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(i)

ABSTRACT

Iulultistep operatÍon of a steppìng motor can be quite different

from single step operation. This thesis presentsi.a studg of the uTti-

mate performance TimitationF, of a stepping motor when supplied bg a

series of puTses for multiple stepping and for single step operation.

The resuLts have been obtained bg simulation stud.ies on AnaTog and Dig-

itaT Computers. The effects of machine and Toad parameters on the Linit-

íng performance have been obtained which should prove valuable bth fot

the designers of stepping motors and appTication engineers.
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CHAPTER I.

IMRODUCTION

In recent years the use of pulse Ëechnol-ogy in the field of aut-

onaËíc control has rapidly íncreased. In fact, the dígíta1- control- of

Ëhe tool-ing machines is being used íntensively and the number of tool--

ing machines not employíng dígital- control ís contínuously d.eelíning.

A sËepping motor is basíeaLLy a D-A convertor sínce ít is cap'

abl-e of rotating through a predetermíned angle wíËh the applícaËíon of

prescribed number of electrical- pulses. The inpuË is usually ín t-he

form of rect.angular voJ-tage pulses. The rotaËíonal angle and. the an-

gular velocity of rotation depends, _respectively, upon the pulses fed

¡ and the puJ-se rate (pip"s. )

Sasical-l-y, Ëhere are tl¡zo types of steppíng motors.

Ci) Variabl-r-rel-uctance stepping motors,

and Cíi) Permanent-magnet steppíng motors.

The variable-rel-uctance steppíng motors usualJ-y consist of t,hree

or more phases. The stator windings are housed on salíent po1-es which

form el-ectronagnetíc structures on excÍt.ation. T{hen one or more stator

windings are exeíted or energized, the rotor takes a positíonrto províde

a paËh of minimum reluctance for Ëhe magnetíc flux. tr'Ihen Ëhe windÍngs

in the stator are energÍzed one afLer another, ín a partÍcular sequence,

a contínuous motíon takes place. Excitatíon of more Ëhan one r,zinding,

sequenËia1-1-y, may be adopted to obtain a smaller sÇep- ang,l,e.

A permanenË-magneË sËepping moËor consists of a permanent magnet

roËor. The stator windings are wound on salient poles, as ín " rrrri"iî.

relucËance machine. üThen an¡r-one-of the st.ator wíndings ís energized,

f :.:-r.: ì : "1:' :

i:,.:
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Ëhe interactíon between t.he magnetíc flux set up by a stator coil and the

pernanent. magnet roËor produces torque causing the rotor to move in such

a Í¡ray thaË the magnetic moment of Ëhe permanenË magnet aligns wiËh the

stator wíndíng magnetíc field.

A number of papers have been published on the operation and an-

alysis of sËepping moÈors. The publÍshed work suffers from one draw-

back or another owing to Ëhe símpl-ístíc assumptíons made by the auËhors

and hence, a need exisËs Ëo analyse Ëhe dynamic performance of a sËepping

rroËor under Ëransient condiÈíons and t,o obtaín Ëhe límits of satisfacÉory

operaËion by simple anal-ytical expressíons. The study undertaken in

this thesís is aimed to bridge this gap. OtDonahuer has developed a

línear second-order transfer function for Ëhe analysís and approxímately

describe,ö'the dynamics of the steppíng notor fot a single step operatíon,

which ís unsuiËable for the mulËí-sËep operation Kuo, Singh and Yackel-2

have approxímated Ëhe ínductance waveforms, for a particular motor, as

Ëhe funcËíon of roËor posítíon. Theír ËreaËmenË lacks genera:liËy. AJ-so,

Ëhe adjustment. of a partícular constant in the Ëorque equat,ion just to

make Ëhe practíca1- results match rnzith the t,heoret,ical resulËs seems ar-

biLrary, sínce íts validiËy has neither been explained nor, mentioned.

VenkaËaratnam, Sarkar and Palani3 have neglect,ed índucËance ín compar-

íson with the resistance of the sËator wíndíngs. This ís equival-enË to

assumÍng constanË currents ín the stat,or windings. BuË horor far t.hey have

been abl-e Lo achíeve Ëhís ideal- currenË source pra'ctícal-l-y has not been

Índicated. The l-oad-torque has al-so been neglected in conparison wiËh

ínerËíal and frícËíonal- torques. Robinson and Tafta have also done the

analysis assumíng Èhe constant currenÈ source. VenkaËaratnam and }doulis

have replaced the rectangul-ar voltage wiËh the sínusoidal ínput for the



conveníence of analyËical treaËnenÉ

The purpose of tluis Lhesis is tc develoir the models, both anaLog

and dígital , to suíË Ëhe perfor-marnce of a variable-relucËance, (VR)

sËeppíng moËor. In ChapËer II, both analog and dígíËal- model-s fox a

símp1-e three-phase motor and a general digital*rnodel- for a P-phase mot-

or are developed. Because of Ëhe limítatíons of component.s avaílable

on the analog compuËer, the response simulaËed ís prinarily for a síngl-e

pulse. However, the simulated resul-ts serve to predict Ëhe motor perfor-

manee, when the last pulse ís applíed contínuousl-y to hold Ëhe totor aË

a desired posÍtíon, to eliminate Ëhe requirement of detentÍng wíndings,

after havíng achieved Ëhe incremenËal moËíon as desired, by suppl-yíng a

seríes of pulses or one pulse aË a Ëíme, depending upon the number of

phases and number of ËeeËh present and &he angle of roËatíon required.

The schemaËíc diagram, for símulatíng Ëhe mulËí-stef operatíon of the

VR steppíng moËor ís given ín Fíg. 2.2.2. The motor ís simulated first

by usíng Fouríer series for both voltage and inductance waveforms, second,

by generating exact voltage waveforms in Fouríer'series and fínal-ly, by

generat,ing the exacË !,raveforms boËh for vo1-tages and inductances of an

ídealized motor. Dependíng upon Ëhe shape of Ëhe supply voltage and

línductance r^raveforms of a particular motor, dependent on the shape of

Ëhe rotor sloËs and staËor pole shape, one of the above computer pro-

grams may be used Ëo economÍze t,he cornputatÍona-L tíme.

In addítíon to Ëhe development of the above simulatíon techniques, 
.,:,,,,: ,

in Chapter III expressions for an absol-ute upper líurÍÈ of frequency, t,he 
.;: "

maximum puIl-ín frequency as applicabl-e to síng1e-step operation and

multíple-strepping and for the pulI--out frequency ín terms of l-oad torque ,



ínertia and damping are deríved. The operational performance ís dj.scussed

in Chapter f-V.

Safe pu1L-in frequency in cornbination r¡ith the pull-out frequency

may be used as the perfornance criterj-on fox the sel-ecËíon of a motor

for a parËícular applicaÊíon.

Self-inductance versus posiËion curve, experímenËally deËermined

for a particular motor, ís gíven ín Appendix 3 in supporË of the theoreËical

mode1.



CHAPTER 2

ANAT,YSIS OF TITE VARIABLE RELUCTANCE

STEPPTNG MoroR 
. :,,.,',

2.t, tttn 
"o"ry.i. 

loi l"lnirji.:tt"."lJrr".u lV* .r.nntoe *o."t
The type of mot,ors being anaLyzed. here have the followíng specífic

features, detaíled briefl_y r,sith Èheír operatíon. 
-,,,.1,,,,.

(.Í) Each unÍt ís idenËical ín const,ruction Ëo others and a 1',',t'.,

P-phase moËor can easily be assembled by putËíng P-modular uníts togeËher.

Al-1 the rotors are alígned aI-ong Ëhe rotor axis. Ilowever, poles of Ëhe

stators of phase A, phase B and phase c are mis-aligned by 360/PxT de-

grees. Each roËor has as many ËeeËh (T) as a stator.

CiÍ) Torque may be íncreased by havíng nore Ëhan one uníË per

phase:

Ciií) Highest steppíng raËe can be achíeved. by:usfng thín díscs

so1-id1-y attached to Ëhe shaft Ínstead of using conventional- rotors, be-

caÉse of Ëhe 1o¡rr inertia.

