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CONCILUSIONS

1. ;ﬁEASU IgNG APPAR A_z!-s

The invertod induction motor and associate apparates was
90 designed as to facilitate the measurement of various eleci.toal
phenomena, such 2e gpeod and terjue.

By re-designing the apparatus for use with the multi-chanel,
ultva-violet light racordar, riore phenomena could be recnrded, the
system became considerably juore sensitive and everythdng was now
operated &t an extremely low voltage. Yurthermore, whon callbrating
the new apparatua, it was found to be completely linear over the
working range, whercvas the original apparatus was nel.

By comparing old and new oscillogram traces. it was
discovered that the danping system used wae not Ldeal; this belng due
to a change in design of the induction motor. Howeover. by increasing
the transducer tension this small inadequacy was compensated for.

u.m;mnmamumommammmmm
to try and measure the induction motor ‘rexidual tarque . From the
results obtained one may only conclude that this torque ls either non
existant, or was of too small s value to be meascred by this apparatus.

Ampmurdnwucﬂm“uwmnﬂa
re-designad apparstus, and on studylag these it wae fell that the
results were quite satisfactory. the apparatus adequate asd a
congiderable lmprovemeat on the original.

2. FLUX INVESTIGATION
Frown the results obtained in this investigaiion, & munber of

conclogiose can be drawn, In making these conclusions, however, the
various sssuraptions made throughout the irvestigation must be borne

in mind.

Pirstly, the reluctance variation. Ajsuraing the gep to vary
88 a cosln. law, and hence 8 Fouriar series for the clfuct of both primary
he swmber of ternss coasidered in the Bioouial

and secondnry siote. T ‘
expansioe for tha flux donsity. 1 e assumption that all the flux Maked

ehs coll on a rotor teath ooviously conflicts with the ruluctance
The "iron path' was ignored in the caleulation of the fux.

a aear

variation.




F&i.ﬂl‘;" Remaombering the above, it may be concluded iram the
LopganR R results oblained thal the method employed gives good currelation
e SN only in the cane of the fundamental wave, even whan further terns

in the Fourler series and Binomial expansion are considered.

However, & furthar conclasion that must be draws 12 that
the method of practical flux measurement enployed was (2r from
satiafactory. Due to the fact that the theoretical results give far
more frequency componants than the practical results, it is folt that
the measurements must be recorded while the machine is extremely
securataly beld at each definite spoed; emall variations in spead
giving « “roneous resulis.

CTE s s

o B i it is also feli that the flux should be measured directly

by the use of a device such as a Hall-generator ., which is vow
commercially obtainable. These paper thin probes may be conveniently
gituated in the motor in order to measure the various fluxes and
hance compute the exact values of flux in the gap, tooth, ete..

L;_a;..’.--@gi wE G .

boogpiny oBelpama

Fizally, therefore, it may be concluded thai the rosults of
this Lnvestigation do not prove the methods of flux analysis uged to

il
be incorrect, but indicate that more refined rmethods of practical
sy B g .
measurernent should o _mployed.
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INTROUUCTIUN .

Although the following appendices are not counscted
#ith the main body of the thesis, they have been lncluded
as they were developed during the flux investigation.

Appendix D is a series of photographs showlng the

apparatus used.
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componants of the flux density which move with respect to the stator,

The clectro metive force in the stator is produced by those

i.e.
Lde g 1, Cos Q: (51 - wst\ Cos qel
7q 182
nl = 62 + wst where ws ' 21ms
Therefore the flux density with respect to the rotor is,
B = A deg 12 Cos Q2 (92 Wt - ust) Cos q (B2 + wst)

Coil span

"

LEY lgi—

ﬁqdcg 1,

Cos Q292 Cos q (92+ wst)

= 8 , thersfore flux linking coil
62+B/2
l 1 M Ces Q2e2 Cos 0 (02 + wst) de? g.20R 1
8 FL
by S72 8, + 8/2
{ 8
% JRR M [Ccs 3232 Cos q ( 2+ust) d82
92- 8/2
8,48/2
1RM ] Cos 5392 Cos gq (02 + wst) de2 1
8~ 8/2
2

Integration only.
62+5/2

i

Cos Q,6, Cos q (92 + wst) daz

62-8/2

0,-8/2
%
2

ez‘ﬁ/?

