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(1)
ABSTRACT

Multistep operation of a stepping motor can be quite different
from single step operation. This thesis presents:.a study of the ulti-

mate performance limitations, of a stepping motor when supplied by a

series of pulses for multiple stepping and for single step operation.
The results have been obtained by simulation studies on Analog and Dig-

ital Computers. The effects of machine and load parameters on the limit-

ing performance have been obtained which should prove valuable both for.

the designers of stepping motors and application engineers.
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CHAPTER 1
INTRODUCTION

In recent years the use of pulse technology in the field of aut-

omatic control has rapidly increased. In fact, the digital control of

the tooling machines is being used intensively and the number of tool-
ing machines not employing digital control is continuously declining.

A stepping motor is basically a D-~A converter since it is cap-

able of rotating through a predetermined angle with the application of

prescribed number of electrical pulses. The input is usually in fhe
form of fectangular voltage pulses, The rotational angle and the an-
gular velocity of rotation depends, ;espgctively,‘gpon'the pulses fed.
.and the pulse rate (P;PCS.)..

Basically, there are two types of stepping motors.

i
i
i
!
|
|

(1) Variable-reluctance stepping motors,
and (ii) Permanent-magnet stepping motors.
The variable—reluct;nce stepping motors usually consist of three
or more phases. The stator windings are housed on salient poles which
form electromagnetic structures on excitation. When one or more stator

windings are excited or energized, the rotor takes a position'to provide

a path of minimum reluctance for the magnetic flux. When the windings
in the stator are energized one after another, in a particular sequence,

a continuous motion takes place. Excitation of more than one winding,

sequentially, may be adopted to obtain a smaller step -angle.
A permanent-magnet stepping motor consists of a permanent magnet

rotor. The stator windings are wound on salient poles, as in a variable

reluctance machine. When any one of the stator windings is energized,




the interaction between the magnetic flux set up by a stator coil and fhe
permanent magnet rotor produces torque causing the rotor to move in such
a way that the magnetic moment of the permanent magnet aligns with the
stator winding magnetic field.

A number of papers have been published on the operation and an-
alysis of stepping motors. The published work suffers from one draw—
back or another owing to the simplistic assumptions made by the authors
and hence, a need exists to analyse the dynamic performance of a stepping
motor under transient conditions and to obtain the limits of satisfactory
operation by simple analytical expressions. The study undertaken in

1 has developed a

this thesis is aimed to bridge this gap. O'Donahue
1inear second-order transfer function for the analysis and approximately
describeg the dynamics of the stepping motor for a single step operation,
which ig unsuitable for the multi—étep operation Kuo, Singh and Yackel?
have approximated the inductance Wéveforms, for a particular motor, as
the function of rotor position. Their treatment lacks generality. Also,
the adjustment of a-particular constant in the torqﬁe equation just to
make the practical'results match with the theoretical results seems ar-
bitrary, since its validity has neither been explained nor mentioned.

Venkataratnam, Sarkar and Palani?

have neglected inductance in compar-
ison with the resistance of the stator windings. This is equivalent to
assuming constant currents in the stator windings. But how far they have
been able to achieve this ideal current source practically has not been
indicated. The load-torque has also been neglected in comparison with
inertial and frictional torques. Robinson and Taft" have also done the

analysis assuming the constant current source. Venkataratnam and Mouli®

have replaced the rectangular voltage with the sinusoidal input for the




' convenience of analytical treatmen;

The purpose of this thesis is tcdevelop the models, both analog
and digital, to suit the performamce of a variable-reluctance, (VR)
stepping motor. In Chapter II, both analog and digital models for a
simple three-phase motor and a general digital-model for a P-phase mot-
or are developed.' Because of the limitations of components available
on the analog computer, the response simulated is primarily for a single
pulse. However, the simulated results serve to predict the motor perfor-
mance, when the 1a$t pulse is applied continuously to hold the rotor at
a desired poéition, to eliminate the requirement of detenting windings,
after having achieved the incremental motion as desired, by supplying a
series of pulses or one pulse at a time, depending upon the number of
phases and number of teeth present and the angle of rotation required.
The schematic diagram, for simulating the multi-step operation of the
VR stepping motor is given in Fig. 2.2.2. The motor is simulated first
by using Fourier series for both voltage and inductance waveforms, second,
by generating exact voltage waveforms in Fourier' series and finally, by
generating.the exact waveforms both for voltages and inductances of an
idealized motor. Depending upon the shape of the supply voltage and
rinductance wavefofms of a particuiar motor, dependent on the shape of
the rotor slots and stator pole shape, one of the above computer pro-
grams may be used to economize the computational time.