To briefly explaín Ëhe principl-e of.operation of a VR motor, assume

the rotor of phase A to be ín a posítion of minímum reluctance, as shom

by solíd 1ínes in Fig.2.1,.1. T,Itren the phase B ís excited, the motor moves

one step angle in a clock¡'rise dírection to províde a pat,h a minlnum rel--

uctance for the magnetic flux of B. If Éhe staÉor coíl-s are excíËed in

sequence A>B+C, the motor would move clockw-Íse executing one sÈep angle

by excíËat.ion of one phase. It may be rotated in antí-cl-ockwíse direct-

ion by exciting the phases A+C->B? w¿th the same step. Small-er

step angles may be obtained by energization sequence of A+AB+B+BC+C->CA or

A->AC+C+CB+B->BA dependíng upon Ëhe dÍrecËion one rtTants the motor Ëo move.



F
is

-2
.t.

1.
 T

H
R

E
E

- 
P

H
A

S
E

 T
W

O
-P

O
t.E

 l
Y

l 
A

C
H

IN
E

R
.O

 T
O

R
. .::

i,.



lr..,::.:!r

The assumptions made for ttr-e anal-ysis are:

Ci) InducËances of ühe st.ator windings are functÍons of rotor

posítíon (0) only. This is eguívalent to assuming that no saËuratíon

occurs and flux J-inkages are dírectly proportional to the exciËing curr-

enËs. The inductance r¡raveforms are at fÍrsË approximated by tti.anguLar

waveforms.

Cií) The voltage input pulses are of recËangul-ar shape (røhich

ís usuall-y Ëhe case) .

(ííi) On account of the nature of rnachínes beíng anaLyzed, no

muËual- coupling exísts between coils of different phases. Thís assumpt-

ion is reasonable even for a single stator machíne so'long as only one

coíl ís excíted at one Ëlme.

Civ) The overall shape and magnitudes of inducËances of a1l_

coíls are identícal. This assumption resul-ts from the ídenËical- geo-

Detry of a1l- uníts of a mul-ti-stack machíne.

The above waveforms are approximated by the Fougier series to

al-Lornz a generalíty ín the analysis whích woul-d permíË adeguate represenË-

aËíon of non-rectangul-ar voltage pulses and non-triangular inductance

waveforms, by incl-uding an appropríate number of harmonícs for predíctÍng

the dynamic response.

The ínductance and vol.Ëage waveforms for the above motor are drarnrn

in Figs. 2.1.2 and 2.7.3.

Sínce these waveforms are períodic and saËisfy Ëhe Diric.hletrs

conditíons thaÈ they are continuous excepË for a possibÍlÍËy of finite

numbe:: of maxíma and miníma, they can be represented by infiníte series.

As d.eríved 'fn append.ix Cl), the ínductance and voltage waveforms

for phases A, B and C are:
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r,oCo ) =

r.uCo) =

and La(O) =

1] {cos 2n(0-

1'- 1l {cos 2n(0-

L
m1.Tl

L
ml-n

L
ml-n

[c-r)"

t-

,lc-t¡"

v *[-flrax '-' lI

-À 

l-n'rr=l.Lo

LZLOO*-f *rrY^t þ, I
n=l_

LZtæ.vv-l*T + F- nly 
",

L-- 2r+- æ 
n,

+f + # ,rr=, z;n
rl

C-r)t-1] cos(2no) .2.7.t.

r/3)j.2.L.2.

{l t. 2.1.3

A1so,

v6(r)

sB(r)

and
v

vc(r) = # *

=þ.þ-åF."*,+,
v v -f-_ nax r rnax,, 11 . ,2TLT,= -f * -n,oi,l¡ sintJ-) cos

"o"{ff¡ + Å (l-co"T,"r" -?.ff-l ...2.r.4
J

1
4(Ë-T/Ð. * !{r-.oÆ, ) ".r, 

znri(t-rlg) 
|T-]

.2.L.5

"i"t$) "o" 
@ryÐ * !{t-"oÆ, )"tr,4PÐ

. . . .2.L.6

The volËage equation for any one stator coíl_ ís

\ri = ícr) R + L(0) di-(Ë) + i(r) dl--(o) dgft)
dt ' - \e¡' de dt

iCe) P ís the transformer vo1-rage and ilr¡ éK)-
d0

d0 (r)
-i: r's

Ëhe back e.m.f. acËíng in opposítion Ëo the applied voltage.

or v = í(r) 'þ * dt#) +{ + L(or $icrl
l-et N;=y, R+dtAoq).:P =**åf =Aandí=x

v = ax(t) + L(0) #
or y-Ax(t)=L(€.)ff)

oï J+dÈ=,[æ
:'

AssumÍng thaË during a small- inËerval of Ëime or Ëhe step of in-
tegratíonr,O,:does noË change apprecíably Í.e., L(,s) rernaixr.s constant and so

does A.

2.r.7



2.J_ .8 .

drc (o)

d0

2.r.10.

11

log g*Ax.t+z
is the consËariÈ of íntegration.

x(t)=6

r,rÏrere Z

AË t = o,

. - -7z = frLog (y)

SubsËiËutíng back in equation 2.a.Bo, ,we get

At

" 
= los (y/ g -Ax))

v Lt/Lor=e y-Ær

* =-f, (t - e-At/t)

Therefore, ín Ëerm's of the orígína1_ parameters, we have

f r{ï.rê l -f

'=ffi ¡.-(R+P'tf")''f
'2.1.9.

Torque of the moËor can be represented by the sum of the torques

of a1l- the Ëhree indépendenË phases

TR=TO+TB+TC
dL- (0)

CÍu)' $- + le"l++

$'Cul, 
u"u (0), and .4-:tc io) can be obraíned directty from rhe

d0 d0 d0

respecËíve inducËance equatíons, 2.L.L., 2.L.2. and 2.L.3., as foll_or,rs:

dLA (0) 
'1+L-r.. - I , - 1ì_.--ãE-- = j t-y å ¡r - c-r>"J sin(2no) ..-. 2.1.11-.
fi- n=I

dh (e) 4"u ae 1 ¡ - C-r)ï sin 24(o- n/3) z.t.Lz.--æ-- = -æ _:- n 
j-

. dtc (o) 4r,, Ït 1 _:
and -1g = v f L lt - (+r¡f1 sin 2r1(e- þ ... 2.1.13.

Tr2 n=7- n
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InstanLaneous speed and position i.e.,

by usíng the equation of motion:

1q=¡9fu + Eåå + *za + rr
dt

docr)
dË

and O:Ct)_ ís obtaíned

2.L.L4.

Values of iO(t); iu(t) and ía(t) can be obtained using eguation

2.1.g. by substítutÍon of the respective values o, dLJg)f s-: 
*9:

L(0)'s, and v(t)'s. SubsËír,urion of íA(Ë), iB(r), t.i;), þCöi, *,t,

"rrd 

Ut j-(U) io .qrr" t'.on 2.1.1-0. results ín the ÍnsËantaneous torque.

The equatíons 2:t.t. - 2.L.1-4. describe the transíenË operatÍ_on

of a sËepping mot,or for multÍ-ple-step or singl-e-step operatíon for pos-

ítíonal control-.

The choice of the number of harmoni-cs to be íncluded for voltage

and ínductance waveforms dep:sn¿s upon the supply('voltage and the shape and

depËh of the rotor slot,s respectíve1y. Inclusíon of fírsË three or four

harmonics for the inducËance waveforms ís usual-l-y good enough. However,

íf higher accuracy ís desired, tests for measuïements of inductance should

be conducted aË dífferenË rot,oï positions ff the pert,inent d.ata is not

avail-able fuom'the manufacËurer, and the number of harmonics íncl-uded

should be such that the simulat.ed ínductance waveforms match as closely as

possible t,he measured ones

The resulËs from simulation studies are discussed Ín ChaþËer 4.