S

s e

Cos (Q202 +q8,+q W)+ Cos ( Q,8, = 18, =

02+3/2

Cos

02’6/2

q wst)l d 8,

(Qq + 1) 02 + q wstI + Cos -{(QZ - q) 92 -

q "st‘ de2

A TR P s

Lo




I , 8, +8/2
£ 2 = 230 1KQ. +q)0, + g :[ 9% 0 83 2
2 0.+ [ ¢ & 2 5 - Sin 1(Q,~q)e, - g
2 I5ta - _! QQ"Q 274 2 qwst
62'3/2 i
= 1 [._..11_?“‘” I(:w".“'-‘.- +8) + qw t|{ - Sin lto ] ;
2 |0.1q l l 2 ¢ 5 L Sin g‘.2~q)(92 -_§_) - qwst

—_—

L
+ 1 |Sin {0, -q)(e . N, ot e !
¥ a l ( 2 TR " gt "E”‘ (Qgma)(8, =g) = q”sj
L ‘ 3

.-
, =4
1_{18in [€Q, +q) B + qw t + (Q. +q)8) - |si
T ,,qﬂ [Q A (‘)2 +q)§_ Sin (Q2+q)62 +qu t

- \QQ +'~1)§_! +_\\l_; | Sin I("? -:1)6‘.‘{, i L (Q? -q)_g_:]
J o l

e st e e T B

1 2 Cos ! :\ 0| 8 - -
= { : 1(Q, +2) g * 4w3€] Sin (}2 .q)g_ + 2. -Cos E-:32-q)92 o

B e Moty Lot

1 Sin (Q,+q)8 Cos |(Q,+q) @, + quw.t| + 1 Sin (Q,-q)8 Cos\
Q2+q v2 E b q.-q 7

Ie N
a) 8 o ¢
L(.QZN) 2 wst’
Going back to (1) and letting there be Tec turns

¢ = 1RAdeq 1, Tc | 1 Sin (Q.+q)8 Cos |(Q.+q)8 +qw t
2 2 5 2 2 s

i’)
-—-——y——,,q g ‘2+q)
: J | Sin (Q2-q)_E_ Cos [(Qz-q) 32 - qw t-” : ;
QQ-q 2 -
- d¢
Now e Te Tt
= =« K |- qw_ Sin (Q,+q)8 Sin T(Q,m)e t qw t] + qw_ Sin [(Q -q)8 »
5 2 e 2 2 8 3 2
b L . z
(qu 2-4

Sin (Jz--';) 02 - Llwst]

A p )
e = ﬁlﬂ 21tnsRl Te 1.2 . sin (Q.+9) B Sin (szq) 62 - qwst i
g 152 2td 2 3

>

R ‘,..—-3— Sin (Qs-q) B Sin (Q:,‘q) 52 'Q"lst
N9 —q = 7 - % T

This can be Lroken up into two vectors as showh below.

LW g sin (Qa) @)q,*)e, __ Equation 2,
: .

| e

2 =H _3 . sin (Qa) 8 3—(‘22 +q)8,

Wheve H = Adeq .+ T2 nskl Te 12
nq 1g

Equation 3.
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The flux density is given by

nq _—
21lg<
Now, the fluxX per ripple pole for the first wave is
i - = .
B X B 2 1 27R R is the radius
m ;.(Q’)fq)

and for the other wave the flux would be

¢ - Adeq N &

r y) . ‘1 R

" gz O

Electro Motive Force from lst wave

9 s . k {a Ll
qu 2n ¢r £ T m, K 1 ! (Q2+q)0l

2"

The reference is the electro motive forece in the coil whose centre

line is at zero.