In addition to the development of the above simulation techniques,
in Chapter III expressions for an absolute uppef limit of frequency, the
méximuﬁ'pﬁll—in frequency as applicable to single-~step operation and |

multiple-stepping and for the pull-out frequency in terms of load torque,




inertia and damping are derived. The operational performance is discussed

in Chapter TV.:
Safe pull-in frequency in combination with the pull-out frequency
may be used as the performance criterion. for the selection of a motor
for a particular application.
Self-inductance versus position curve; éxperimentally determined
for a particular motor, is given in Appendix 3 in support of the theoretical

model.




.CHAPTER 2

ANALYSTS OF THE VARIABLE RELUCTANCE

STEPPING MOTOR

2.1. ' The analysis of 'da simple three phase VR - stepping motor

The type of motors being analyzed here have the following specific
features, detailed briefly with their operation.

(&9) Each unit is identical in construction to others and a
P-phase motor can easily be assembled by putting P-modular units together.
All the rotors are aligned along the rotor axis. However, poles of the
stators of phase A, phase B and pﬁase C are mis-aligned by 360/PxT de-
grees, Each rotor has as many teeth (T) as a stator.

(i) Torque may be increased by having more than one unit per
phase.

(iii) - Highest stepping rate can be achieved by using thin discs
solidly attached to the shaft instead of using conventional rotors, be-~
cause of the low inertia.

To briefly explain the principle of-operation of a VR motor, assume
the rotor of'phase A to be in a position of minimum reluctance, as shown
by solid lines in Fig. 2.1.1.7 When the phase B is excited, the motor moves
one step angle in a clockwise direction to provide a path a minimum rel-
uctance for the magnetic flux of B. If the stator coils are excited in
sequence  A*B»>C, the motor would mové clockwise executing one step angle
by excitation of one phase. It may be rotated in anti-clockwise direct-
ion by exciting the phases AﬁE*BékWith the same step. Smaller
step angles may be obtained by energizatién sequence of A*AB*B>BC>C>CA or

A>AC+C~CB>B>BA depending upon the direction one wants the motor to move.
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The assumptions made for the analysis are:
(1) Inductances of the stator windings are functions of rotor
position (8) only. This is equivalent to assuming that no saturation

occurs and flux linkages are directly proportional to the exciting curr-

ents. The inductance waveforms are at first approximated by triangular
waveforms.

(i) The voltage input pulses are of rectangular shape (which
is usually the case).

(iii) On account of the nature of machines being analyzed, no

mutual coupling exists between coils of different phases. This assumpt-
ion is reasonable even for a single stator machine $e°'long as only one
coil is excited at one time.

@v) The overall shape and magnitudes of inductances of all
coils are identical. This assumption results from the identical geo—

metry of all units of a multi-stack machine.

The above waveforms are approximated by the Fourier series to
allow a generality in the analysis-ﬁhich would permit adequate”represent—
ation of non-rectangular voltage pulses and non-triangular inductance
waveforms, by including an appropriate number of harmonics for predicting

the dynamic response.

The inductance and voltage waveforms for the above motor are drawn
in Figs. 2.1.2 and 2.1.3.

Since these waveforms are periodic and satisfy the Dirichlet's

conditions that they are continuous except for a possibility of finite
number of maxima and minima, they can be represented by infinite series.
As derived dn appendix (1), the inductance and voltage waveforms

for phases A, B and C are:
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L 2L o
- Yoy Yoy Tt -
O =L, +5 +mm T [ D7 -1 ] cos(2n®)  ...... 2.1.1
Joien=l B
T T n -
Lg® =Ly, +3 + = I " [-1)" -1] {cos 2n(e- 1/3)}.2.1.2.
"Lv "ZLY o 1  ~ n s . 21
and LC(G) = Lmin + 5— + vﬁzé.-nél_ ;;E; 5[(_1> - 1} {cos 2n (06~ —39}.2.1.3
Also, v v o I
‘max max o |1 2nm 2nTt 2aT, . 2nTt
i = = sin(—— =2 (1l-cos ce.2.1.
YA(t) 3+ "fnﬁnél -, sin( 3 ) cos(55) + = (l cos=3 )sin =5 } 1.4
¥ (t) = Vmax + Vmaxlg)-i_ . (Znﬂ) 20T (t-T/3) +‘£(1 Znﬁ) 2nﬂ(t—T/3)
B T3 ﬂmﬁ%l n SthiT3T) cos T n T
) ..2.1.5
and
Viax . Vmax ® (1 onm 2am (£-2T/3) | 1 onm. . 247 (£-2T/3)
vVC(t) = —3——- + ..Tr.:n.zl -I_l. Sln(T) cos _—-—T_ + E(l S—)S ——'—'T——-—-
..2.1.6
The voltage equation for any one stator coil is
vi= i) R+ 1) EE 4 i i dg_é” eeeeaan 2.1.7
L(©) dl(t) is the transformer voltage and i(t) dgée) deét) is.
the back e.m.f. acting in opposition to the applied voltage.
e dL ) . ao(e)} dl(t)
or V =1i(t) ;I# + 10 T ~+ L(®)
ot Aov madl @  d0@® _ . 4L _ .
let W=y, R+ a5 T4t = R + Frali Aand 1 = x
ey o= Ax(t) + L(O) dx(t)
or y = Ax(t) = L) ———dfi‘(t)
t
1 _ dx (t)
or JL(6> ae = J y-A%(t)

