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Chapter 1

1*1 SmmiENT OF THE PB3BLEH
In recent years, there has been increased emphasis 

placed on the more sophisticated mathematical approaches 
to circuit and machine theory. Such tendencies have made 
it; increasingly difficult for the student to grasp the 
fundamental physical concepts upon which the theory is 
based. This is especially true concerning the relationship 
between electromagnetic torque and the variation of the 
inductance parameter in rotating machines* By using the 
principles of energy storage and conversion, the problem is 
reduced to the development of a comparatively simple device 
which can be used to physically demonstrate the interrela­
tions of these phenomena, relating them to their mathematical 
rep res entations •

1*2 APPROACH TO THE P HO E LM
During the initial phases of this investigation, a 

rotary electromagnet, similar to the one shown in Fig* 1.1, 
was considered for demonstrating 
the variation of torque with in­
ductance. The device was to be 
of laminated construction to
avoid excessive eddy currents Fig. 1.1 Rotary electromagnet

1



aaaSsai;©. induetanee' measurements: possibleo- ' '
. su"bs:ejq.uent: considera-tidn- indicated that:, the mechanioal.. . ̂ 
difficulties, whleh -Mould he encountered'.vln. Mildlng the:, 
structure such as clearances^ alignment^, hearing^ etCo.g
■.'warranted, selection <af: a, similar commercial, .device which

‘l . " • . --■"■' t -t: . : . . v w ,  ; ; "
cpuld he sultaBlB' med££ied» ; r : , , . ; I t' ' • ' ■ ■

■ ’ i- ■<_ >-b.-t'........tit: vi............................
Of .Several, motors • available 9, a one-eighth horses

-ipowr d=c.. motor .with; lamihat ed. stato r was chosen, for' modlfl- 
A*, • A v -
' cation to' give ■ suitalle. ’inductance':

. • I ' A 'ment- curv.esi. .It, was; provided: with a: laminated' rotor hawing
two;, salient- poles on which „ was placed a winding,;who se ends 
^terminated on. slip= ringSd,' The modified motor is shown. In 
Figo. 10,2c-. Exploring coils for fluxmeter. readings were 
'iplac^: onAthe:::#tdn:'a^ memher#o,.. :A.:;i ■ .: A .'

,A.
■r/.:

paducqtanee: aeâ  made, utilizing stator-
,sv.

and rotor windings in/different eomhinatlons f or,. a ' tom^ete 
aycle of variation— one-half a revolution^ From EQ cycle 
.a—c; measurement's with:, conventional, indicating; voltmeters r 
■ .ammeters jv.: and wattmeter a 3; the: self—inductances: were', calcu- 
.lat:ed:'on a.'neactive: power hasls from: which the" torque vs. '
.angular; displacement characteristics: Were ohtalnedo. Similar

i:,Ax:
inductance curves were; ohtained:. for d—e measurements using
fluxmeterc.: A ,

The: effects on torque; of the variation, in inductance
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Fig. 1.2 The modified one-eighth horsepower 
d-c motor showing windings and slip-rings.
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due- to the) •waiiatian @C‘ stoited. 
ehê ĝ v' lh: the magnetic) eixeui't:, were ealemlated' and compared 
wlabh measured ¥.alues0- Salads ms* donejS)' ClJ: By using: in®re=' 
mental- ehsnges) of, Indnetanee- m t h  di splaeement^ and (2)

_ actually differentiating the analytical, expression 
oBtaihed - fdm' the indheiahhe: dmrye hsing: Pdmriem:' analysis

. ...;•.

: f Itils thesis is appended- "Eith a,- glossary of the
symWls^^mith thelh' corresponding:: dimensloEs^-used- in : 
the tdxtio, ' (See? page 33io-

/;?
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;

'2UL M jEG-TEQMEGMHI.CAL. SSSJMS . : V •;
Iko: fimSamental E,:rinc±pies:' were consMered in this 

approach to - the: study of.; eleet romechsJii'eal. energj eoziver»
: sdiozi /SeEhCsasio.’h One., is the: lavr of:' conservation of: energy

.‘which states; that- energy is neither created nor destroyed
• . . ■ ■ '':int, 'changed:: :ih 'its ;fopa<»'SSe; "Sarad^;8 s

■iast of eiectromagtief ic; ■ indhctioiiti;v-: . h: h':; ‘ . ;
: ''A; h.