Now £ = Q. ws
r -
2n
i Above equation is
= (\ s Q.2 @ - +q)6
/2 Eq = 21 hdeg + 1, . ( 1R ) 3, 20N, T Kmy Ke l (Q,+q)6,
Tq TE? Qg+q T
= Adeg 1, Q.1 2MRn T Ke, Km) | - (Q2+q)9l
7q 187 (3,70)
Ke = 8in (Q,*q)g/2 g = Coil span, mechanical radians
S8imilarly
2 Eq, = Adeg Sin (Q,-0)8 . Q,1 2fiRn. T Km, |- (Q,-a)€,
nq 1p< i Q-

: i i 2
Stator slot angle as far as first wave is concerned is (Q2+q) m

Ql
and as far as seoond wave is concerned (Q,-q)2m
q,
Thus, distribution factors
Km. = Sin 8 (Q+a) .ﬁ] for 60° phase spread
g Sin (Qp+q), 98.
q

1
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= 8in '

for 120° phase spread

= ; Q= q .|
2g Sin} 2 * .hl
b | ,

Both waves for all values of q produce the same frequency i.e. szs

2
the total electro motive force is the vectorial sum of all components.

: U o5
1.0, pl 2 qu + Y2 Eq,

The rotow electro motiv~ forces are produced by § waves of Flux density B.

B, = Adeq 1 Cos (nB, + qw t) T ™ -GG "% NS
. e irs T . i - S
2

23:‘ 5 .:‘_(}f_l i | Cos i ('\lL-ix,‘) 02 + (Ql +q) WST} f: - (Ql+~’1) ns

Ba 2 ;\dcq l]_ Coa { (\’l"l) "'2 4 ( ] -’1) wst fx\ 5 \ )l_q) ns
nq AT
5 21p¢

B, Adeq ), Cos i (Qzﬁq) b, +a w,t I F ™ BBy

ils] —
}
Ader, L Co [ ( "\-{) y ] Wt I Iv‘! - 3 B
b / 8 » by
Thus the elestye motive force in a coil of Te turns with span B
mechanical »adians ic
- Adcq . » T |
-t 2. ., ?2mRn 8inq B Te | t G v,
g ig g 5 | RS
ngle is displzcement of electre motive force from that gene.ated
In a coil zituarcd at rotovw origin. g Sl
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. L oe 4.49 P ! = 4.4 91)
@ 4.44 % 6,045 » lu.'5 250 2 10

& 1.43 volise.

Ia order to obtain the final values all 25 terme (g = p,
+ +
qa® - O’ *p, nE i 2? P} must be caleulated {procedurs as above)
and the terms of the same frequenc y added together.

2 rpm.
i A, Sie 2/ % wd £ EmyY.
. 341 2 0,174 0. 645 x10°° 50 1430
0138 22 3,934 0.0124 =16 S0 2.3
0135 26 0. 766 0.00865 x10°° 50  19.2
0216 34 0.174 0,00233 x10™ 50 5.3
L0216 36 -0, 174 -0.00214  x10"7 0 478
- 0275 26 ) 766 0176 x10"% 50 9.1
- 00104 2 6,124 -00197  x10" 0 4
- 00106 50 ~0.939 +.000863 x10°° 50 1.25
00166 10 0. 766 - 002371 x10" 80 5.2
- 00166 62  -0.766 000267 w1070 m0 .637
03 22 0. 934 0286 =100 50 6.8
00123 46 <0, 766 -.00048 m20°% 0 «1.0
00123 2 6,174 00234 =100 s sa
00197 58 939 - 00554 =10"7 B0 154
00197 14 939 00267 x10"7 S0 .31
- 00475 38 - 174 +.000872 x10°° 850 1.0
- 006187 14 9% -.600273 =100 80 .5
-, 000187 62 - 766 +.00000502 x 107 50 9106
-, 0003 2 174 000866 m10™0 80 kR
-.0005 74 174 . 000053 =100 50 «.334
- 00612 3¢ 174 .00066 =107 S0 .4
- 000242 56 - 939 L0088 =1070 50 1.80
- 000242 10 L7686 00403 =10~ 50 - 853
- 000388 0 - 174 . 0002 «10° <044
-, 350338 2 174 - 000735 = 10‘3 a0 -1.56
Resultant: . BemV
50. 1485. 7




— /| 1 ¥ &3
7\’-‘-_[—] __2_1 8in (Q,)_n:)_g-—l +q0
o Lpe B ?-’ 2

at frequency g n

ind Y2 Fe, at rrequency (Qlw.]) n

and 2 ikj at freguacncy (Ql-q) n_

If the coil spans a slot pitch then B = 27

@;‘:'—
(Rt = (Q,+q) ma = qma  + an
(Qg‘q)li. . =‘qra + an
2 Q
2
8
b = qma
Q?