Assuming that during a small interval of time or the step of in-

tegration, 0.does not change appreciably i.e., L(@) remains constant and so

does A.

|




t _ 1
T - Y log (y &) +Z e
where Z is the constant of integration.
At £t =0, x (t) = o
_ 1
Z = A log (¥)

' Substituting back in equation 2.1.8,, we get

At 1og (/G - AxY)

L

oy At/L
or Py e
or x _;,/% a e_At/L)

L dLE) ¢ @ (t)
A T dat

) t/L

i...

- R + dL) .4 (t)‘

do dt
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'2.1.9.

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

of all the three independent phases

PR =T, + T, + T

A B C
1 e Wy ay® 1, dL,, (8)
2 Y’ T de 7 W a8 2V d6
Cieanen v.. 2.1.10,

d

dLA#(G); dLB (), énd‘4E€‘(9) can be obtained directly from the

do do do

respective inductance equations, 2.1.1., 2.1.2. and 2.1.3., as follows:

dr, (0) 1 D . ‘
a6 s Q- D] sinEne) ... ceee 2.1.1L.
Ty Oy e 1 - (D sin 2806 ) ... 21002,
a0 T he1 B
- dLy () 4L, % cq 1 e 2T
and ae 2 n-;l n [ - (_1)11] s 23(6— 3 "'N2'1'13.
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Instantaneous speed and position i.e.;‘gglet and 6(t) is obtained
by using the equation of motion:
20 °d6 .
TR—J'd—t—2 ~+ KIEE- + Kze + TL ceseesss 2,1.14,

Values of iA(t);_iB(t)mand ic(t) can be obtained using equation

2.1.9. by substitution of the respective values of dL(0)'s =dO(t)

dé > dt >
"dLA(e) dLB(e)
L(®)'s, and v(t)'s. Substitution of i,(t), i_(t), i.(t), == "', —=
dL. A B C dé de
and‘—agﬂe) in equation 2.1.10. results in the instantaneous torque.

The equations 2.1.1: -~ 2.1.14. describe the transient qperation
of a stepping motor fof multiple~step or single-step operation for pos-
itional control.

The choice of the number of harmonics to be included for voltage
and inductance waveforms depends upon the supplygvoltage and the shape and
depth of the rotor slots respectively. Inclusion of first three or four
harmonics for the inductance waveforms is usually good enough. However,
if higher accﬁrécy is desired, teéts for measurements of inductance should
be conducted at different rotorbpositionsvif>the pertinent data is not
available from the manufacturer, and the number of harmonicé included
éhould be such that the simulated inducfance waveforms mafch as clbsely as
possible the measured ones.

The results from simulation studies are discussed in Chapter 4.

2.2, Analog‘model'for‘the'motor

| Analog simulation is undertaken to gain an insight into the eff~
ects of various load parametefs because it is very easy to vary these
parameters on an analog computer as compared to a digital computer. As
indicated earlier electrically and magnetically the electrical circuits
of the three phases are isolated and hence each phase has its independent

set of governing equations. However, the torques of the three independent
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phases add algebr@ically. A block.diagram, for the prediction of the re~
sponse of a variable reluctance stepping motor, when supplied by a series
of pulses is shown in Fig. 2.2.2.

Because of the limited number of computing elements available on

the analog computer, the actual simulation was dene only for
one step response. As the results obtained from the analog computer
agree with the results obtained from the digital computer, for single

step operation, it is logical to assume that analog model results will

be comparable to the results obtained from the digital computer, when the

motor is supplied with a series of pulses.
The actual simulation schematic diagram for single step operation
is given in Fig. 2.2.1..

The two equations governing the dynamics of the motor are:. . g

I e _
J-dt2 + -K1 at + Kze + TL = TR
-For.:thé:resultsin this thesis K2 is neglected, hence above equ-
ation is rewritten as:
2
0
s €L i eeieeaas 202010
a2 1de L
t
Vo= g di ; 4L d8
Also, V.= iR + L it + i 10 at ceensenaas 2.2.2.

SCALING: The scaling procedure for the analog simulation is illustrated

by one example.

TIME SCALING: Consider a case, when 100 p.p.s. are supplied. Therefore,

- duration of ome pulse = %%6- = 0.01 sec. = w. This is the

real time. If T. represents the domputer time and h the

time scale factor

.o . t =

=gl

Choosing h = 100, T = th = 0.01 x 100 = 1 sec.