', In the electroine.chanical system s.: electrical energy; :
V :may be:; transf o-imed into heat ll̂ r: ' loasesy ̂ losses due; te ..

,'  ̂ " ' ' ' ' ■ : : eddy cnrrent and hysteresis; phenomena,' ih' the. physical. strac=* .
y; v<: or converted. into: mechanical- .motion^ Mathematically^

. the>, foregoing leads to; the hasic differential, epilation 9;

' a %Leet. =  a % l d  ̂  « % a c h  : ■ ::' ; ■ :CW ; .  v :
. . where d. Select the-net. electrical input, after. i2r losses!- 
• ^ % i d  accounts for energy absorbed by the field| and d Wmech
is the- net internal, energy realized as mechanical ■ energy in^

■ eluding the mechanical losseso. .The equation holds for both. 
h ;‘motor and;' generator action altlidugh convention has' establish- 
: ' ed positive values, of elee:tri.calL.aiid mechanical, quantities 
• for the fomaero.' \ y y - f ; - ' . . : 'h - ': ;• .

• " .-Faraday 8-s law of magnetic Induction# 
: :a h: e - d t . ... . .

.... ■ ■ ■ i

(2o2) :;y
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relates an emf to a circuit in which the flux linking it is 
time-varying. In this thesis, the rationalized MKS system 
of units will be used wherein A is expressed in weber turns#

2-2 THE SINGLY EXCITED SYSTB1
Consider a singly excited magnetic system, i.e# one 

which has but one series winding, such as that shown in the 
following simplified diagram#

Fig. 2.1 A singly excited magnetic system.

Applying Kirchoff1s law to the electrical circuit,
v = ir / d A / dt (2#3)

where, d A/ dt is the induced emf in the winding due to the 
flux linking it. But since A = Li, where L is in henries, 

v =- ir / d (Li)/ dt
= ir / L di / dt / i dL/ dt (2.4)

The electrical, power input to the circuit expressed in watts 
is

p = vi
= i2r / Li di/ dt / i2 dL/ dt (2.5)

After heat losses, the differential electrical energy



. feh'' f jis:,

The:, corner required: to. change- the; stored, energy written In

.>.:v ::" ^El- dl. #  45. '
andi %%,. th®' expression’ for #. ̂ mecfe. is

■ " ; .■ " ;. ' . ' : ;.. C2eSS'
'’' . : . . ' I. ■•’ ' ■ ' ■■ ■ f :■•... " ■ • . : **■ : ; ,'■

which: Is: thei#IfferentIW.,'o# concerted. te mechanical.. - _ ■
energy:.. This.: relation may he engressed: In: terns of linear ; 
mot:Iom recalling that; '  ̂ '.h- a

' '. . ; '.. J:'V •;■■ ' ■ ' ■ -Ba©)
where f: is acting thremgh: a: dlstane®d% ■:
.In' the direction . o f : ^ ’ 'V : 1 - ,h:'' . .. ,

, % r # e n ^  fr#: %So,T '%& and &,1%

" . a ; : " (2.12)
It; folloH®:. Stem ̂ o. 2al2 that, when the: de¥,elage:d. force%: in 
memtonsgIs; Bonltlyeg;;.##',(% is: positive and. the device gl®es
mi; mechanical- energy;;'however ̂ when the., converse Is tme% 
the? force is; negative? and. mechanical energy must he; supplied 
:to:; the dWieeB,.' ;Sthted Ih:tems of energy relations^ the : h



equation- indlea.tes that., fo.n a given eiutiient developed ioncB 
seeks:, to store, the. maximum: energy in the fields Equation, 2»1B 
is; general end â P-lies: to. any singly excited, systemo,

2he: systems in. this; investigation;, were: o#e:rate&. belew 
the; region... of magnetic., saturation: in. onder: that; the; variation 
oi, inductance; i3e> a function of,' angular .displacement only» ;' • 
Generallyg economical. deslgn practice; dictates, that commercial, 
eleetroiaechanical devices operate;- around the; knee of. the
magnetic, saturation cuzveV lh such cases.3 saturation effect

' ' V  ': i' ' i' i . •• -can . he accounted fom hy using the relation, '
' - f. = i; CL/EQ;) i2- - - (2:01%)

t ' , - — • ' •“ n. - ' • ;r " ■ - -
where: !©; is, the;1 unsaturated value: of inductance; and ! is the 
value .at, the :Sniht /CDnslderedti,;; i,'

2-,% la m E E m m .  cricorr h l a i i q i s h i p s ' , 1: :; i ; . - ,
. x " ̂  ,s- s j  -- ■> . •*' ^ v .• - , r' - , 1 - i' '* . . .