2.2. Anel-og model- for _t.he motor

Analog símuLaËion Ís underËaken to gaÍn an ínsight ínto Ëhe eff-
ect,s of varíous 1-oad parameters because ít is very easy to vary these

parameËers on an analog computer as compared Ëo a dígital compuËer. As

indicaËed earlíer el-ectrical-ly and magneËícally the electrícal- círcuíts

of the three phases are ísolated and hence each phase has íts Índependent

set of governíng eguat.íons. However, the Ëorques of Ëhe three independent
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phases add algebrrgieal-1-y. A block díagram, for the predicËion of Ëhe re-

sPonse of a varÍabl-e reluctance stepping rotor, when supplied by a seríes

of pulses is shown ín Fig. 2.2.2.

Because of the limited number of computíng elements avaíl-able on

Ëhe analog computer, the actual simulaËíon Ìras done only for

one step response. As the result,s obtained from the analog computer

agree wíth the results obËaíned from t,he digítal computer, for síng1-e

step operatíon, it is logical to assume t,hat anal-og model resul-Ës wíl-l-

be comparabl-e Ëo the resul-ts obtaÍned from the digíËal computer, when Ëhe

motor is supplied with a series of pulses.

The actual- simulaËíon schematic diagram for síng1-e sËep operation

is given in Fig. 2.2.L,

The Ëwo equaËíons governíng the dynamícs of Ëhe moËor are;

Jdtu- + \åå + Kzo + rr=rR
dt2

Fo:r;Ëhe-,;r-esu1Ë,s,'ín Ëhis thesis K, ís neglecËed, hence above equ-

atíon is rewrítten as:

,u'o + K-Ee
dtz rdt + Tl

A1so, v=íR*tåå + iåå'
SCALING: The scal-íng procedure

=TR

-= 
d0
dË

for

2.2.I.

2.2.2.

the analog simulatíon is íllustraËed

by one example.

TIME SCAIINGi Consider a ease, when 100 p.p.s. are

duraËion of one pul-se = # = 0.01- sec. =

real Ëíme. If T. represents the",dömputer

tíme scale factor
._T

L--
h

Choosing h = J.00, T = th = 0.01 x 100 = f. sec.

SubstítuËing t = f in equat,ions 2 .2.1., and 2.2,2., r47e get

suppl-íed.

Ì4r. Thís

time and

Therefore,

ís the

h Ëhe
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I6

Jh2 Éþ + q nål * rr = rR = T rrå#
dt2 -t

and v=iR*r.r'$i + tnå+

5 a¡.
'aF

2.2.3.

2.2.4.

MAENITIIDE SCAIING,:

rn the followíng equatÍons, subscrípted :Kts represent Ëhe mag-

nítude scale factors for respective varíables. Cm ís the maximum com-

puter vol-tage, í.e., 10 volts.

Ka = t*îl.ol = å = o.3radlv--0 cm 10

.'. e = 0.3Uradians

v max,lão/¿rl = A = o.6radls_v" do cm Tõ-
m'

å$ = o.6s radlsec

K dro = *#ÆI = +S = LO2 rad,/s2=v

*"
42a = !o2G rad./ az '

dt2

v to"*lvl = + = 2v/v+Y"r-1õ-z

9 = 2^ volts

K-. = t"+-lil = + = 2L/Ã--Í cm 10

i = 28 amps

rdT..r. rd0 
'naxl*l¡'l¿¡l y. oxto-3xe -2_______=__= =. = 0.36 X L0-. H/s_Vgm 10 v'Jv ¿r ¿v

:i: åF = 0.36 x 1o-2 S H/s

*a*l{ _ 1;5 5_tol2 = l.s x 1o*3 Hlv-'T, = cr -Tõ--



2.2.6 .

2.2.7.

2.2.8.

2.2.9.

tl'.:.' '

L7

L = lr5 x to-3n H

2X702K = -+:- = 20 A/ s-Y'- di 10
ãT

$fi=zon Lls A/s

K .- - rnaxldi-/do I = o-lT=to = 
= 6 x ro-4 ulrad-v'- dL cm - 10-

AE

å#=6xLo-4trH/rad
U, S, G, A, B, I{, D, E and F represent computer voltages for

o,å1, @, v, i, åF, ,, $i, ",,d åä respecrively.

From Ëhe above, we can wriËe the fol-lowing equatíons:

u = 0 .z x LO I r ur * u(o),
)

(0.2 B2E - O.99g6 X 104 sKl - ø.L666 X 103 TL) dT

10.6666Ã - 0.3333 x 10 B - 0.24 BM]

(B=10 | uar+s(o)
J

(i D=0.24 XL0 lMdr+D(o)
I

å# = #" å+ ='6 x Io-3 $ = o x to-4¡'

: 
"Ë=o'1 

F

, pguations 2.2.5., 2.2.6,, 2.2.7., 2.2.8., arrd 2.2.g. are símulaËed

' as usual on an Analog computer. Sínce åFn, changes its sígn every nin-

ety degrees, Ëhe second harmonic of sinQ ís generat,ed as shown, (urarked

i as II) in Fíg.2.2.1. aad acconpl-ish the objective of generaring 4t (a)
:

using a comparator.

The parameters chosen for thís example are gi-ven in Appendj.x 2.

The analog model refers.to the::ir:ecta-nqr-rJ.a.r *¡o.r.tag,e nu-1_ses znl. trí-
angular inductance waveforms ^

ì - The schemaÈic and block diagrams given ín Fígs. 212.1. and 2.2.2.

g= I
)

1

.-tr-=
D

i



are considerably dÍfferent from the ones published by Kuo, síngh and

Yackel2. ft appears that they have assumed ínductances constant: Sínce.
I

no'simu.lat,íon resulËs have'beþn shornrn, those bLock díagrams2.are.probabtry

onl-y of theoreËical- ímportance.
:::.::- À áiécussion of the resulÈs is taken up in Chapter 4. :'.::,¡:,

2.3 Generâl anarysis of a variable-reluct,ance stepping moËor:

The moËor considered here ís símilar to Ëhe one descríbed ín sect- 
::.:íon 2.L. except that iË consísts of P number of units for P phases .:,::::,

j:'-::'.t:

an'pfaee of three uniËs for three phases. The rotors of aLL uníËs are
;,,,,,,i:,

alíghed axially and each unít ís st,aggered by 360/TXP d.egrees on the '",":'

stator. A three phase Ëen tooËh machine.'ís shorn¡n in Fig. 2.3.r.
:

The uníts nay be excíted, one at a time or in other possíble com- 
l

bÍnations Éo.achieve sËep angl-es srnaller than the one, rnrhen only one coil 
i

l

is exciËed at a tíme. l

The índucËance and volËage waveforms are shown in Figs . 2.3.2. 
i

and 2.3.3j, resPectivel.y; The inductance wavefolms are.períodic.funcËíons :

of 0 (nechanícal- angle) wÍth a period of.,2d", where,

PCX==.U¿s

i8

2.3.L.

and o = -369:-s P . T

The 
lu,mber of teeËh on the staËor unít, are equal- to lthernumber of

rotor teêÉh. for the Ëype of motor.s'anajyzed in,thís thesis;

The voltage waveforms are periodíc. rf K is the number of pul-

ses per second, 
" 

=* and sínce Ëhere are P phases, the períod of

Ëhe volËage waveforms ís ptr{, when only one unit ís excíËed at a tíme.

The ínductance and voltage waveforms described above are repres-

ented by Fouríer series accordÍng to Appêndili r. Therefore, we have

j.:. .
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Ll co)
2L

v,
,IT2

Lv
T-r

ð1r --¿À:
n=-l- .tL?

1

n2

L2L-v--vP1
î--L-

Zt T- nd rt2

{c-r)" -rJ cos {alco)} * ,.r'

L2(o)
?r

+v
Tr.2

cÕ

T

fiÉtr

oo
x

n=1

Lv
=

2

{(-r)'-r} .o" { $

2.3.3.

(0-(P-1)0")] * t rn

2.3.5 .

2.3.6.

2.3.7.

and LP(o)

A1so,

vI(r)

v2G)

I

I

I

t

I

and V (t)p"

Lhe

TR

Ik*","
si"(#i]]

c@¡"o" ,+f
V
max

* (l - cos 'f),
@+T

n=J.