Substituting t = %f in equations 2.2.1., and 2.2.2., we get
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2 d06 do _
Jh —«-—de + K hgy + T =
. dd ., dL
and V = iR + Lh I7 + ih T

MAGNITUDE SCALING:

In the following equations, subscripted K's represent the mag—

nitude scale factors for respective variables. Cm

puter voltage,

maxle -

i.e., 10 volts.

k, - DX % = 0.3 rad/v
. 6 = 0.3U radians
_ max{de/dt| _ 6 _ ‘ -
fao T cm = 15 = 0.6 rad/s-v
daT
%%- = 0.6S rad/sec
_ max|d?0/dT?| 10° _ . 2_
K 126 = — o = 10 rad/s“=V
ar?
2
4% - 0% rad/s*"
ar?
R, = maxLV - 20 _ 2.V/V
,V’ cm 10
A = 2A volts
k, = mex[t] _ 20 _ .
i cm 10
.. i = 2B amps
maxIdL$' §94 =3
. ) d6” 4T 2 8X107X6 _ 4010
S dL ém 10 .
T dT
% = 0.36 X 1072 M H/s
K - ma:ccllel - 1.5 X 10 1.5 X 107> B/V

10

2

is the maximum com~-

.H/SEVI'
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-3

e L=1.5X107D ®©
. 2x°102
KE_T = 20. A/s-V
dT
-4l _ o,y ' Als
. S =2EF A |
L
_max|dL/de| _ 6 X310  _ oo 1974 H/rad-v . .
KHQL-— po 0 =6 X 10 = H/rad=V ..
do
' "—(%‘- =6X 107 F H/rad
U, S, G, A, B, M, D, E and F represent computer voltages for
dg * d? . dL Tdid
e’d%’ e, v, 1, I L, 3%3 nd de respectively.
ar?

From the above, we can write the following equations:
U=10.2X10 J S dT + U(s), cesenan . 2,2.5,
S = j (0.2 B*F = 0.9996 X 10* SKl - 0.1666 X 10° T ) dT

. * s o0 08 00 2.2.6.
E =5 [0.6666A - 0.3333 X 10 B - 0.24 BM] ceeeeees 2,207,
B =10 J E dT + B{o) seeesess 2.2.8.
D =0.24 X 10 f M dt + D(o) ’ ceeveess 2,2,9,
dL _dL, -3 M _ -4
de dT / =6 X 10 g " 6 X10 F

| CoM_
_ .5 =0.1F

Equations 2.2.5., 2.2.6., 2.2.7., 2.2.8., and 2.2.9. are simulated '
as usual on an Analog computer. Since é—(e) changes its sign every nin-

ety degrees, the second harmonic of sinf is generated as shown, (marked

as II) in Fig. 2.2.1. and accomplish the obJectlve of generating dL (@

' us;ng a comparator.‘ ' . |
The parameters chosen for this example are given in Appendix 2.
The énaloz model refers_to.therrectanquiar voltace nulges and +ri-

angular inductance waveforms .

The schematic and block diagrams given in Figs. 2,2.1. and 2.2.2.
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are considerably different from the ones published by Kuo, Singh and

Yackel?. Tt appears that ‘they have assumed inductances constant: Since-
' . 2
no ‘simulation results have been shown, those block diagrams®are probably

only -of theoretical‘importanée:L

A discussion. of the results is taken up in Chapter 4.

2.3 ‘General analysis of a variable-reluctance stepping‘motor:'

The motor considered here is similar to the one described in sect-—

ion 2.1. except that it consists of P number of units for P phases
%i@}placefof‘thxﬁeiunits~f0r»three phases, The rotors of all units are
aligned axially and each unit is staggered by 360/TXP degrees on the
stator. A three phase ten tooth machine.is shown in Fig. 2.3.1.

The units may be excited, one at a time or in other possible com-
binations to.achieve step angles smaller than the one, when only one coil
is excited at a time.

The inductance and voltage waveforms are shown in Figs. 2.3.2.
and 2.3.%} respectively:. The inductance=waveformsfare-periodicxfunqtions

of é (mechanical ‘angle) with a»period-of'Zd, where,

a = 5 - es seessass 2.3.1.
_ 360
and Ss = PT

The number of teeth on the stator unit are equal to |the ‘number of
'rotor teéeth for the type of motors analyzed in.this thesis.
The voltage waveforms are periodic. If K is the number of pul-

ses per second, W = and since there are P phases, the period of

X
the voltage waveforms is PW, when only one unit is excited at a time.