Bie; inductance^;. Es may he; ezgr.essed, in terms of...other 
magnetic: parameters^ 01m8-s law for the; magnetic circuit 
states ' "

/ ' $  . . .' , . '
' ; ' . ■ ■ .-(Ell.?)

where li;.w tutiis
: . (X magnetic reluctance — - ampere;,turns, per,' wehear •- :

■ ■. ’ , ■, &  -̂ permeance^ the; reciprocal-, of reluctance 
. • '=:;:£lû ;-5h' wehers " ■ '

1-Ec Ec,. Doherty- and. E» SE<> Parit y ^Mechanical- Farce. Between 
^  , Yolo F B a  1926 ' -ELectrie/ Circuits^

1-



L. =-A/ i. 

= Nj I i 

where - is the equivalent flux linking al.l N turns of a 

winding. The flux is also given f:rom Eq .. 2.15 by 

fl = :ru.l? 
Substituting for ~· in Eq. 2.16 yields 

L=N2 CP 

= ![2 /0{ 

9 

(2 .. 16) 

(2.17) 

(2.1.8) 

Equation 2 .. 1.8 may be subs:tituted into Eq. 2.13 to give the' 

foll.owing force relation: 

f. = t (Nf) 2 d CP I dx 

Or., :Ln t.e:nns of reluctance,: 

f. =- i :;2 16\2 

=- i~2 (f2 

Also from Eq .. 2...15, 

d ~/ dx 

d f{J dx 

f = - t fl2 ct &../ dx 

(2.20) 

(2.21.) 

For rotating devices,: torque and angular displacement 

a.xe analogous, to. force and linear displacement; hence 

t = -· i •2 d6ZI ca & (2.22) 

It follows,: then, that the torque developed in the electro­

mechanical device under consideration depends only on the 

equivalent flux. and the angular rate o:r change. of the reluc­

tance:. For a given value of flux, the torque is such as to 

make the sto.red energy a minimum. 



, ChaB<teai 3/ ■:
' i s i s i i m m s "

gjBSSljCAl;.- ABBIM31EIMTE ;
. : .1 Bm).tT@e*OT:'was mounted on the housing of the-, 

rafaiQr, electromagnet to: make inssihle: the measurement of
angular: disEpiidment'v̂  shorn tii Fdgo, 3,c-.l<* pointed' to?, 
jhidilcate ahgulas: displacement was'attached to a eyllhdri- 
eal collan on the rotor, shafts She. arrangement of the
gmatTaetoT: and, pointer was, such, that when the magnetic axes - 
of rotor' and .stator colhGided. at, the? point of minimum relue=- 
tance?3. -'the;? displaeeBient was: appraximateij ser®o Is: Fig0 
• ̂ % s t f a t e s a n  . esdienSahle clamp' positioned, against: an. aux— - 
, iliary leven on the pointer collar m8.inta.ined any desired:' 
point of angular: displacement., while Inductance measurements
. were: Being madea- .;

%,.make torque? measurements^ a lewer arm .was, fasten
ed, to. a second collar which turned oh the. indicator, collar
and. could, he locked to: it at. any point: By means of a thumfe 
set=-screm», ' A., two: springe-scale, arrangement , was used, to 
measure the. force? exerted on the lever aim, by the developed.
. torques ^Ei^revScS ^  the toa^^mea^riiag . apparatus in 
-Qperatlohb,' •v" ?■■■;• -•



Fig. 3.1 Physical arrangements for making 
inductance measurements.

Fig. 3.2 Physical arrangements for 
measuring torque.