+(1 -

P

F+ îll
n=L ['

fCl-cos

V
max

lvI max

Lnn

"o" 
gp)

Vnax, ,

ilI

cþr

;2rtn -(p) cos

I Ì,]r; -
2.3.8 .

The current in any one of the staËor coíl-s, when exciËed by vo1-t-

age ís given by

f=

as derived ín seetíon 2,L.

Torques produced by all phases can be

resultant torque. Therefore, 
'

,. dL dek-+_._*,'. 
-l' d0 dt [, " 

(R+åä. . . . 2.3.9.

added algebr'aíca1Ly to gíve

åu., "1

*+ dL,(e)
(iÈ) ;$ .i... ... 2.3.10

- -::. - -. l,

{sin 6þ "o" ,?nigÐ,

"'"cffiir]

{sín

sin

= ! G¡' Scul* îGrr, ftcu)+ ......
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directl-y

I¡7.r. t.0 .

dlt(o) 
=d0

4trce) dtzco)
d.e'de,
from equaËions

Therefore,

æ1
n=1

æ
v

n=1

(-1)n] sin

þcol are obraíned.. Të'

2.3.3., 2.3.4., and 2.3.5., by differentiaËíng

2Lv
lICf,

nlT:0-

o¿

!{,- -n

t.
n

112 co t
d0

2Lv=-
1ï0,

nnl0-0 )
{r-(-r)"} "i,' 

ì s'
d,

"d þCs ) =:5 r;" I ,' nl(o*(P-l)o¿.
do - lTcr ,å # {r - (-r)'} "í" (ft--) ' 2'3't3'

rnsranraneous values of speed and posiËion, í.e., åå*t, ,ou o(r)

are obtaín"u otrl"t:t 
rt4tï'î, g: + g0 * rL . .... 2.3.14

dt2
values of ir(t), ír(t), ir(r) are obËaíned by subsrÍËuring

respective insranËaneous values or $p.let éåft)'", L¡0¡," and v(t)'s
in equation 2.3.9. Torque ís obtaíned using equaÊíon 2.3.10.

Hence Ëhe performance characteristics are predicted for a patt-
ícular motor, by proper subsËiËutíon of the number of teeth and phases

of the motor together wíth íts electrícal and mechanical paramèters.

The computer programs are capable of simulating multi-tooth and multi-phase

machínes. It ís necessarSr beeause there is a growing trend to go in for
' more-than three phase machlnës .- '

The simulation results are discussed in Chapter 4.
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CHAPTER 3

ASSOLUTE AND SATISFACTORY PERFORMANCE LIMITS

Stepping motors are generally used for single sËep operaËíon or

mul€i-step operaËion, under various load conditíons. The need for símpJ-e

algebrþic relatíons for ppedícËing Ëhe satísfactory performânce l-ímíts

und.er dífferent modes of operaËion is Ëhus noË only apprecíable buË des-

irabl-e, because of the present inËerest in the standardízation of con-

ventíons and parameËers whÍch defíne the perfornance of Ëhe stepping

moËors

For Ëhís very purpose, a few terms are defined be1ow. They are

expressed as al-gebraíc funct.íons of the electrical and meehanical pata-

meters of the motor and Ëhe load condit,Íons l-ater in thís chapter Ëo

etrímínate the necessíty of computer simulatíon and a sËep-by-step cal-

culation which would otherwise be necessary.

(a) Maximum ttPull-ñn" Pulse Rate: - ís Ëhe maximum pul-se rate

at which Ëhe motor will respond to in either directÍon from the rest pos-

iËion withouË missÍng a sËep. There are tï^ro distinct values , fot a parË-

icul-ar Load. condítion, one for a single step operatíon and second for

multíp.le step operatíon. These a¡ee:def ined as maximum t'pull-fnnt'fre-

quency' as applícable to single step opêration and símp1y maximum "Pu11-

ín" frequency, respectively.

(b) I'laximum t?Pull-out" pulse ïaËe:. - is defined as the maximum

frequency'aË which Ëhe motor witrl operate saËisfacËoríly wíËhouË loss of

synchronian, 
ïf.ry 

trawín: 
:taïted 

the moËor at éÈ jléss.tTián maxinum pulIr
,-j

ín frequencyr.Motors'exhibí-t'considerable amounË of rÍnstabíl-íty íf sËarted
j

at pu11--ouË frequency. ThÍs ís,a1so-known'as the ¡oJx-ipur, oire:ratíng--f-requency;
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In the foll-owing, algebraíc equaËions have been derÍved and ver-

ified for the f-imitíng pulI-in and pull-out operaËíon of VR sËepping

moËors. Such eixpressíons have not been available in the published lít-

erature to Ëhe besË of the knor¿ledge of the author. These expressions

result ín a dí¿ect calculaËíon which would otherwíse be obtained. from

a numbet of Ërials using sÉep-by-sËep calculatíons ón a dígíËa1 compuËer.

,.1.t Plill--in frequency - for sí.ngle sËep operation

The dynamíc equation of the system ís

3.7.2.

The Ëhird Ëerm of equation 3.2.7. is usually neglígLbJy small and ':'.':,:',

t# + *rå* + K2o+rr=Tr"åä

Ís neglected here. Therefore,

't2 + *råå *rr = + i2 *å
The vol-tage equaËion for any coil ís gíven by

",,v{r) = í(r)R + L(o) # + í(r) %Ð g:.$) 
...;.... 3.1.3.

Sohút.ion for i(È) cannot be obtained directl¡rr:.faor equaÉíon

3.1.3.r âs it sËands. However, usíng step-by-sËep íntegratÍon, the

símul-ation resul-ts for current showed that thís curve can be fiËËed veïy

cl-ose1-y, from no load to approxímaËely half Ëhe fuLl- load torque, by

-r 1ry,i = K(l - e -'-ã)

as shown in Fíg. 3.I.L. where t< = V/R and T" ís the average tíme consËant 
,,,

of the i,iinding. (The average of L beíng taken between the stable start-

íng va1-ue of L and rnaxírnrm value of L).

substÍÉutíng the val-ue of i from equation 3.1.4. ínËo eguaËion

3.L.2. , üre geË

r# + *råå + rr = T*,<t-.-tlr"f"É
or

r # + *r å3 + rr = A(r - e-t/ra|
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where O = å *' åä = a constant, for a trianguJ.ar inductance waveforn

or g'e + + 99 + þ = årr- "-t/r ^rzAtzJdËJJ

d2o dÉor:: + 
"* = b(l -e-Ë/r")'-c r?!r.q...3.1-.5."., dtclt -

where a = 5 1 A Tl'

Jrb=Jandc=T

The noËor does not move until- Ëhe motor torque equals the load

t.orque. Let tl_ be the tíme when motor torque becomes equal to load

torque. This can be obtained by equating

Tl, = A(1 - .-t"t", r... r... 3 .L.6,

or Ë1 = r" los. t, 
-)-przl "" 3 'L'7'

¡ \rL/ Ã,,

Therefore, the equation for dynamÍcs of Ëhe mot,or such that 0 = 0

aË t = 0 and uoËor torque always greater Èhan l-oad Ëorque for t > 0

will- be

+ * "åå = b [1 -e(t+t1)''rr, -c .......3.1.8,
dt2

-deLet d, = x, and substÍtuËe in equation 3.1.8. Therefore,

dx, -(r + x")/t
if + "*t_ = blt-e t "]"-"

The generaL solution of thís equatíon is

*r_ = .1 "-"t * 
e;9 #-É "-tL/r, "^'/'"