The inductance and voltage waveforms described above are repres-

ented by Fourier Series according to Appendix I. Therefore, we have
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and

and

L, (®)

Also,

v, (&)

v, (t)

V_(t)

age is

L 21, o o ) _ L .
= = 4+ —Z % =L f¢-1)" -1}  cos {Eﬂﬁe)} + L .
2 2 2 o min
& n=1 ns
........ 2.3.3
L 2L © 1 - n ©fnm
= L + ¥ I — {(-1)" -1} cos { = (6-6)} + L
2 2 : 2 o s
........ 2.3.4
L 2L o 1. 0
= 7" + =~ 3 — {17 -1} cos{ L (e- (e-16 )} + L .
72 n=1 n?
........ 2.3.5
\'4 \
_ max ® max- p . 2nm 2nTt,
= T o2 [ - t8in (Geos (G
n=1 2
v (2nm), . 2nmEd 4,
+ (1 - cos —Er-} WS%n( PW')}_ ........ 2.3.6
_ max + @ Vmax I (Znﬂ (znﬂ(tﬁﬂv)
T TP o n cos g »-
n=1
(2nTm) . 2nm (t~w)
+ (1 - cos ——P_) sin (_E’T——)}
: cerseean 2.3.7
CTmax L e [ Vmax n ATy cog EM(E=(-1)W)
P p=1 L OT P BW
+(lfcm;@gb)mnfgmﬁ;@#%@ﬂkﬁ;~

The current in any one of the stator coils,

’ dL
‘-[1 R+ 35

given by

- \
sy
dé

dé
dt

as derived in seetion 2.1.

'dt /L}

the resultant torque Therefore,
. dL . : dL (0
_ _.:l._ e N2 1(6) 2 2(9)"15 o 1 2 E
TR = 5 Qll) T + 2(12) a8 Foeeeee. - (1P)

) cie :

. 2.3.9.

)

.\f.
|
1

LIRY
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when excited by volt-

Torques produced by all phases can be added algebﬁéically to give

.. 2.3.10
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dé(e), “"@‘ ): ..........;'?Egﬁe) are obtained

directly from equations 2.3.3., 2.3.4., and 2.3.5., by differentiating
w.r.t.0. Therefore,

2L, o710

dL . ' :
1) _ "y % L - (c1)™) sin 2T 2.3.11.
35 = Qél - {1 (1)} sin T reeeeees
dL 2L nﬂ(e -8 )
~20) v % 1 - _— 5 2.3.12
T - n§l~ n'{l --1)"} sin ST s .
dL; 2L, ; 0 (6~ (P=1)6)
and "P(0) _ Tv e Ll 3y, 2.3.13.
4 =— n§1; = {1 -7} sin (= = ). 2.3.
: > {4 . dé«t)
Instantaneous values of speed and position, i.e., ra and 6(t)
are obtained by using the equation _
2
m o= g% 4o @ L oges L. 2.3.14
de2 1dt 72 L

Values of il(t)’ iz(t), ....;. i, (t) are obtained by substltutlng

dL(G) 's. 40(x)’ s
Jdec  Tdr

in equation 2.3.9. Torque is obtained using equation 2.3.10.

respective instantaneous values of , L(B)'s and V(t)'s

Hence the performance characteristics are predicted for a part-
icular motor, by proper substitution of the number of teeth and phases
of the motor together with its electrical and mechanical parameters.

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

machines. It is necessary because there is a growing trend to go in for

~——more~thanthree phase machines.,

The simulation results are discussed in Chapter 4.
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CHAPTER 3

ABSOLUTE AND SATISFACTORY PERFORMANCE LIMITS

Stepping motors are generally used for single step operation or

muléi-step operation, under various load conditions. The need for simple
algebr@ie relations for predicting the satisfactory performance limits
under different modes of operation is thus not'bnly appreciable but des-

irable, because of the present interest in the standardization of con-

ventions and parameters which define the performance of the stepping

' motors.
For this very purpose, a few terms are defined below. They are
expressed as algebraic functions of the electrical and mechanical para-

meters of the motor and the load conditions later in this chapter to

eliminate the necessity of computer simulation and a step-by-step cal-
culation which would otherwise be necessary.

(a) Maximum "Pull-in" Pulse Rate: - is the maximum pulée rate
at which the motor will.respond to in either diréction from the rest pos-
ition Without missing a step. There are fwo distinct values, for a part-

icular load condition, one for a single step operation and second for

multiple 'step operation. These are:cdefined as maximum "Pull-fn" fre—
quency, as applicable to single step operation and simply maximum "Pull-
in" frequency, respectively..

| (b) Maximum "Pull-out" pulse rate:. - is defined as the maximum

frequency-at which the motor will operate satisfactorily without loss of

synchronizm, ‘aftes< having started the motor at 6r less than maximum pull-

in frequeankqutOrs‘exhibit*considerablé-émounﬁ«ofjinstability if started
) i ’ '
Il
i

at pull-out frequency.  This is also known as the maximum operating—frequency:
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In the following, algebraic equations have been derived and ver-
ified for the limiting pull-in and pull-out operation of VR stepping
motors. Such expressions have not beep available in the published 1lit-
erature to the best of the knowledge'of the author. These expressions
resglt in-a digect calculation whicﬂ would otherwise be obtained from

a number of trials using step-by-step calculations 6én a digital computer.

