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Chapter 1

1*1 SmmiENT OF THE PB3BLEH

In recent years, there has been iIncreased 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

representationse

1*2 APPROACH TO THE PHOELM
During the initial phases of this iInvestigation, a
rotary electromagnet, similar to the one shown iIn Fig* 1.1,
was considered for demonstrating
the variation of torque with in-
ductance. The device was to be
of laminated construction to
avold excessive eddy currents Fig. 1.1 Rotary electromagnet

1
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Fig. 1.2 The modified one-eighth horsepower
d-c motor showing windings and slip-rings.
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relates an emf to a circuit 1n which the flux linking 1t is
time-varying. In this thesis, the rationalized MKS system

of units will be used wherein A Is expressed iIn weber turns#

2-2 THE SINGLY EXCITED SYSTB1
Consider a singly excited magnetic system, 1.e# one
which has but one series winding, such as that shown iIn the

following simplified diagram#

Fig. 2.1 A singly excited magnetic system.

Applying Kirchoffls law to the electrical circuit,

v =1ir / dA/ dt #3)
where, d A/ dt is the induced emf iIn the winding due to the
flux linking 1t. But since A= Li, where L is 1In henries,

v =1ir / d (Li)/ dt

= ir/ Ldi/ dt / i dL/ dt .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
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Again,
| L=XA/1

=g /1 (2.16)
where @ is the equivalent flux linking all N turns of a
winding. The flux is also given from Eg. 2.15 by

g=Ni0 (2.17)
Substituting for # in BEg. 2.16 yields
L = N6
=¥ /R (2.18)

Equation 2.18 may be substituted into Eg. 2.1l3 to give the
following force relation:
£=% ()2 a P/ ax
=% 724 @/ ax (2.19)
QOr, in terms of reluctance,. |

f;z_%gZ/G{Z aR/ ax

=-392 2 aR/ ax (2.20)
Also from Ege 2.15, |
| f=-i@g?aR/ dx (2.21)

For rotating devices, torque and angular displaéemeni
are analogous to force and linear displacement; hence
T=-%+¢2aR/ a e (2.22)
It follows, then, that the torque developed in the electro- f
mechanical device under consideration depends only on the
equivalent flux and the angular rate of change of the reluc-
tance. For a given value of flux, the torque is such as to

make the stored energy a minimum,.



Chap:tem 3
MEASUREMENTS

30,1 EEIYSI“AL ABEMJGEMENTS

‘ A protractor was mounted on tne hou51nc of the .
Arotaxy ele@tromagnet.to makezposslble the,measvrement of
angular dlspla@ement as shown in Flga 3 l@ A4§elnte£.to
‘"1ndlcaue angulam,dlsglacement was attached to a.eyllmdrl=

 ,.@&1 collar on . the. rotar shaflt. ”he arrangeﬂent of the :

vpnotractor and QOlnter was sueh: that vhen the magnetlc axes -

"'ci.rotar and stat@r anlncldea.at the point of. mlnlmum reluew.
:; tance9 “the: dlsplaeement was aporox1mately zex@m }As Flbo 301,_
n’elllnstratewg an exiendable‘clamp §051tloned agalnst an aux?v.‘
flllany laver Qn the4pomntei collaﬁ malntalned any desired
“,‘pmlnt oi angulax displacement whlla‘1nductance:mcasuremvnts :

~[Were belnc made@

T@ make}terque measurements9 a lemez azm was.fasﬁensivvi_w

‘ﬁ“f_;ed to a secand collar whlch turned en the 1ndlcator collar

.and could«be locked tor lt at any galnt by means,ef.a thumb
setpsanew@ A twa.sgmlngascale arrangement Was used to
; measure tue foree exerted on ﬁhe lever anm.by the,deweloped

'“*;Qtorqueo FlQHEE‘302<ShOWS the tmmquewmeasuring a@paratus xm ,

’°A¢Q@ematlon@

10



Fig. 3.1 Physical arrangements for making
inductance measurements.

Fig. 3.2 Physical arrangements for
measuring torque.
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15
changes from series ailding to series opposing, driving the
operating points of the stator well iInto the saturated

portion of its magnetization characteristic*

Efforts were, made to measure fTlux 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 iIn 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) iInductance curves* The
variation of mutual-inductance with angular displacement is
found by applying Egs* 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 i1n Fig. 3.2, d-c torque was
measured for the three magnetic circuit arrangements de-
scribed iIn 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 1In 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

18
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measurements are. shown In Fig* 3*7 as applied torque vs dis-

p lacement 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 iInductance and displacement- The
equation for applied torque, when written in terms of in-
crements and angular displacement, is

"T= - J-i2A WA G (3*4)

The i1ncrements, AL, were taken as the difference between the
points of the stator inductance curve forA6 * 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
-1 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- iInto

Eg* 3*5) yielded the curve shown in Fig* 3*8-B* Detemination
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TOROJOE.; vs DISPLACEMENT

Comparison of Calculated Torques for

Stator Winding With a-C Excitation

Fig. 3.8
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- maxxmnm possable errnx.of ten pereent occuzing Where éEj é@

’1s zhe smalles$@.