Ti.e coil span factors will be of the same value but may have different

signs depending or the value of a.

The Ecu and Ec5 combinations may be combined as

(Q2+q)5‘_ = q mna

5 6-2- + . an i¢6. "B = _g_f_a
2
and (Qg"q)?_ SRR\ L TR R

Then Sin (Q2+q)n = = Sin (Qz-u._)_@_ for all values of a,
2z 2

Also Sin (Q2+q)§ = Bin (qra + am)
2 Q2

Thus

(1 : j
v2 Ec = - hdeq 2NRn_1 Te |2  Sin qu2 + 12
? mq ¢ 1l¢ 02 T2 {Q2+q Q2-q

Sin (4:"_“. + amn) l q O2

Q2 -
.~ Adcg 2‘?.?\‘1".81 Te |_2 8in q mz2 + 1, 299, Sin (qra + am) lq 6,
" 1z L I 3IT 2 Q%
137 Q,_,-‘l
Sin qma = 4+ Sinqea t+ an + for a even

Q. i qQ, - for a odd

z 2
Thus
2 Be. = -

ol

o o v

A A A e T TN Ao T 1 A T R 2

B




From the bracketed term. the 18t term gives an indication
due to the f{undsraental”’ wave asd the othar term, that due to the
rotor sluts.

The cqustions for E‘l and h& aliow these two electro
motive {orces to be found separately. These ave at frequencies
(2 + q)n. and (O, - q)a. respectiveiy but it should be noted that
for cartatn conditions these {requenciss fit into the serios associated
with Bc‘. Ec‘ wmsmrmn are qa_.

‘rhcvnhno(qhgtvnbyq-p(&xlﬁpb. Thus if the
frequency (Ql + pl)a. is to be the same as a {requency q, &, (ior

different values of g),

(Ql + q‘) b qa

feo G, 40 (6K, 4 ) Up(éK: +1)
. » |

thonlou&#u&lol .ﬂ(‘il

P

O, ¢+ 6K ™ 6!(’

s | 1 1

P

" = ‘l
i.e. o OK! 1

6p

Now K, and x: rnust both be whole numbers which can only
occuyr if Q_1 is a whole aumber.

op

C.a 0O, =gw~nwmberof slots/pole/ phase

J ;

tp Sxp

Thus for an integral siot winding on the stator tha
frequency of (O  * q)a. for one value of g is equal to the frequency

of g n for another value of g.

The same can be obisined for froquencies (O = Q).

102,






















Adeq Cos q @

1
7 {lpg - lj Cos 4 Ol - LZ Cog Q, (8, - wst)
B Adcg Cos gy &, + Adeqg ll Cos Q. Ql Cos g 61
1q lg —— -
t g lg?
+ Adeq 12 Cus )2 (g6, = wst) Ces g el
ige] ng
. Adeg | 1 Cos 3 al + 1.L [ Cos (2, +q) Ol +
T |le 7152

L. R i . . )

+ 2 Cos rLU2+¢)vl - . %] + Coc [}Qz-q) ﬁl - Q2 wg{] ?
2 le2 | !

k

i

The flux density wave with respect to the rotor is i

obtained by putting v, =
B dCQ = Adcq r 1 Cos
r —_—t it
mq I_la,
( ! [ (g
Q, +1) hﬂt} + Cos l (R,

62 +q Hstl + Ces l(c\2

This also gives five waves.