3.1.l' Pull-in frequency - for single step operation

The dynamic equation of the system is

d?o 'do 1 .2 dL
J dt2 + Kl it + Kze +.IL —v2u1; E@ ........

The third term of equation 3.2.1. is usually negligibly small and

3.1.1.

is neglected here. Therefore,

e dé - _ 1 .» 4L
Jar Y /g o s Y@ e 3.1.2

The voltage equation for any coil is given by

dl(t) dL(e)  de(t)
o dt ceeien.. 3.1.3.

Solation for i(t) cannot be obtained directly:from equation

. V(E) = ()R + L(O) - + 1i(t)
3.1.3., as it stands. However, using step-by-step integration, the
simulation results for current showed that this curve can be fitted very
closely, from no load to approximately half the full load torque, by

i=K(A —4e_ t/T é)

seeees 3.1.4,

as shown in Fig. 3.171. where K = V/R and Ta is the average time constant
of the winding. (The average of L being taken between the stable start-
ing value of L and maximum value of L).

Substituting the value of i from equation 3.1.4. into equation

3.1.2., we get

d?e - de _ 1o, -t/T_ " dL
T T ha t L T akd-e )de
or
R Ve B L X
1 de L

de?
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where A = %-KZ %%~ = a constant, for a triangular inductance waveform
a2 5 a0 , L a ~t/T
—_— _—_ e F —_— = —_ - 2
e R R T J g d-e a)
2 , _
or &2 4+ 2% Ly -T2 L, ceereeres 3.1.5.
de? dt
' K T
= 1 . - A - L
where a = 3 ‘b 3 and c¢ b

The motor does not move until the motor torque equals the load
torque., Let t1 be the time when motor torque becomes equal to load
torque. This can be obtained by equating

~t. /T
AL - e T 3y2 ceveenen. 3.1.6.

3
Il

1
1= (T, /8"

or £ T, 1oge I /2] SEEREREE 3.1.7.

Therefore, the equation for dynamics of the motor such that 6 = 0

at t = 0 and motor torque always greater than load torque for t > 0

will be
2 . -t + t,))/T
40 + a %%- = b [1~e ! a]2 - C ..se0.. 3.1,8.
de?
Let -g% = x ~and substitute’in equation 3.1.8., Therefore,
dx -(t + t.)/T
1 = - 17" "aqy2 _
pr + a x; b[l - e ] c
The general solution of this equation is
% = c. &3t (b -c) _ _;jib)Ta e_tl/Ta e—t/Ta
1 1 a (a Ta’" 1
b T, =2t /T, -2t/T_
-+ e e

(a T, - 2)

Therefore,




b
dg _ et (o) b
dt 1 a (a Ta - 1
b Ta —2tl/T =2t/Ta
+ e ; e

(a Ta - 2)
For maximum pull-in frequency, at

de

dt 0

t =0,
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ntl/Ta
e e

«t/Ta

Ce g e 301-9:

This condition is easily justified for pull-in frequency since

the motor has to start from zero initial velocity.

But condition will

certainly be different if one is looking for the maximum operating fre-

quency range for variation in load, because motor is likely to have some

initial speed when the next pulse is applied.

Incorporating the initial

condition in equation 3.1,8. and substituting the value of ¢y back in
there, we get
ae  _ I 2ib Ta e—tllTa - b Ta eHZtl/Ta ® - c)]
dt “(a Ta - 1) “(a Ta - 2) a
-at (b - ¢c) 2 ?’Ta —tl/Ta ft/Ta
e +  ——— —E—— e e
a (aT, -1)
a
. b Ta e—2tl/Ta —2t/Ta
(a Ta - 2)
b -t -
- < - 2%  Ta‘ . tl/Ta v b Ta . 2tl/Ta
(aT. ~1) ’ (aT,6 - 2)
a a
and Z b-c)
a
-t/T -2t/T
.. %% X-Y-2)e?Pirz-%xe 2 + ve a
Integrating w.T.t.g,we get
: ; -t/T =2t /T
e"at - X e a e a
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At t =0, 0 =0, assuming that the motor is started from a stable pos-
ition, Using the initial condition for finding 02 and substituting back

in equation 3.1.10., we get

-t/T
0 = E=X-Zy - _xra-e B
a a .
YT —2t/Ta
+ ——Eii @-e Y+ Z t

By expanding the exponential functions and neglecting fifth and

higher order of t and simplifying, we get

3 a2 4 3 a2 4

L. (X-Ya at® _ .2 t b-c rat 2 t
6 = 2 43 T G5 3 t 12 ]
3 4 3 4
X 2 t t Y 2 t 2 t
H SN + I
2 Ta 3 Ta 12 T 2 Ta 3T 37 2
a a
. Kl
Neglecting damping coefficient Kl’ a=-3 becomes zero
‘ 3 b 3 4
R AL b BEE ol o b b
a a 12T "Ta a 3T
a a
+ b t2 _ € t2
2 2
. _ 4 3 2 , ,
or e - Alt +A2t +A3t se e e 301.11!
where A; = X 3+ X 3 - Ay = ZYZ R 5
24 T 37T 37T 6T
a a a a
_b_C, X _ Y
and Ay = -yt TT
a a
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If load torque is simply an inertial load, i.,e,, T, K =0, t