The mosz probabl@ cause af the d;screpancles noted

'ixﬁ the Oﬂm@arlsmn of the: curves of: 1nductanee ebtalned w1th}_: ,["A

| Q,ap@ an&.dwe exc;tatlena=see Flga 306=dwa5‘&a@ to the plaaeu=' 



' ment cf the search c01ls on the structuxe>of the: rotary |
-“eloctromagnetm 11 thp colls dld.not l;nk repmesentatlve

‘ffvalues,OL fluzg the resulting calculatlans fox 1nductance

| Anether source of error Was fﬁlctlonm The nse-af'
‘z-;ballp%eamlncs tended to re&uce th;s ermong hcwevemg in - the'
'feases when the rotom.Was e:;:"c:z:.ri:eﬁ..9 bjush frlctzon on the

t‘ﬁS11pbm1ngs 1n@reased‘lha




@h&@t@zzé

e Eh@j;; 'GONCIUSIONS =
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The rotaBy electrama net whlch was. develaped ln
thls)studys successfullj demanstrated the relatlonshlps
between electramagnetlc taxque and the: varlailon of 1n@uc=-
tance. As an edueatlonal tool9 1tjenables the: student. to
phys&cally vasuallze>the,ba51c pzlnclples underlying these

l relat;anghxgs by performlng experxments such as those

ﬂ.'de&exlbed hemeln@ »H;ﬁ;,

Ehe s;mllarlty o£ results @f selfmln@uctance mea=

‘rj‘surements made w1th alternatlng=~and Wltb dlre@tmcurrent

lS"ShOWh in Eigso-3@% and’ 355“ ~Although thevresult$~

‘gl;obtalned using the: fluxmetem and dlrect curzant‘were not

]altngetherusatlsiactoryg those,measurements were nore
'_\ea311y and qulckly madeo Analy51¢ af. the dlscrepan01es%

'_1n llght of the seuxces af error an@ lnstrument accura01esy

“*2ﬁitamds to. suppoxrt the bel;ef that w;zb a’ better arrangement

73@£.explczihg @01139 fluxmeter'mea$uzements WOHI@ be adequata

~fj;to @bmaln the in@uctanae characteristica oi the rotazy

7mffele@tr@magnet in the’student laﬁomato&ya

Ehe varmatlan Qf appl;ed torque:w;tb changes 1m

1g;smored enemgy‘was ecmputed using 1ncremental changes of
. g ' ‘ |



fﬁffin@a@tance‘w1th lnezemanus of angulan displa@emento ?ﬁé

fuﬁesulis\were,ln good agreement wath the. measured torqve
r‘and wath the tbrque‘camguted using the more rlgeraus analym
gtlcal method&o Furthezzreﬁinements in measurlng technlqaes

wnuldtpmaduceseven closez.resultsbthdn th@se shown 1n

TG 39

_ Iﬂ Such a.ratany ele@tmamagneﬁ ls e@onomlgally feas;blegiy‘
HJfélSdb lts 31ze is such thut it lends 1tself to the small |
Sﬂlabaratary graup and,can be eaSle maniwulated9 disassembled ’
or examinedo Since 1t is smaf!;l;.9 zoom for St@ﬂagéflsant a
pmoblemzegﬁheﬁﬁ‘ ‘The, §urnhase and. madlfleatlon of. such

‘ @@viceﬁuére;iélatlyeiy~;nexgensive@ tD@g when,cempared with

’ }Iaﬁgéx;flgﬁm#m@untéﬁ{tx@éga .

"%2 mmmmmmm F@l EURTHEB smm o

It ms the authcm s @pinlom that further wark sh@nlﬁ

o

be‘dane*W1th thms and sxmllan dev1ces@ én 1nmes£1ga$ian

v"*fshgnld¢be;ma@e to,@etermxnartheebe;tﬁlogétion of exploring

| eoils to ebtain more melisble resulis with fluxmeter measure~

comentse o

| In omder to avoid.the effe@ts cf saturaticn durxng

"‘fmeasurements wnth the zatar and stator wandlngs ln s@ri939

"7f:a.w;nd1ng Wlth a.greate$ nnmber oft tuzns shauld be‘@nt om.

j‘the 303@&b~ Increas;ng the number oi,rntor tuzns “to. hO@ or L

i -even: 600 wauld.lead to values}of voltagesﬁ @uzfeﬁt and poweﬂ
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’-wh;ch c0u1d>be~mame readlly measuzed Wlth eonventlanal
‘xnstmumentsm XS o | |
Ehe devzce:undem.study was af lamlnateﬁ eonstruaw