3c,:2. BBmfflJimgH’ OE lMC,TAIfCE: '
• ' ■ vErio:^ to. making measu,32ements: of. Inductance^' the ■

s:atnmflon charaGf eri'sti'c s:. of the zotaz axidl stator were 
.ohfaihed: to .■'determine theit; ■limit's of linear" magn.etisationo 
The: a=>© oharacteristics: of applied voltage: vs- exeiting ' ,
'mrreht: are;;, sho^m in. Eigc. 3̂ 3<> ■' Inductance measurements .;
. could- then he; made ■ based, on operation over the linear-por^. 
tion.. of; the'magnefigation enfvesio,, . ' ; - ■. ; " '

Using a wattmeters:-ammeterg. and voltmeter, arrange- 
'ment.g;■ the reactive .:p:Q#e#;'lnpnts "to;;the.:̂  the., rotor:g
the 'stator.9- and the rotor and stator in series were measured 
for 10®" increments., over a cycle: of. variationo, i»@» one^ 
half;' a revolution a.; Inductance; was then calculated, from the 
relationships:: 'f. ' ■ :  : • ; : -

"2; ' ' : t ' ■ i %  ;Z ] t  -
S', "v. M (3,1)

where' Y% 1% and E are the quantities: read from the voltmeter8
ammetef ahd. wattmeter, .respectivelyo- This was done for each
point of. angular, displacement. and. .-the- results were plotted
■for:.thre:@ respective: winding, arrangementso She: inductance
vs; : angular -displac eaent - curve s; are: shown in ;Fig o, . 31%', The
'decrease!'.in- induetahee:.;'̂ during-.. the. second: half' cycle:.of the ■;
:.ourvey:ftir the inductance'. of. the. rotor and stator; windings, ' 
I"/: . ■ •' '- ■ . : ' ' . •
in: .series,is .due: to: the effects of." magnetic saturation^' 
::3\'v:v.V" ''v';/''' : f yf"' -f::;

ah; anguiar ■displacement: of the.; MMF of: th# windings
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INDUCTANCE vs DISPLACEMENT
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changes from series aiding to series opposing, driving the 

operating points of the stator well into the saturated 

portion of its magnetization characteristic*

Efforts were, made to measure flux with search coils 

and a fluxmeter when direct current was applied to the 

windings so that the inductance could be computed on a basis 

of flux linkages per ampere* The results of this effort 

are shown graphically in Fig* 3*5»

The stator inductance characteristics from Figs.

3*4 and 3+5 are compared in Fig. 3+6. The curves show that 

the values based on flux measurements are generally lower 

than the corresponding values for alternating-current 

excitation due to the search coils not sampling representa­

tive values of flux*

Mutual—induetance may be obtained using Fig* 3*4 

and the relationships

Ls / Lr / 2 M = 1(series aiding) (3+2)
and

Ls / - 2 M —  k(series opposing) (3+3)
where the values of L are taken from the respective stator, 

rotor or series (aiding or opposing) inductance curves* The 

variation of mutual-inductance with angular displacement is 

found by applying Eqs* 3+2 and 3+3 at each point of dis­

placement of the curves*
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3.3 MEASUBEMENT OF TORQUE

Using the set-up shovm in Fig. 3.2, d-c torque was 
measured for the three magnetic circuit arrangements de­
scribed in section 3*2. The magnetomotive force, based on 
200 rotor and 800 stator turns, was maintained constant 
throughout this portion of the experiment. All torque 
measurements were made with direct current obtained from 
a d-c power supply and passed through a reversing switch 
and ammeter. The torque was measured at 10° intervals over 
one-half a cycle of variation— one quarter revolution—  
except for the case in which the rotor winding was excited. 
The latter was taken through a full cycle of variation. At 
each point the current was reversed and an average reading 
taken to reduce errors caused by residual magnetism. The 
current was kept constant for each set of data.

The indicator and shaft were turned through the 
proper interval and the lever-arm collar locked to the 
indicator collar. Adjustment of the former was made until 
the desired displacement was achieved.