becomes zero and equation 3.1,11 reduces simply to

b e

12 T,

Allowing no overshot, which is an undesirable feature in precision
control and motor moving the exact step angle, GS, during the pulse

duration, we have the condition for the maximum pull-in frequency

at t = W 6 = ©

126S Ta2 1/4
wSS=[ N 1 L

1f TL # 0, value of ws can be obtained by solving the poly-

sl

nomial given in equation 3.1.11 and selecting the minimum real root. Here,

et FIN 88 = maximum pull-in frequency for single step operation =

1w, g . eeseseesss 301012,
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Ihe curves depicting the effect of load torque on maximum pull-
in frequency for.single step operation, from computer simulation and the
expression 3,1.12, are given in Figure 3.1.2.

The results are reasonably good while the load torque is less than
half of the maximum torque motor can produce. It should also be noted
from Fig. 3,1.2. that the load torque Vs, maximum pull-in frequency cur-
ve, as applied to siﬁgle step positional control, from the computer sim-
ulation is always below the one obtained ffoﬁ expression 3,1.12,  This
-is because of the fact that the motor will stay stationary until motor
torque becomes equal to load torque and hence the voltage.impressed on
any of the stator coils will face less value of indﬁctance than the one
assumed in expression 3.1.4.,.until motor -executes half of the step
angle. This will caﬁse comparativeiy sharper rise in currént as com-
pared to the initial assumption. However, after half of the step has
been executed, excitation voltage faces higher value of inductance and
current rise becomes less and less Sharp. Also because of the term
i'%%«&w%% in the voltage equation, current will never reach the max- .
imum value assumed, if the pulse is switched off immediately after tha
motor has executed the step angle as shown in Fig. 3,1.1. This easily
indicates that if the value of the inductance is chosen such that this

value occurs at 65’ the predicted waveform will be better fitted to

the actual one. However, in this case the two curves will cut at one




Au

- . « = ) . - o e

> (°stdtd) Aouenheig - e | o o 2

: \ . R . S
g MO e R §31LSIYILIVEVHD SSNIJ/7INDUOL AVOT T e-Bya ‘ .
Pldail oot o8l o9l obi__ oxi oo} o8 09 op ot °
: . . . 1o
- ¥ . . .
! - S [
- - - - Pt ge
K - : po )
; . : !? B E
- mlmd uc.— <A L e .. ‘l.«. s
. . . T , 1 -
Wonh.OHQJ HQ..— ) ’ Lo . 9.0 o
° . 1 i .. v
8§, - ' 9.
0“.0.—.0.—- 0.— , . ,( . R L
. _ - 0"
> 4
i Lo 4o
. c
' - m -
uonpnddd Ag pla‘q o
uvoisppnwis Aq » W
. ’ - - QoOI\
| 4 > § o




“ 33

~point. So at low values of the load torque, the pfédicted frequency will
be less than the one from computer simulation and for high value of tor-
ques vice versa, as shown in Fig. 3.1.2.

The shape of the curves match with the one published by Bell,
Lowth and ShelleyS®.

3.1.2 ‘Pull=in frequency for multiple step operation
(b) '

From equation 3.1.11, we have

4 3 9
+ At

o = ‘th + A2£
From the Fig. 3.1.3., it is easily seen that even if the motor

does not execute the complete step angle during the first pulse, it

may™ still synchronize with the next pulse provided that the motor has

moved through the angle V.
P

G=E'GS
36
eSm]?e“""]:'
g =0a ~0
_180 [, _ 2] __ 180 rp -
T P T P
_ _ 4 ._ 360 180 [p— 2]
¥=8 =31 T [ P J
_ 180 _ _ 180 -
Fewm 12 - P+ 2] “PT (4 - P)

Therefore, for cases where GS_> ¢, for the maximum pull~in fre-
quency, we have the condition

L=y 6 =¥

substituting this in equation 3.1.10.

- 4 3 : 2
= Awyg + Agiyg” + Aging
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Therefore, Vg can be obtained by slowing the above equation and sel-

ecting the minimum real root.

. . FINMS = maximum pull-in frequency for multiple stepping
= V ‘ﬂ:; ® 6 08 00 * ‘Q .
ILWMS . 3.1.13

A comparison is shown in Fig. 3.1.4. between maximum pull-in fre-

quency for single step operation and maximum pull-in frequengy for multi-

ple stepping.

For the reasons similar to given in section 3.1.(a), the value

of the inductance to be chosen for calculations will be corresponding

to the value of inductance at V.