+ q*t "-2EL/1" "-2t/t"
Therefore,



"'-rl-: 11

2B

.:,'

t=o' åå = o

This condition is easÍly jusËified for pull-in frequency since

Ëhe motor has to start from zero iniËial- velocity. But condition wil-l :..:

certainl-y be dífferent if one is lookíng for the maximurn operaüing fre- ''''

i:,'quency range for variation ín load, because motor Ís 1-íkeLy to have some ',,

b t" -ztL/Ta -2t/t"lG!_-; e e

For maximum pul-l--Ín frequency, at

iniËial speed when the next pulse is appJ-íed. IncorporaËÍng the initÍaL
condÍtion in equatÍon 3.1-,8. and substiËuting the val-ue of .1 back in
there, \^re geË

q.q = , 2) :-z- 
--tt/r" - 

o T" .^Ztl/r^ (b - c)1dr t(ara-Ð e Cq.-' e - 
a

-aË (b : q) 2 ?. '^ 
-tl/Ta '.t/Ta

=-
^- 1a--çÐ e e

, b t. -2trlr" -Zx/t"lGF e e

'+ L- ^-tt/r^ b rr ^2tr/t"Let x = 6_îá.-it e * ' Y = 6-rab " 
r

and t _ g.;g

... å3 =..(x-y -z)"-rt+z-*.-tltr + 
""'2tl'"

rntegrating $r.r.t.t;r.re get 
-t/T -2tlT

o = (x-Y -Ð++zt.-*:",-'-"*r,t--'"" *c-fr:+ Y 
Æ' 

* "z !*'... 3.1.10.
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At Ë = 0r 0 = 0r asstlllling thaË the notor Ís started fron a stable pos-

ition, Using the 1nÍtiaL condition for findÍng C2 and substÍËuËíng back

in equaËÍon 3. 1-. l-0. , hre get

o - tLåg)(r_-"-ur)-xra(l -.-t"",

Y T -2xlr+ -t' (1 -e a¡+zt

By expanding the exponentÍal- functions and negl-ecting fífth and

higher order of t and sÍnplÍfying, hre get

Q = (x:Y)a r+ -x2-# c5=r t+ -tz-#
.å t"2-å.,!r,rt +t r4=-"2-#,

a a L¿'La a a 
aaKt

Neglecting damping coefficienË K1, " = ii becomes zero

Q = r{- ttz -+ .J1 +fi r# - '2 - '1--r--a 3T" ::zla -a -Ta ,r^'

or g = Rr.4*a,rr3*err2

.bx2 ct2*-T- - z

3. l_. l-1.

:. :. .: :,

xYzyx
r^7neTe ^1 = ---T + ---- , È, =* 24T' 3T- - 3T- 6T-aa

bCXYaficr o3 = T- 2 *tl--Faa

da
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If Load torque is sinpLy an inertlal- I-oad, i.êrr T, = 0: t,

becomes zero and equatj-on 3,1,11 reduces sinply to

^ ax4
t

L2T.a

Al1owíng no overshot, whÍch

control- and notor moving the exact

duration, we have the condition for

at t=o-0=
SS,

ís an undesirable feature in precisíon

step angl-en 0", during the pu1-se

the maxímum pulI--in frequency

0
S

tf TL # 0, value of ossl

nonial given in equaËÍon 3.1-.1L and

û)=üJ-+ss ssl

=orKt=o

can be obtaíned by solving Èhe poly-

sel-ecting the mínímum real root. Ilere,

t1

L20 r 2 Ll4
FÞéìL-l

b
tr.

FIN SS = mâxi.mr¡m pul-1--in frequency for singLe step operaËÍon =
1

L/u_- .r!!rÇ.... 3.L.L2.'ss
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Ihe curyes depicting the effect of Load Ëorque on naximurn pull-

ln frequency for single step operation, from comput,er silmulation and the

expression 3,1-,t2, ate given in Figure 3,L,2,

The resul-ts are reasonabl-y good while the l-oad torque Ís l-ess than

hal-f of the na><imum torque motor can produce. It shoul-d also be noted

fron Fig, 3,L.2. Ëhat the load torque Vs, maxj-mr¡m pu1l-in frequency cur-

vê¡ as applled to síngl-e step posítional- cont,rol, fron the computer sim-

ulatÍon is always bel-ow the one obtaíned from e:çression 3.1,12. This

is because of Ëhe fact that the motor wÍ1-1 sËay stationary until motor

Ëorque becomes equal to l-oad torque and hence the volËage Í-npressed on

any of the stator coíl-s wÍl-l- face l-ess val-ue of inductance than the one

assr¡med. in expressíon 3.L.4., untÍl motor executes half of the step

ang1e. This wÍ11- cause comparatively sharper rise in current as com-

pared Ëo Ëhe ínitial- assumption. Howeveri, after half of the sËep has

been executed, excitation voltage faces hÍgher value of inductance and

currerÌt rise beeooes l-ess and less bharp. Also because of Ëhe term
.dL d0i * t- ¡¡ in the voltage equation, current will never reach Èhe uax-

f.oum vaLue assumed, Íf the pu1-se is switched off ÍmmediaËely after thä

motor has executed the step angl-e as shown in Fig. 3.1-.1. This easily

indicates Ëhat if the value of the ind.uctance is chosen such that this

vaLue occurs at g", the predicted waveform wíl-l be beËter fitted to

Ëhe actual- one. However, in thÍs case the two curves wíll cut at one
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poinË. So at lowvalues of the 1-oad torque, the predicted. frequency will

be less than Ëhe one from computer sjmul-ation and for high value of Ëor-

ques více versa, as shorm ín Fíg. 3.1.2.

The shape of the curves match wíth the one publíshed by Be11_,

Lowch and Shel-1-ey6.

3.L.2 Fult-in frequency for multiple step operatíon
cb) - i- ' - - : ' -

From equaËion 3.1.'1-1 , we have

't,o = Art4+lrt3+i.rt2

From Ëhe Fíg. 3.1.3., it ís easíly,seen that even if t,he motor

does noË execute the complete step angJ-e duríng Ëhe fírst pulse, lt,

may: stí1l- synchroni ze il.n:th Ëhe nexË pu1-se provided. thaË the motor has

moved through the angl-e V.

t)
l^o =ä'0"

^ 360-s P r T

'ê = o - is

=# þ -.J,.=# i+{

1# þ-e+1 =++ (4-P)

Therefore, for cases where 0" t Þ, for t,he maximum pull-in fre-
quency, we have Èhe condítíon

Ë=wMS , 0=V

substitut,ing thís in equat,ion 3.1.1_0.

v = orr*r4 + ar5r3 + Arw;r2
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Therefore, rÌ,fs can be obtained by slowing the above equation and sel-

ectíng the minimum real root.

FINMS = maxí-mum pull-in frequency for multipl-e steppÍng

= 1Í'4os "'3'1'J-3'
A comparison ís shown ín Fíg. 3.1.4. between maximum pul1--ín fre- 

,,,,,,,,,,t,,

quency for single sËep operatíon and maximum pull-ín frequency for muLËí-

p1e stepping.

For the reasons símílar to given ín section 3.L.(a), the value 
:,,:..:,::,;:

of the inductance Ëo be chosen for calculatíons wí11- be correspondíng ;:::;:':':

Ëo the value of ínductance at V. 1,,:,,,,;, 
.:

.i::.::-...,.

3.2. Pul-l--out, or the maxímum operat,ing frequenc)r

At the rnxímum operaËíng frequency, after having started Ëhe motor

at pul1--in frequency, or just before the pu11-ouÊ frequency, it can be

reasonabl-y assumed that 
I

Eg = K- ...3.2.t.dr ':
as shown ín Fíg. 3.2.1.

:

l'lhere K, is the maximum value of speedr moËor achieves, whenJ -- -E

started aÈ maxímum putr1---ín frequency a1-1-owing no overshoot,. This can

be obtaíned directly from equatíon 3.1.9r, by subsËitutíng w"a for t. ',' 
',;.,:,i-::-i,;:-::....''.'.

... K, = c, "-"t"" * (b-c) * , 
o t" 

^-2Y""/t" "-2tL/Ta - 
.?b r^ 

^-t""/T" 
.,r',"''- -'3 -1 - - 

" 
-f"t"{e e -GTa-Ðe ' i

-tLlTa
e - 3.2.2.

IntegratÍng equatíon 3.2.J.., we get

o = *3 t t'' 
:,:,

':Fou maximum operaÈíng frequency

at Ë=wouË , 0=e3

0 - K-ws3ouË
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or wout
e g

t

Thís is the mæ<irm¡m frequency at which t,he motor wíll operate

wÍthouË s1-ippage. However, motor wil-l- sxecute considerable amount of

ínstabil-ity if starËed at Ëhís val_ue of frequency.