Force was measured by means of two spring—scales 
suspended on tumbuckles— see Fig. 3*2— which were adjusted 
to read half—scale at zero torque. The difference between 
the two readings yielded the net force exerted on the rotor 
at each point. The applied torque was the product of this 
force and the length of the lever arm. The results of these



measurements are. shown in Fig* 3*7 as applied torque vs dis­
placement curves-

3-4 CALCUIATIOH OF TORQUE
Two methods of calculating applied torque, both 

based on the curves of self-inductance shown in Fig* 3-4, 
were used in this development. The first involved using 
incremental values of inductance and displacement- The 
equation for applied torque, when written in terms of in­
crements and angular displacement, is

"T = - j-i2 A It/ A 6- (3*4)
The increments, A L, were taken as the difference between the 
points of the stator inductance curve for A 6 * 10°* In 
order that the measured and calculated torques could be 
compared, the same value of direct current as was used to 
measure the stator torque was used to compute the applied 
torque characteristic shown in Fig* 3*8-A. Equation 3*4 
was used for this purpose-

The other method used for calculating the torque, 
utilising the equation

- i 1^ dL/ d6 (3*5)
required that an analytical expression be found for the 
stator inductance curve and differentiated with respect to 
angular displacement* Substituting these results— and the 
same values of direct current as previously used— into 

Eq* 3*5) yielded the curve shown in Fig* 3*8-B* Detemination

19
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!Eĥ 3 fliraneter ysedv tom: the.: flux measurements. w-as: the:
' d '■

%%;#> Its nominal, aceuraej "Has; also-
•: .one^half of one: percent of • full-, scale . readingSo, Hbsev.er.8 .
:there..'xwas, .some: quesf i-ori. a.s. to the: accuracy of . the ©alitssai



APPLIED TORQUE vs DISPLACEMENT
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; v Ihe^aerajpac^; o£ the sB®ing=-seales9- based on checks 

made with kno.i/m weights^, was .estimated to tie three pemcGHt • ' 

of the:, ©.otual; ssale 'f eadlng a at' mi"d= ac:al.eh: ’ ::
' . wv h. : . : . '/

.. . oir 1B10E;
The; largest., inshrment . errors; oee.urred. in the 

measurement, of ‘ the higher, values of Indnatance tieeause of the 
relatively small, deflexat ions, of the. instrument So, In generals? 
the., mamhmm; errors, estimated, to tie; approximately, tw# percent 3. 
occurred, at the:; lower reading So, In the middle range of 
values, and. aBove9- there were usuallyt sufficient, instruments . ! 
and scales; availatile: to;",make? readings: well up:s.c:ale:.3;. keeping 
the errors: within. the nominal accuracies, of: the individual, 
instrument S o, Is. has already tiem mentioned 9: the: er ror made 
in measuring; torque: tfith the spring =>scales; was approximately, 
■three; percent of the . scale readings^;,. '' ’ . . v

: ■ ; Ihe. maximum error: of oSsewation- made in reading the
displacement indicator for inductance:; measurements was 
measured, over, the: width of. a protractor 'division, and. found ’ 
te. tie; ;approximafely ,Scf!(31., henrleSo; f This: would represent: a 
maxiimm. p:o:ssitil.e: error' of ten. percent occuring where: SB/ d© 
is the smallest®

.'- h : The:most., protiatile cause of the discrepancies noted,
in. the: comparison. of. the;, carves of inductance: otitained’ with ■ .



merit. of the ■ s earch eoils cm the s t m e  tune of the sotar*^

''" elentEomagnet 0. If the, coils, did ncrb: li'nh representative
.r'y".:/: vainem . .the: %e.smltirig.'' ealeuliations for.. indtietance

:• muldl be,-.lptec. •
’ ' ,:, /

i.'WidtheK .scmme;:c$£v ea?2Eoi? The: ua© of

■ hadX^heaMng s: tended, to: reduce; this iiQ%T&rem.% in •• the
cases when- the.: zbto.n was:' exeitedj, ’Bmisli, fMetion on the 
:si$p¥MlEgs .iaeneased it» ;: ' - \ ; " /■

;,v. / v

: ; V ' ' \ :-v*



; / w €Ka®tear %  ■

■ :: ; ; ;■ •;■ v-v ■■ , - ;:> ■:’' :v .  , -
. :.. :/■ "•.;. The: electromagnet:. wtiSeh-was- develapad in.

tMsB. S/tud̂ g; sucgbssSilly demonatr.ated the-: redatlonshaip s
b.etw.eBn. electroiaagneTbie. taasqne. and the variation of. Induce ̂ 
tancev Is an educational. tool3. It:' enables: the student to 
physleally mSuslize: the: Msie principles: underlying these; 
relationships; hy performing e^erimenfs such as those
deseribeSi heseiBo-. : ' ' . 'r/:- " ' / ■

