.bele

0.4 horse power 13 possible with all
connectiony the current reguired by different
connections are different. The csmallest current is
required by etar connections but it gzives very poor
e«fficiency and power factorﬂdelta connection needs maxi-
mum current, with poor efficlency snd jower factor.Only

better t= bz

internal d«1ta glves /efficency sand pover with compe=

ratively low current. Amonz them Internsl delta with
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¥ = .25 Due to less cur:ent internal delta
with y = 0.25 1s better than internal delta with y =.75

but due to other view points latter one is better.

S. Pola

In © Pole connection 0.4 horse poer is possible
with all connection. The delta connection needs
current more than other winding, also its efficiency/
power factor 1is poor. Star connection needs less current
then other with comparatively géod efficiency |
and better power factor . But slip 1s very high.
Among the internal delta, internsl delta with
y=0.25 needs current less than sall, with efficiency
and power factor more than others with comparatively
better slip. 5o selection is to be made ~from star
connection and internal delta connection,,%ﬁﬁsfto

better efficlency, and slip)lattar one 1s better.

We have discussed the selection of connection
for ?y 1.8 , 1.2 , 0,8 and 0.4 horse .ower only. But
by teble 7.12 and 7.13 connection for any value of
horse gower 1n between (0.2 to 2.4) ean be selected
to he gliverm best pef*formanco.

Here experiment was performed on a small
squirrel cage induction motor; and Table No, 7,12
and 7.13 formed for 4 pole snd 6 pole winding. A
similar table cen be formed for any type of induction

motor, after experiment. Then for the reguired



horse power, best connection can bDe selected to

£lve best performance,

The connection which gives detter perfore

mance for 0,2 to 2 horse power is shown below for

4 pole and S pole connections.

H.P.

2.4
2.2

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

1.8
1.6
1.4
3.2
1.0

4 Pole connection.

Delta

Delta

Delta

Delta

Delta

Internal delta with y = 0.75 4 Delta
Internal delta vith y = 0.75

Internal delta with y = 0,75 and y = 0.25
Internal delta with y = 0.75 and y = 0.25
Internal delta with y = 0,75 , y=0.25 & Ster
Internal delta with y = 0.75 , y = 0.25

6 Pole connection

s

Delta

Delta, Internal delta with y=Q.833
Internal delta with y = 0.833, Delta
Internal delte with y = 0,833, y =,667,y=.5
Internsl delta with y =.5, y = .667
Internal delta y = 0,667,y=,333,y=.5
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0.8 Internal delta , y = 0.16t, y =.333, y =,667
0.6 Internal delta y = ,166, y =.333

0.4 Internal delta with y = .166 and star

0.2 Star connection.

In the 1industry , load on motor remains
constant for certain perlod and but it may be
different for certain another period. In that case
the proper selection of connectlion 1s chosen to give
better performance. So induction motor may have 6 or
9 or 12 terminsl to'provide proper internal delta
winding with svitch gear device to change to the
ciﬁéﬁiﬁkfvﬁut switch geer system should not be expensive.
S0 gecording to load, switch gesrs ialay system connects

the supply for proper internal delts connection.
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- TABLE R0. 7.10 (a)

4 POLE STAR CORNFCTION.

condidering saturation and

Efficiency

harnonic effect. Powver
factor 4
Horse power | Current.
Bp Apps.
1 2 3 4
0.16 0.4 0.45 35
0.32 0.75 0.675 57.5
0.426 | 0.973 0.765 . 68
0.48 1.15 0.80 ?3.5
0.6¢ 1.575 0.6 52.5

TABLE FO. 7.10 (b)

4 POLE INTERRAL DVLTA WITH ONT COIL IN DELTA

(y = 0.,25)
1 2 3 4
0,1849 0.65 0.7555 32,5
0.3698 1.0 0.800 68,76
0.493 1.26 0.825 75,00
0.654 1.425 . 0.835 76.00
0.74 1.9 0 0.86 74.5




TABLF NO.

7.10 (C) _

4 POLF INTFRNAL DELTA WITH TWO COILS IN DELTA

(y = 0.5)

1 2 3 4
002533 101 0.73 4693
04507 1.5 0.80 65.0
0.676 1.8 0.81 65,0
0.6135 1.75 0.83 68,75
1.014 2,675 0.85 74.5

TABLE NO. 7.10 (d)
4 POLE INTERNAL DELTA WITH THRET COILS IN DELTA
(y = 0.75)

1 2 3 4
0.3535 1.2 0.82 70,0
0.71 1,925 0.865 82,5
0.948 2,375 0.87 82,0
1,066 2.75 0.87 80.9
1.422 3.8 0.87 73,0

P ——



TABLE NC. 7.10 (e)

@ POLE DELTA CONNECTIONS

1 2 3 4
0.5 1.775 0,67 50
1.0 2,55 0.81 71
1.333 3,075 0.84 80.75
1.5 3,825 0,865 80.75
2.0 | 4,825  0.895 77.5

TABLE NO. 7,12 (&)

6 FOLE STAR CONNECTION

1 2 3 4
0.16 0,65 0.61 87.75
0.32 - 0.61 0.58 86,5
0.4266 0,75 0.665 89.2
0.48 1.175 0.785 - 90425