It should be noted. ËhaÈ the damping effeet ís more predominanË on the

pull-ouË frequency as compared Ëo , the pull-ín frequency.

3.3. E"xpressíon for Ëhe cr.ftical number of pulses

The expressíon for the current ín any one of the stator coils, as

FOUT = pul-l--out frequency - I
I¡7out

derived ín section 2.1,., ís
! g-=, 1,-.-(n+åä-.rå1,'=re.g!-" L1-**æ"æ

rl
Ll

de.
dEJor .-(n+$f ''åg)å =r- í(R + åå

The varíable, time (t), can be

is the number of pulses e1_apsed aË any

pulse. Therefore,

.-(n+$$ åå, Y =r_
Í(R + åF ..,@J

FoÈ.',. synchronizm to be possíble, r,\7, the wídth of each pulse shoul-d

aË l-easË be such that Ëhe rotor moves Ëhrough a sËep angl_e. For t,hís to
be possible, the average speed, qp= - - witl h¡ãETa), I,ü1J.J- have t,o be at, l-east so much

that the rotor moves through the step angle, 0", in hr seconds. There-

fore,
de.. = 

0".

ot (") \'tr

0
Repl-""iog $$ ot #,., and. subsËíturing b for rhe larrer in

V

repl-aced

tíme and

trrlhere, N

wídth of each

NxüI,

is the

by

W
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equatÍon 3 .3 .L. , r^7e get

"-(n+ 
dL 

*- 

+ + = rr --ico+Ë, þ ..;..... 3 .3.2.v
If K is Ëhe number of pulses per second, w = l/K, substiË-

utíng for r^r ín eguaËion 3.3.2., r^re get

"-ß 
* $| . 0" . *l # = r - 

i(a *åå' e. t r) 
... 3.3.3.-v

Sínce, r¡re are consideríng on1-y one pulse, we subsÊítute N = I

in equation 3.3.3. Therefore,

.-(n+fþ .0" . *) u| = r - 
i(n +åå' e" ; r)

.......3.3.4.
For the machíne, havíng equal number of teeËh ín one,stator

unÍ,t, i.and roËor ,

^2n
"" - FiD

whece P = number of phases

and T = number of teeËh

Also, åå can be repl-aced by + = constant, assuming thaË

the inductance waveform is üríangul-ar.

where L-.,, = varíab1e part of Ëhe inducËance

waveform
Pe0l

and ., = _Z_"

Substituting Ëhe values of 0" and åä in equatÍon 3.3.4.,

we have L L., 
2t¡

^-(n + ] . uT= . K) å =, _''i(R 
+ o:_' Þfr'' t<)

e-0,PxI'KL=l-v
L

Get + -?Tt: = -H = a constanË for a particular moËor0, PxT

..i

Approxirúatúùg the L.H.S. of equatíon 3.1.5. by fírst two Ëerms,
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r¡Ie get
'r _ 1 ìicR+IilC)1-cR+rilc)fu = l-Ë

l_íorIc,=v 3.3.6 .

be given by

T7

6, wltert G 1s' a

.l
=

KL

Of t'='e ft,
Some of Ëhe ínferences, not

are summari-zed as fol-l-ows:
ì(i) The relation, w = G

Uurrent í:l;.-æt'A-.stator coil- may
l

corr.sgaãË;' -G-< 1

g
R

.!rr....3.3,7.

so obvious from the equaËÍon 3.3.7.,

T.j
f, derived above ís obËaí4ed dírect1-yR'

from Ëhe currenË equatíon and does not Ëake ínto consideraËion the effect

of rotor ínerËia, load torque. or dampíng. Obvíously, thís gíves us the

absol-ute upper operating frequency líurit. There ís every probabilíty that

some s1-ippage wÍll- be present, even when there is no load on t,he machine.

The less the inertia, the beËter the relatíonship wÍll hold under no load con-

dítions. Usual-ly good d.esígn of a varíabl-e rel-uctance step motor pro-

vides a mínimum rotor Ínêetia.

(Íí) The moËor wi.ll not synehronize Lf sËarted at the absolute upp-

er frequency f-inítr. even íf starËed from a stable starËíng poínË. The

possibi-líty of its synchxonizLng wíth the volËage pulses, after a few

steps have been missed, is however there. But thís Ín turn depends

upon Ëhe inertia, danping and load torque. However, it is strong[y re-

commended not to either sËart or operate Ëhe motor aË thís value of the

frequency because of the slíppage - an undesirable feaËure Ín any control.

(íii) Sínce according Ëo equation 3.3.7., mínimum width of each

pulse is ínversel-y proporËional Ëo the resistance of Ëhe wíndíng, ít may
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l-ead Ëo fairLy deceptive conclusion that one should be able Ëo improve

Èhe absol-ut.e upper operating fregueney lÍnit, to iarprcrve Ëtre average speed

beËween t,he sËeps, by including an ext,ernal resísËance ín series ¡¿íth the

stator coll-s. The answer is yes, províded Èhe resístance Íncluded is

., of resonable val-ue. BuË one should keep in mind ËhaË Ëhis will decrease ',..'.,
.:' ; .:'

t,he st,eady state value of the current and hence the torque"ËhaË can be

derived fron the moËor, because the t,orque Ís direcËly proporËional Ëo

.:.t Ëhe square of Ëhe current. :.i,. .i': ':.:'t 
,-,, .'

" Cív) As Ëhe wídËh of each pulse keeps decreasíng and when it "
. ...: .:.
,',i starts approachíng úhe ratio of inducËance/resístance, the currenË fail-s :.,.,,.,

to reach its steady state value and hence the ouËpuË torque d.ecreases.

¡)::.:.:
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CHAPTER 4

PERSORMANCE CHARACTERISTICS OF TI{E STEPPING MOTOR

SËeppíng moËor operatíon can

multi-st,ep. Based on Èhe simulatíon

LtaL, developed in Chat,er 2. boLh of

cussed as f ollor,rs:

prímarily be eÍËher single step or

results, both anal_og and dig-

these modes of operaËion are dís-

h.7 Sirigl-e stg operatÍon

fíg. 4.f..-L. - 4.7.5. depícË Ëhe performance characterístics of

a símp1-e three phase, tr^7o pole variable rel-uctance steppíng motor.

Fí9.4.1.L. shows the effect of dampíng on Ëhe posíËíonftime re-

sponse. rt is easiliz*noËíced that dampíng ís ..lmportant for the design

purposes, because this facËor basícally determines the overshoot, ríse

time and setËlíng t,íme. For al-l- practical appl-ícatíons, system should be

críËícall-y damped to obËaín the optimum seËtlíng Ëime. rf Ëhe system

ís underdamped, ít wíll execute consíderable amount of oscil-l-aËions be-

fore settl-ing doun whích is an undesírable feature. A1-so, íf the sys-

tem ís overdamped, though there are hardly arry oscíllations presenË, the

settling tíme is íncreased. I{ence, by choosíng the crit,ical value of

damping, one is able to optímíze t]ne amounË of oscillat.ions before setË-

l-íng and al-so improve the setËl-ing time. For the paiËicular motor chosen,

Ëhe críËíca1- danpíng corresponds Ëo Ka = 0.0003. The parameters of thj-s

parËícular moÈor ar,é given in Append.ix 2.

IË may be seen from the ínductance waveforms for the above machine

given ín Fig. 2.1.2. tlnat the sËable poínt for operatíon of phase A ís

at 30",; from Ëhe reference chosea.-" T[hen phase A ís excítedr'the rotor

moves in such a vray Ëhat there ís a paËh of mínimum rel-uctance for the
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flux. The motor keeps turni:rg and overshoots the stable starting point

for phase B í.re., 90o, because of íts iníËíal velocíty err"r, wt"r, $fi
for phase A has become negative. Ilowever, negaËiv. $| ""rr"es 

breaking

acËion and sËarts moving the rotor in the opposÍËe direct.ion. rn an

attemPt to get the stable poínË it overshoots againdi['t'tr-e negaËive dir:

ectíon and thís Process repeats til-l- the oscillations díe out. The Ëime

aË which the oscíllations wil-l die out will depend upon the amount of

dampíng.