; ‘ Ihe Similaiit^ of. re suit's .of? sti^inihctancB:: mea-=. 
surenents made 'with alternating--'and with dineet^nnirent 
is. shown in.EigSo- 3<>̂  and 3»5o' Although the results: 
'obtained; using the flujcmeter. and. direct current were: not-' 
altogether, satisfactory g/ those measurements were; more 
easily, and. quickly madeo Analysis of the; discrepancies2 
ih light of. the; sources;, of' error and instrument accuracies 9:
' tends;' to; support the: heli'ef that, with a . letter arrangement, 
of', exploring eo.ils;9, flunmeter.: measurements; 'would, he; adequate 
to:' ohtaih; the . %  charaCtmzlstl.c# of the rdtary"
electromagnet: in the- .student laBoratoa^c- '

' • ■ The: variation of applied, torque; with changes: In,

stored' energy was computed, using ineremental changes of



2?

Snerements of: angular Slsplae^iento.' The. 

resulLts; were:; In good; agreement , with the, measured torque . 

and-, with the: torque; eompmted. using; the: more rigor ©us anal^ 

tical- methodic further refinements in measuring techniques 

would groduce:: eren. closer: results: than those: shovm in 

Eigp, "

Such a. rotary'' eleetromagnet: is economically' feaslhleg 
"iisdo. Its; size; is; such that, it lends itself to the: small 
laboratory group: ard ean be: easily^ manipulated^ disassembled 
or: examinedo- . Since it is smali3:; room. for- storage is not a.
pmablm; either^ The; purchase: and modification, of. such 
devices: are relatively inexpensive:^ to@$ when compared with
larger;floor^mounted ̂ leso, • .. - -

s i n m  ; - ■ ■ ■ ■ . '•i :
: V ; It is: the. author ̂s. opinion' that further work should 
he;, done; with this and. similar- devices;o. In investigation;
should, he made to: determine the: best, location of: exploring 
©oils, to obtain more reliable; results with fluxnieter measure­
ment s:c, . ' • '

In, order, to:-1 avoid the; effects,/©! saturation during 
' measurements with theVrator and stator; windlng:S: in: series.̂ ' 
';s„ winding;with s. greater number of:'turns should Be put cm. - ■ 
the ro.torc. Increasing the; number of rotor turns to: %00 or 
even; 6:00 would lead, to;; values;' of voltage^ current and power’



■ ifjiiicii’ eonlSi ‘b.B.V mo.Ee I’eadaly measured, with- GoraeHtlonal 
: Ingrtiaments;^ ; - --v/. / ;

' \ ■ - ’ . She/deme^ imdem' studsj was of. laminated construe^ . 
tion to. make-: â 'e measnEements of indue*ance ptissiKLeb The ; 
/feasihilfcif; emlstfiaetini a: similar. deElee iirith a solid :

■ ©.one: and rotor should also he epmlored for direct current 
: i 'eKeifatihh, "oiS a: dlerlee could, also, he used, to: demons

strafe:: why . laminations, are. neee Shary':" for measurement So • ■ /

Qnl̂ : - sihgle^hase operation. Has; po.ssihle: for the . • 
©resent rotary electromagneto. Farther worlt should, he done .

.:: to.- modify, sultahle; three-phase; machines' for similar esgeri— ' 
>v;mehts with ©olyphase: ê citationc-. Such a - series^ of e^peri^.' 

menta would- help: the: student correlate' the theory and mathe^ 
matical representations of. three-phase, devices with physical 
concepts:, and quantitles he. could, aefually measnre.c

.y.V',

■V



Appendix 

DETEBHNATION OF THE FOURIEB SERIES :REPRESENTING THE 

STATOR I~lfJUCTANCE CURVEl 

!he: Four~e~ sei'ies,_ corresponding to the: stator 

ftlduetance:: curv.e,-; L, («l, 'Where o<. :: 2&,; is written 
= 

L(o<} =- i Ae: .J L CAn cos n:l?( .J lBa sin llt~) (A.lJ 
_,.:; ( 

wh~: the; FourielJ co.efficients are given by 

.An= Z [ 11~ _j'~{"-l cos. n.<il-<] ,, Q !;_-<!;;. 2 7T (A.2) 
;z.l1 

Bn.: = 2. [ lP2~/ L(c><:) sin n<><.clP<-J ,; 0 !::.-<!;;.. 27T CA..3l 

Hnwev.er,~ p.oint~by-t:oint. numerical. inte:gration is used b.ec.ause 

the inducta.nc.e curve: is non.,..·symmetrical and hence~, difficrul t: 

to inta:gra.te:e. 