- tlon to make aac measurements of 1ndvctance¢ﬁﬁssibleo ;The

l £eas1b111cy af constructing a 51m11ar device‘W1th a solzd

'*ﬁﬂ@om@ and, rotar shguld also b@ ezmlored f@r d1$e@t @u?rant

.°77excltatlan @nly@ Sudh a.dev1ce could also be used to demOQ? E

'i&trate wny lamlnatlonsAare necessary for ap@:measnrementag--':

7 iny s;ngleéghase‘operatlon Was,posqlble for the
p@esent rotazy electromagneto Eurther wurk shquld be-don@
"fao mod;zy svltable,tﬂzeemﬁhaseimachlneg for 51mllar experla'

‘?[menta wgth polyyhaseﬁexgltatlonm; Such a sarles of experi=

 *5~ments,would help the stvdent @oxrelate the bheory and mathem. f5‘"“°

'fmatical I@pmesentatlans af &areeaynase dev1ceﬁ wmth,phy31cal

'@gneepts and quantltwes,he could. actual‘y measnreo




Appendix
DETERMINATION OF THE FOURIER SERIES REPRESENTING THE
. STATOR INDUCTANCE CURVEL

The Fourier series, corresponding to the stator

inductance curve, L (X), vhere « = 28, is written

LX) = % &g # i (&, cos nx # Bp sin n«) (A.1)
where the Fourier c’gé:gficients are given by | |
Ap =2 [1/21// L(%) cos np(doc] y Qex & 27 (A.2)
27
Bh =2 [l/ZZf L(x) sin nxdvc] y 0 £xt 27 (A.3)

However, point-by-point numerical integration is used b.ecéuse
the inductance curve is non-symmetrical and hence, difficult
to integrate.
The period is first divided into m equal increments
of widthA« such that max= 27 radians or 360°, Hence,
AL = 2 7/ (A.k)
Bép:laeing do byA< , substitution of Eg. AJ+ into A.2 and A.3
ylelds
An = 2/m i L() ecos n«x (A.5)

m
By = 2/m >  L(x) sin n« (4.6)
- Q . .

where L&) is the ordinate taken at the mid-point of each

<o dE, AL Thompson, Alternating-Current and Transient Cir-
it An is, McGraw-Hill Book Coe., Ince.,-1959, pp. 227=-30.

_____ 2

v r'-.,ry



30
increment,A« « The coefficients Ay and Bp are then found by
carrying out the summations indicated in Egs. A.5 and A.6
through n harmonics. Substitution of the coefficients into
Eg. A.1 yields the solution..

L(x) = 0482 # 0.00583 sin« # 0.261 cose # 0.0202 sin 2u-
 0.0335 cos 2« # 0.00%16 sin 3« # 0.0266 cos 3o #
0.0019 sin Lo = 0.0102 cos Ik A¥£ 0,001L7L sin 5« #
0.00582 cos H¢f - 0.0041 cos 6ol ¢ 0.002 cos T £
0.0005 sin 8 - 0.00202 cos 8 (4.7)
Performing the differentiation gives '
dL/ dx = 0.00583 cose = 0.261 sinet# 0.040L cos 2e £
| 0.067 sin 2« £ 0.0125 cos 3 = 0.0798 sin 3 #
0.0076 cos L« £ 0.0408 sin Le(£ 0,00855 cos Hot =
0.,0291 sin 5« = 0.0246 sin 6« — 0.01% sin 7« #
0.00% cos 8« # 0.0162 sin 8« (4.8)

Since the inductance curve is periodie in 7 mechani-
cal radians or one-half revolution, « = 2 &, The applied
torque, Eg. 3.5, then becomes in temrms of « ,

T=- 2% 12 al/a«]

T=- 12 al/ ax (£.9)
BEvaluating Egs. A.7 and A.8 for one-half revolution and
Eg. A.9 for I = 0.79 amps, DC, gives the results tabulated
in Table I and the curve shown in Fig. 3.8-B.
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=26 = angula:e disple@cement in. degrees

&
u

1nduce<i emi' In volts

l.;!:

e
' = force im. newton& A
g = Ni = MME’ in @m‘gerep’cum&
@ = equivalent I‘lux i we‘ner.s
= cnrrent in am_gerss
self=1nductance in hepm es:
= flux 11rﬁ£ages in Webemwturns

o= mutualwlnductancea

:nadlan ﬁ:t:equency 9 27f f’

i

i
L =
A=
N = numbez: off turns. @f a g:.ven w:mdlng
w
E‘: pover Im Wat‘ts
P = magnetic piermeance
zé:" '-x nesas;tance* :.Ln @& 3 o ‘
« : magnetlf@ Ifelu@.tancs« m amp ere *tuma p\e::rt Wedbe\r
V= te:ﬁque, I newtonametexs |
& = angulan @1;s;g.la-c;ement :Ln degness. -
W= a@fﬂ.‘ﬁie‘éﬁi ‘enf, T volts: |
Wele@ty mech,, £14 = energy. in. joules:
dlsplacemen'b, 111 me'tezza
X;L = Induetive: ﬁeag;bazie;ea i @hms
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