Fíg. 4.7.2. depícts Ëhe effect of l-oad torque in the posítíon/Èime

ehataetexisËícs for one axbilaxaril-y chosen val-ue of damping. As is seen

from Ëhe figure¡ Ëhe overshoot becomes less and less with íncreasíng

values of the load torque. This is because of the faeË that the accel-

eratÍng torque available decreases as the load torque increases and hence,

moËor is able Ëo achíeve less speed wíth increasing load torques. rf

t,he value of load torque ís expected Ëo be faírly cl-ose Lo Ëhe maxímum

steady state torque motor can produce, it míght be a good ídea Ëo.choose

a value of damping less than the criËical- damping value. It ís because

Ëhe acceleraËíng torque wil-l- be quite small and. hence on1-y a littl-e over-

shoot. Hence, to have a l-orr val,ue of damping wí1-1- be preferabl-e to ím-

prove the settl-ing Ëime, for l-oad torques cl-ose to full- load motor torques.

Fíg. 4.L.3. gives speed/positíon characteristics wiËh Ëhree diff-

erent starÉing positíons. If t.he motor is started from a position before

the stabl-e startíng poinË, the magnitude of speed is always hígher Ëhan

Ëhe one, if the motor had been starËed from a stable startíng posiËion

and vice versa íf the motor Ís st.arËed from some poinü after the stabl-e

starting poinË, for the same val-ue of load torgue and dampÍng. This ís

because the current wíl-l- have more time Ëo rise and. hence hígher acceler-
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aËÍng torque if the moËor ís starËed from so¡e point before the stable

starËíng poínt and vice versa if the rnotor is sËarted at some poínt

afËer the stable starting positíon. However, the minimum t.íme Ëaken for

t,he execution of step angle is íncreased or decreased dependíng upon

wheËher Ëhe motoç ¡is started from some poínË before the sËab1e starting

position or after.iË, as depícted in Fíg. 4.7.4. Speed/time character-

istics , f.or arbitraríly chosen values of l-oad. torque and dampíng, with

dífferent startíng posítions, is given in Fig.4.1.5.

An explanatíon ídentical to Ëhe one gÍven for positíon/time char-

acterísËics governíng Ëhe oscíllaÉions afËer the motor has overshot Ëhe

step angle is appl-ícabl-e for other characterisËics too.

A comparíson beËween the anal-og and dígíta1 símtilat,íon resulËs

is shown in Fig . 4.I.6.

4.2, 'Multi;sÈep oper t'on

Thís can be quite dífferent from single step operaÉíon unless the

motor ís operated at extremely low frequency to all-ornr Ëhe moËor to sett-

l-e down aË Ëhe stable starËing poínt for the nexË pulse. If the motor

!.s operaËed. aË this 1ow frequency, íË vrí1-1- execute multi-step operatÍon

t¿ith the repitÍtíon of síngle-step characterist,ícs as det,aíl-ed in sect-

ion 4.1. TÎowever, thís ís an extremely undesírabl-e mode of operaËíon

because of comparaËively longer tÍme requÍred by t,he moËor t.o fol-l-ow

conmand puLses. A1so, a consíderable amount of useful Ëorque is l-osË

during the oscíllations.

Sínce the steppíng motor response depends basícall_y on Ëhe fre-

quency of input pulses, .ít,s dynamic characterístics are discussed for

three dífferent frequency regíons, as follows:

Fírst, within the l-ow frequency regíon fox a particular motor
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I .i-j_:j'

' Cabout 0 -L25p.p.s.), ttre oscíJ.laËions around the sËeps have aLmost been : '

damped ouË. The operaËion in thís frequency regíon is noË crítícal- be-

cause of Èhe amount of overshooË or undershooË and the iniËial velocity

aË Lhe poínË when next pulse is applied is pretty small. The dynalric

, "haracteristícs for operaÉíon ín thís region are given ín Fig. 4.2. 1. - ::,:::,.
:::::"

4.2.3

The second region is abouË 1:25- Z0:0 p.p.s. In Ëhís regionr.the nexË

i 
nulse is of Ëen appl-íed before the response of the,-'previous pulse has 

,r.1,.,,

' setËled dor"¡n. The response of Ëhe ner¿ step depends greaËly on the in- ,"".' '

i 
tüia1 val-ue of the angle and angular vel-ocity. For thís reason, iË is l., ':,,',",_:.'. : :

1¡ery possÍ-bl-e that in some cases an Íncorrect motíon wil-l- resulË. Ilow-

ever, ít is very J-íkely that Ëhe motor will syncTrconûze in the correcË

I dírecËíon of roËatíon provided the undershooË or overshoot aÈ a poinË i

i when next pulse is appl-ied does not exceed angle 0 or (0" + cl) res-

pecËively, as seen from Fig. 3.L.3. The dynamíc characterístícs for

Ëhis frequency regÍon are given ín Figures 4.2.4 - 4.2.6. It should be

notíced from posítion/tíme characterístics t,hat resonanË condítíons ar- l
tt

ise when an ínpuË pulse ís ínjecËed lrrto the motor before Ëhe oscíll- :

atory seËtlíng movement of the rotor resultíng from the prevíous input ;,,,',,.i.,.,.

:,', .

pu1-se has had time to díe away. Thís poÍ-nË of resonance ís assocíaËed :, ,.,:,,.:
,,t

with Ëhe drop ín torque, as shoun ín FÍg. 4.2.7. This is because of

the fact Ëhat aÈ resonance, or duríng Ëhe oscil-l-atíons, the roËor wí1-1-,

for smal-l- periods of Líme, try to move in the reverse directíon Ëo Ëhe 
i:,..,.,,..
t .tt.,',t, .'

general direcLíon since the ÍnerËía of rotor wil-l- carry ít past Ëhe ::-i : ''

ídeal- magnetic seÊtling posiËÍon and magneüíc fíeld ín correeËing Ëhís

overshoot, wi1-1- try Ëo cause the roËor Ëo move back.
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Once the moËor sËarts, Ít can räspond to hh<j¡Ëer

frequency due to the moment. of inerËia of t,he rotor. Hence iË is poss-

ible for Ëhe pulse rate Ëo be applíed Éo the motor aË lor.,rer leve1 ínit-

LaLLy and increased subsequenËly unËil- it Ís at maximum - operaËiÊg var

l"ue raËe. Dyaainic characterist,ics for this region are given ín Figs.

4.2.8.- 4.2.70.
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CHAPTER 5

coNel.ltsroNs

Both analog and digital uodels for the dynamies response of a

sinple three-phase variable rel-uctance stepping motor ale devel.oped. A 
,,,,,,,,

generaLízed model for a multi-stack. or multi-phase urulËi-teoth rnachine,

ttavíng equal ñumber of teeËh on each sËaËor phase and rotor ís devel-oped.

Aleebrplc expressÍons'for **fur*.,pu1-L-in frequ.eney for síng1e step and 
,,,,,,,,.,,

mul.tístep operatíon are'deríved.. Expressions for maximum operatíng fre- 1"""'''

.. .. I.

queney or pu1-1--out frequency and an absol-ute upper l-ímit of frequency are ,,',',t-..

deríved. Dynamíc operat,i:ag characterístics are discussed under three díff-

erent freguency regions. . The mathematical model developed is supported by 
l

experÍmentatíon.

Thís shoul-d prove valuabl-e ,f,or both applícaËíon and desígn engin-

eers.



58

1.

,

3.

4.

REFERENCES

OtDonohue, John, P., tTransfer FuncËíon f.ox a Stepper MoËort, Con-
trol Engrg. , Vo1. B, pp. 103-i104 , November , I96L.

Kuo,8.C., Singh, G., and Yackel , R., tModel-ling and SímulaËíon of
Step Motors', I.E.E.E. Trans. r,^C-L2, pp" 745-747 , L969.