!he period is first; divided into m e~ual. increments 

of .. width.1..( such that. mLI.D( = 271 radians or 36€l0 • Hence, 

Llo( = 2 71'"/m. (A.4) 

Bepltae:ing cito( by4o< ,: substitution o:f Eq .. A.4 into A.2 and A.3 

xtel.ds 

An_- 21m - .. t:_ L{o() eos lil.o<. 
Q 
m 

En.~- 2/1D.. ~ 
0 

L(o<.) sin llLo<. (A.6) 

where L(;<l is: the ordinate~ taken at the mid..point of each 

t' 
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inCl'.ement ,_Llo<. .. The coe-fficients ~ and En are then found by 

carrying out the summations indicated in Eqs.- A.5 and A.6 

through n hannonics. Substitution of_ the eoei'ficients into 

Eq .. A..l yields the solution •. 

L(o<) ::::: 0.,482. ~ 0.,00583. sino( 1-- 0.,26l._ coso< .J. 0.,0202 sin Y-

0.,0335 cos 2.~ .J.. O.Oo416 sin 3c(,: 0.0266. cos 3o< .J. 

0.,0019 sin 1;-c:{- 0.0102 cos: 4 o( J 0.,001.7~ sin 5«. ,t 

0 .. 00582. co.s 5o( -· O.Oo41 cos: 6Ic( 1-- 0 .. 002 cos "/o< I 

o.o.oo; sin 8 - o.oo2.02. cos 8 CA. 7) 

Pem'o.rming the differentiation gives. 

d.L.I do< ::::: 0 • .oo 58 3 eo s-' - 0 .. 261. sin .c- #- 0 .Qli;Qlt cos 2 ot ,t 

0.0~7' sin Zo< ;.. 0 .. 012.5 cos Jo<- 0.,0798 sin 3 o< 1-

0.,0076. cos lt~ .;.. o .. o4o8 sin lta(.;.. o.oo855 cos 5o(-

0.,0291 sin 5o< - o .. o~ sin (l.oe- 0 .. 01~ sin 7o< .J 

o .. oo4 cos So< .;.. 0 .. 0162. sin 8 ot. (A.8) 

Since the inductance eurwe is periodic in tr mechani­

cal radians or one-half revolution, a< = 2 &. The applied 

torque,. Eq .. _1.,5, then becomes in terms of o< r 

\ = - z[t 12 dL/dO(] 

'f ::::: - 1.2 diLl d.<><. (A. 9) 

Evaluating Eqs •. A.7/ and A .. S for one-h~ revolution and 

Eq .. A .. 9 for I ::::: O.'ZJ5 amps,, DC, gives the results tabulated 

in Table: I. and the eurv:e shown in Fig. 3.8-B. 
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'2B- =- angplai;-
:.-V'., .
■6; =• induced, emf; in  ■

S : *  fid-UCB- ate:ne®t^nsK;4;';i

<7" si&li. in . amBere^dmms:. . ‘ '

^  =»■ e#iimaiien t . fimz: in . W#:ems: , 

iL' S'- cunment. in  amiezes;

L.: =- se if.“-inductance) i n ;. henitie.s. , 

/l fitiz: iitSEgens in . w^em^tunns;

E. ^  m tuaiE^ndueiance

S  ^  um tear Q f turns. i E.: giSen  winding; .

0)  =« aaadiMr. fneqaencF 9; 2 .f  f

-
v ^  sa g n e iid  genyennu^ : ^
n ^ ‘ neBistance; :  ̂ ; ■' '

^  magneti'C; reluctance) in  ampere; turns .WW&:
• .. . .  ' ' ': ' ' : -

/ tm3que; in; newton^meters. -

W ^  an^Oiar-' ddEgiaCmejit) in ; dsgniees;. : 

w —■ applied, emf in:, v o its: ' . • 'f

% Leet^; meeJijp fid , — energy in., joules):

%, =  displacement; In m eters

^  indaetiBe; reactan ce i n  dims