Number
of Magnitude
noles.
l. 2’, :\dCS]
nq lg
Z. 2(Q1+q) Adcq ll
7q 102
33 Q(Ql—q) Adeq ll
T 182
4, 2(Q.+q) deq 1,
2
nq lge
5. 2 (‘)?-(‘1) ".‘d':l l_\
o] Lpe

Bq + wst.

g ( 12 tw it o+ 1l

7_:—'—1

:
i

—

Cos (Ql +q) 02 + :

+ 1, {Cos (Q2+q).

J
L

-q) G - q wft]

Velocity with

regpect to stator

macn, rads per
second,

]

Velocity with

respact to rotor

mech. rads per
second.




I ————

2 1o
+ 12 lSiIl {{(:')2 —4):] # (v._qw )_I + 2 Si "( 1 £
~ W T
ey 2 s Sin  (w-qw )t - q8, | ‘
4ig , {REIE =30, | f
- Sin t(?Q +q)8, (w-qw )«il}}
2 2 gt} |
_1_5‘1 1
This gives je to a numl PN, SR L4
rives v je to 4 number of additional waves as follows, i
Magnitude Pole $ns : 2
seRoTes Pole Pairs Frequency !
) T 1
L Aql.” i
1 20 -q (2q, = ’
T i 1 L)ws +w !
: 2n !
2. Aq112 i
ey 4 W= oqu_ ?g
27 i
it
i
3. hql,l 3 E
Wty Q. +Q. - q (ql -q)d_ W |
o 1 % % b T Fis i
2% 1
1
b, Ac - ( |
\al, 1, Q, ~ %, ¥4 (Q -2, +a)w, - !
2wag3 2m i
5 1 i
. hql i, R (q, ~q)W_ 4w A
2wag3 2n
6. Aqlll2 Q, + Q2 +q ()l +2Q, +q)ws -
) 1
2mqlg” 2n 3
i
7 Aq1,’ 20
11, -9 Wi QW
Ymnqlg~ 27
2
8. Aql - qQw
\q 2 q W th
Gralgd 2n !
i
. ; ' W '
nql? 232 + q W qws ?
Tvaies 27 é
As bofore, we must consider the followilg harmonics.
Synchronous wave q = P
Stator slot q = *t Ql +P
Rotor q ® % Q2 W
However, before tabulating the various guantities of magnitude, Pole
pairs and frequency for the five waves, consider the magnitudes of the
nine terms as shown in the above table.
Remembering that ll = 0.00456 cms, 12 = 0,0073 cms, i

l3 = 0.0456 cms and lg = 0.0574b cmS, and comparing the magnitudes

tc those given on page we have the following

factor 11, 1.0, by 0.0396 '

18 7
-

l. Similar to (2), but reduced by a

el vl




2. Similar to (2). bul recuced by o iuctor_ll B8 by 0,039
21y

3,4,5 Bimilar to (2), but reduced by a hcmt—tl~. i.e. by 0,237

and 6. 1

=3

7.8.9 Similar to (4), but reduced by a factor lz » L.e. by 0.0635%
and 10, if;

Thus it 19 bmmediatoly obvious hat any resulte obvained by
including & further term in the Binomial Expansica will have a
negligibly small effect on the theoretical velues already obtalned.

Bu.
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/2 Ec, = - Adeq . 2fRn_ 1. 2_Sin q8 Tc |:19
mq 1g 7 2

2 Ee, = - Adeg . 1, 1. 2fiRn_ Sin (Q, +q) 6 Te | (Q,+q)8
g 1E2 3 1 2

) 8 x - .
¥d g F = 2%31 + 2MRn_ 1. 1, Sin (Q=9)§ Te | @-0s,
Ha )

-

,_
fot
3

= - Adeq 2MRn 1 1 t Sin (Q.+q) B Te | (Q.+3) ©
oo S el P T 2 g l aris Vg

g — Q?*_‘.