Venkataratnam, K., Sarkar, S.C., and Palani, S., tSynchronizíng
Characterístics of a Step Motort, I.E.E.E. Trans. AC-L4,

:,. ... -'' ' -.-,,,,rpp. 510-517 , 1,969.

Robinson, D.J., and TafË, C.K., tA Dynamic Aäalysis bf Magnet,íc
Steppíng MoËorst, I.E.E.E. Trans., IECI-16, pp. 111-115,
7969.

Venkataratnam, K., and Mou1i, M.C., 'Stability of SËeppíng Motorsr,
PROC. I.E.E.E., Vol. 118, No. 6, pp. 805-812, L97L.

8e11, R., Loweth, 4.C., and Shel-ley, R.8., 'The Use of SËeppíng
Motors in Numerical-ly ConËrolled Maehíne Tools - A Surnm-
ary of the Current State of DevelopmenËr, Int. J. Mach.
Tool- Des. Res. Vol. 10, pp. 417-437, Pergamon. Press, L970.

Delgado, M.4., 'MaËhematilcaL Model of a SËeppíng MoËor OperaËíng As
a Fine PosËíoner Around a Gíven SËepr, I.E.E.E. Trans.,
AC-14: pp. 394-397, L969.

Goto, T., rDynamíc Characterístícs-. of Three-Phase Step Motorsr,
E1ect. Eng. Jap.r pp. 81:92, L964.

Proct,or, J., rstepping Motors }Iove inr Prod. Engrg., Vol . 34, pp.
74-78, February L963.

Kieburtz, R.8., tThe SËep'IdoËor - The Next Advance.jÍn ConËrol Sys-
temsr, TRANS. I.E.E.E. Autom. Control-, pp. 93-103, L964.

McNaughË, D., and tr'lal-off , D., rA Review of Step Motors and RecenË
Developments in High Response UnÍtsr, Instrum. PracË.
pp. 315-322, April, 1968.

Thomas, 4.8., Fleíschauer, J., rThe Porøer SËeppíng MoËor - A New
DigíËal Actuatorr Control Engng. 4, 74, (January L957).

Pickup, I.E.D., Tippíng, D., rMethod for PredicËing the DynamÍc
Response of a Varíable - Reluctance Stepping Motor I 

,
PROC. I.E.E., Vol . L20, No. 7.

Jones, C.V., tTlnif ied Theory of ElecËrícal lfachínes t, Butter!üoith,
!967 .

Rummer, D.I., tlntroductíon to Analog Computer programmingt, New
York, Ho1Ë, Rfnehart and Llínston, Lg6g,

5.

6.

7.

8.

9.

10.

11.

L2.

13.

14.

15.



59

APPENDIX 1

FoITRTER sERTES FoR rNDuciexcn, t¡ro voLTAGE I^IAVEFoRMS

Since the waveforms for both índucËances and vol-Ëages are períodic

and sat.ísfy the Diríchletrs conditíons of beíng continuous except for

I 
the possibíLiLy of finite number of maxima and miníma, Ëhese can be

represented by an ínfinite sine and cosíne series by using Fouríer

analysis.

, 
If: f (x) is a bounded periodíc functíon of períod 2NI (i.e. ,

f (x + 2M) = f (x)) and satisfy the above conditions, Ít can be represent,-

i ed mathematically as
;

a
f(x) = + + i- ("o"osry + bosinþ

n=l-

where, If
1(

"r, = # .J t,", "o" T" dx r = o, r,2,3
-M-1.{

i *u bo = * I f (x) sin ff dx = o,t ,2,3,....
.M

A1so, íf Ëhe functÍon is e¡¡en (i.e., f (-x) = f (x), ít wí1-1- simply

a.o e9 nflxrtx) = T + ancosT-
fl=ü

Accordingly, the values of constants a, , ao and bo for the {nducË-

ance and vol-tage waveforms for a tlrree phase two teeth machíne, as shown

in Fígs. 2.L.2. and 2.7.3. respecËivel-y are as foll-ows.

(í) For the inductance waveforms

a = L +2T.o v -"mÍn
2La = v- 

fC-r>o - r]rl 
T2n2

and b = o sÍnce iL ís an even function.n
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:

Cii) For the voltage t"vsferms
2__a = :Vo J ftrax

.Vmax . tlTL'll .
A = _-:- S,Liì L__)NNTJ

VrL - 
'max l' .. -',2n.Í'lu - 
-. 

lJ. - cos (-J In fI'[ L -J'l .".j:-::'.:.:.::

AJ-so, t.he above constanËs f or the inducÉance and voltage r{ave-

forms of a multiphase mulËiteeËh VR stepping motorr as sholrin in Fígs
.t,,. ,.- 

'2.3.2. and 2.3.3. respectivel-y an'e as follows. ,,.,'',",i',.,' ,',

:::::.i:::.:: ilt: :.:

(i) For the índucÉance I^raveforms
r".lt :: .. -; : :

A = L + 2T'L a '':l'''. "" t" 
"t'O \/ ..:.Itrf-fl

.2L
a^ = v [(_r)" t] 

'fl "íÍ2rt2

and b = o becau.se'Ëhe functíon ís everÌ
." ' ,.. fl

(íí) For Ëhe voltage rraveforms
2u*"* 

l

'o=P
V' nax ,ZttTÍ.a = san (_Þ_,ftnIIv,

V
and b = nax [r '2tat '-n nT L - cos t¡:-/-.¡
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APPENDIX 2'

CHOSEN'MOTOE PARAMETERS

Chosen para.meters, for the the analog model of a partierlar motor,

are given as fol-l-ows:

-1I-i,, =3Xa9"'-Hii-..'
L-- = 9xl0-3 H

V

R =J Sì

J = Lo-6 N.m. -s2/rad



62

AP,PEÌ@Ï-X' 3 -

]"ÍEASIIRETENT OT SEI,I' INDUCTANCE

The method used here for the measuremerit of Ëhe sel-f inductance

of the stator coil was developed and used. successfuLLy by C. JOMS6,

and is expl-alned bríefly as follo¡'rs.

ln Fig. 4".3,1. L and R represent, self ínductance and resisËance

of the machíne winding. R2, R3, R4 are non-inductive resísËances; Us-

íng a dírect current, source, let Ëhe currerit through the ínductor be I'

when the brídge is balanced. trlhen Ëhe swítch S Ís opened the current

through the inductor remains ínsËanËaneousl-y aË I and subsequently

drops to zexo exponenËÍaLLy. Let v be the.instantaneous voltage across

Ëhe brídge duríng transíents. Then the insËantaneous currenË through

the lower branch w-í11 be v/(R¡ + R4) and insüanËaneous vo1-tage across

*3 wil-l be þltn, + nO)]v. The vo1-tage equaËion for the upper branch

is:

v = (R+R2) i + Låå

therefore, ínstantaneous current in the uPPer branch Ís
VEr 1 _díq "¿t

The ínstantaneous vol-tage across RZ wí11- be

(#+)" ,r?+/ "åå
Sínce the bridge ís bal-anced

Therefore, Ëhe volËage across the detector,

age dífference beËween .rrott"t";.^across RZ and R3'

' 2-r, , dius = - te*gl Lar

þ
R

þ
R4

the insËantaneous volt-

wíl-l- be
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Time inËegxaL of.

1=
th:ls voltage

fodtJc
R;

- cea-ç t

R^

- cn-Ér:l t

In^ll#l Lrr'?
,.= | tÞ., ]

will give

. d-Ëf¿il¿t
o' 

,0.

Iu,
a)

To elímínate the effect of hysteresís, switeh is reversed ínsËead

of swíËching off. In thís case-

- r l**vlL = fi ,L-çl
M"r",rr.r.nts, followíng t,he above procedure, üIere done on a Ëhree

phase twel-ve teèth machine (0" = L0", ot = 15o) and índucËance VS¡'mech-

anical angle curve is shown in Fig A;32. This is ídealized fírst by a

Ëríangular waveform and anaLyzed fínall-y by usíng analysis described ín

Chapter 2, tgi,lget as close a curve fiËËíng as possíble, by ínc1-uding Ëhe

requíred number of harmonics.
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