0.64 1.10 0.77 90.5




TABLE 0. 7.11 (b)

6 POLE INTGRIDAL DELTA “ITH OONE COIL EU DLLTA

(y = 0.166)

1 2 3 4
0.1675 0.925 0.545 83.50
0.335 1.1 0.615 95,0
0.447 1,275 0.6726 94,0
0.5025 WA 0.7125 | 91.26
0,67 1.7 0.79 86.85

TABLE 10. 7.11 (o)

6 POLE INTERDAL DBELTA WITH TWO COILS I DELEA

( yv= 0333 )

1l 2 3 4
0.2045 0.26 0.475 77.0
0.409 1,35 0.6175 86.25
0.526 1.€0 0,685 86,80
0,614 1.0 0.7275 86,5

0.818 2.2 0.78 83,0




TABLE NO. 7.11 (d)

- 6 POLE INTERNAL DFLTA WITH THRR® COIL3 IN DELTA

(y = 0.5)

1 2 3 4
0.2635 1.0 0.385 85.0
0,507 1.45 0.48 93,0
0.675 1.85 0.54 95,5
0.76 2,2 04575 96.0

1.014 2,8 ' 0.625 95,92

TABLE KO. 7.11 (@)

6 POLL INTERNAL DELTA WITH FOUR COIL3 IN DELTA

(v = 0.667)
1 2 3 4
04317 1.35 0.5125 83,5
0.634 . 2,025 0.6425 8€,25
0,961 2.75 0.4 83.5

1,268 3.4 0.785 79.55




6 POLE INTERNAL DELTA WITH 5 COILS IN DELTA

TABLE NO. 7.11 (1)

(y = 0.,833)

1 2 3 4
0.399 1.78 0.525 82,25
0.798 2.525 0,66 85,0
1,064 3,075 072 83,25
1.98 3.35 0,745 82,0
10596 4,25 ' 00795 78.0

TABLE NO. 7.11 (g)
6 POLE DELTA CONNECTIONS

1 2 3 4
0.5 2,6 0.58 75
1.0 3.4 0067 85.5
1.33 3.9 0.7125 84,75
1.50 4,2 0.735 84,0
2.00 5,25 80

0.796
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TABLE. Fo. 7.14

g = M/R Ant. Ta 7% int,
wgggeggag?n.‘ cgt;;.sat. & ;:t?guza ::.m.‘ cog;rfat. &

0 2,932 3.066 2.87 2,972
0.25 2,31 2.47 24532 24706
0.5 1.835 2.012 24,00 24332
0,75 1.215 1.282 1.1%4 1.19

0 3.23 3457 2.(48 3.214
0.166 2.8 3,00 2¢948 2.868
0.333 2,172 2,332 - 1.95 2,160
0450 1,786 1.91 1.486 1,724
0.667 1.446 1.526 1.034 1,323
0.833 1.2 1.25 1.134 1.263




POWER INPUT (WATTS) —u

as bs

200 NO-LOAD TEST FOR 4 POLE . 7 b
4
(@) VOLTS ~ wATT INPUT : b
(b) (voiT)* ~ WATT wePur g
as

150
= FOR STAR CONNECTION
@y L by = FOR INTERNAL DELTA WITH ONE COIL IN DELTA
100 Qay X ba : FOR INTERNAL DELTA WITH 2 COILSIN DELTA
Q4 & bq » FORINIERNAL PELIA WITH 3 COILS IN DELTA
Qg & bs = FOR OELTA (ONNECTION
SCALE:
X-AX/1S:~ 1(M= 20 VOLTS
1¢m= o5 2109 (voury

Y-AXtS:  1¢m= 10 WATTS

50
o 40 80 120 1e0 200 240 280
VOLTS e
1 z 3 4 5 6 7

(orrs)? x10% - =

GRAPH No. 1



LeaD TEST CURVE
FOR
4 POLE STAR CONNECTED STATOR

Q0 90r 365 O5r P -13600
1600} 80} 32} O8f 432Cco
b - - — -
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400F 70+ 28F O7F 12800
1200F 60} 24t o6} 42400
4
41000t SOF 20f OSH {2cec
| e r TORQUE
¢
Y S [ !
- R 1! s i
« IS e | 5% // ;. scaLe:
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UQOJEE sl 16b0al | e Y -AX/S L LURRENT. 1CM=OSAMAlc o o
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| .. sLip - 1¢m=0.05
EFEICENCY. IcmM = § "/'
6ot KAl 7Km = 100r-pmJ 5 5o
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—_— ko — . A 10
3 4 5 6

CURRENT __
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WATT INPUT

NO-LOAD TEST FOR 6 POLE
(Q) vOoLT -7 wATT INPUT

2od  (0) wotr Yo~ WATT INPUT

150

100

“ZZ - adby - FOR S7TAR CONNECTION

T =TT Q22 ba— FOR INTERNAL DELTA WITH 1 COIL IN DELTA
/ - a3 b3 .- » ” o v 2 P
agl b4 _— " 7 v X n ”
50 scalE — as £ by- 1’ " " a4 7
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