2 Ecs = + Adcq 2HRrs X s q + Sin (Qz-q)g‘Tc \ -(Qz-q) 32

g 157 979

Phase differance betwecn Dc, and Ec. is (Q,+q)e, -{ -(Qz-q)oz)

5
Al 3

Ee, = - Adeq . 2IRn_ 1 1, ¢ 2MRn_ Sin (sz)% Tcl (Q, )6,

As coils are placed in slots % has only certain descrete values

for each slot.

i.e. for origin g, = O
for next slot 92 = zn/Q2
for next slot 62 E lm/Q2 etc.
For the Nth slot 8y, = (n -~ 1) 2¢
q,

For this slot the phase displacement batween !:cu and Ecs is

202 (= L) 2%

8- -2 e = 3(n -~ 1)2%  i.e, thoy ave in phase.
2

Alsc the phase angle for Ec, may be written Q.8, + 1 9, and for the

272
diserete values given above this angle is

Q, (n ~ 1)2n + g (n - 1)2n

&

—

% 2

q/02 (n - 1)2n + (n - 1)2n

o

= q/Q, (n - 1)2n

F4

The phase angle for any slot n of electrc motive force Ecl is

a6, = 9 (n = 1)2n

%

i.e. for any particular slot n the eslectro motive forces Ecl. u

and Ec5 are all in phase and may be added arithmetically.

Thus
B = Ao o
2 Ecg /Z (Ee, + e, + Eec.)
= - Adeg 2iRn_ 1 Tc' cinq8 + g 1, Sin (Q,+a) %
s} 2 e |ty
‘ ! < Qym igt

T S kb g ] S ] ST AR o et Bt A | et

iy < SRR S o i

|
z
%
;
|




1 B0 B

e

VR =

Foad [

p——

Froun page 27 of The Performance and Dewign of Divect Cusrrent
Machines' by Clayton, we have dias

Eg= Leluctance with glotted armature
Feluctance with sinooth armature

e ] 41 '
] 3 1))

e
3

uﬂl\gz - L 013 * (2)
1
3

Considering (1)

lsl(g ' ll + 13
Therefore

il 3 l3 (Kgl -1
and from (2)

Ia = 13 (nga -~ 1)

In ueing the above formmulae, it roust be remembered tant the

slotted armature reluctance’ is ~n aversge value as weil as being an
approximate agsswnptioa. Purthermore, the determiaation of ll and lz
ie only a possible approsimaie method.

Kgl and Y.v.;z can be determined from the normal raethode (see
the above mentioned book by Clayton), 1 1 and lz are equivalent iangthe on
the assumption that the langth varies as a cosine law. despite the
relative proportions of the slot opening, slot pitch and gap leagih.

Now, if the ampere-turas at any peint are AT, than the Qux
density at that point (oo the staicr) is

i ™ pq AT
15 - ll con ('l o - l‘.g cos (1, (@, = W'z)

A the ampere turna are produced by anM- phase winding,

housed o the stator slots. cazrying o curpes !l' and having I‘l turns
per nhase
]
AT -Z?.“ ni Il Tl Fang Keq Tl (wt - t:px)

9

Footnote:
p = number of pole ralrs.

b, = number of poles after which & frectional

alot winding repeats itself.
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Wa will asswrne tha stator to have ', testh, and the vutoy

1
te have C 2 teaih. Let us assume the stator to be the primary, The

lexgth of the airga; Yetween the tope of the teath is l3.

Assurne that cthe effect of the prunary siois can be sonsidered
Ly increasing the airgap. and that this increase varios as a copine law
from the ceatre 1iaa of one stator tooth. The increased alrgso lengts
dua to the stator is then ll - l' Cos (:l Clhhnrc ulio measured in
mechanical vadians relative to the stator. By this assumption, all

harmonics caused by the slots are completely neglected.

I{ the secondary slota. O, are rmoving with respect .

2

prunary at & speed Vv mechanical radians per second, then the incroase

5
in the airgap length due to the secondary slots is

‘z - lt Cos. .‘;z(o! - U‘z)

This means that ai tirme t & O the centry of a particular toogh on the
secondary is opponite to the ¢candre of the stator tooll from which

measurement is made.
The total length of the alrgap is thue:

C - w@ J.t - W
lJ*ll.llcu“'l.l*‘l lz LAEPRLY 'g)

= 13 - ll cos ( § %" lz con f‘z (ex - U‘lj

L

where g = 1, +1 =
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P = :
g ¥ 1
S < B s
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