3.2, Pull-out or the maximum operatingifrequency

At the maximum operating frequency, after having started the motor .
at pull-in frequency, or just before the pull-out frequency, it can be

reasonably assumed that

e ,
i K3 ceesaee 3.2.1.

as shown in Fig. 3.2.1.
Where K3 . is the maximum value of speed. motor achieves, when

started at maximum pull

=in frequency allowing no overshoot. This can

be obtained directly from equation 3.1.9,;_by substituting qggifor t.

Cx e e-awss L (bme) | b T, e"ZWss/Ta e—Ztl/Ta . 2b T e—WSS/Ta
* 73 1 a (a Ta—Z) (a Ta—l)
- A
17a eeeens 3.2.2.

Integrating equation 3.2.1., we get

For maximum operating frequency,

at t =w s, 0 =8¢
V s
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.". FOUT = Pull-out frequency 2 ceeesess 3.2.3.

w
out

This is the maximum frequency at which the motor will operate

without slippage. However, motor will execute considerable amount of

 instability if started at this value of frequency.

It should be noted that the damping effect is more predominant on the
pull-out ffequency as compared to  the pull-in frequency.

3.3. Expression for the critical number of pulses

The expression for the current in any one of the stator coils, as

derived in section 2.1., is

dL _de, t |
= | 1-eRY G T
R + i]-:.c . de -
dg  dt
dL  de
- dL. = do, t . iR+ ==
or ¢ ®YFH G T -1- e &

The variable, time (t), can be replaced by N x W, Where, N
is the number of pulses elapsed at any time and W is the width of each

pulse. Therefore,

e+ &8 i 1(R+gg ﬂ%)
e de dt* L =1 - = ceeenees 3.3.1.

Fotr; synchronizm to be possible, w, the width of each pulse should
at least be such that the rotor moves through a step angle. For this to
be possible, the average speed, %%?é)’ will have to be at least so much

that the rotor moves through the step angle, es, in w seconds. There-

fore,
a8 _ %
dt (a) W .
Replacing--g%- by %%- and substitutingu ;;- for the latter in

(a)




equation 3.3.1., we get

‘ .
6 oy @ T 8
dL Nw AR+ = )
®R* T =1 - 36 ¥ i i... 3.3.2.

If K is the number of pulses per second, w = 1/K, substit-

uting for w in equation 3.3.2., we get

dL .
—fr 4 4L | ey N iR+ 5= 908+ K)
e Rygg 0B 7oL d\er s _ ... 3.3.3.

Since, we are considering only one pulse, we substitute N =1

in equation 3.3.3. Therefore,

dL

dL
——— ° K) .—1.
do s XL = 1 ~

do
v

iR +

e_('R + ) ‘S'S_.l K)

For the machine, having equal number of teeth in one stator

unitiand rotor,

. 2m
es TP v T
where P = number of phases
and T = number of teeth
4L Ly - '
Also, g can be replaced by 7¥-= constant, assuming that

the inductance waveform is triangular.

where Lv variable part of the inductance

waveform
Peb
and a = ——2r~;4
Substituting the values of GS and %%4 in equation 3.3.4.,
we have L
L . v 27
_ v o, _2m . 1 TA(R A4 — ==—— + K)
o R +_%xa T K) T = ] - O s PxT
Lv 27
et e P T = H = a constant for a particular motor
w1 .
SR g oy LIELHD teeeeee. 3.3.5.

Approximating the L.H.S. of equation 3.1.5. by first two terms,
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ceesasss 3.3.6.

Current in-any stator -coil may be given by:

fG gl%g‘where» G- is-a constant. —€°< 1

M

or Wi='G =i - esseesss 3.3.7.

Some of the inferences, not so obvious from the equation 3.3.7.,

-~

are summarized as follows:

(i) The’relation, W é%G %; deriﬁéd ébove’ié obtaiﬁed'diréétly
from the current equation and does not take into consideration the effect
of rotor inertia, load torque. or damping. Obviously, this gives us the _ i
absolute upper operating frequency limit. There is every probability that
some slippage will be present, even when there is no load on the machine.
The less fhe inertia, the better thelreiationship will hold ﬁnder no load con-
&itions. Usuallj gobd design of a variable reluctance steb ﬁotor pro;
vides a minimum rotor ineértia.

(ii) The motor will not synchronize if started at the absolute upp-

er frequency limit, even if started from a stable starting point. The

possibility of its synchronizing with the voltage pulses, after a few
steps have been missed, is however there.  But this in turn depends

upon the inertia, damping and load torque. However, it is strongly re~

‘

commended not to either start or operate the motor at this value of the
frequency because of the slippage — an undesirable feature in any control.
(iii) Since according to equation 3.3.7., minimum width of each

pulse is inversely proportional to the resistance of the winding, it may
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lead to fairly deceptive conclusion that one should be able to improve
the absolute upper operating frequency limit, to improve the average speed
between the steps, by including an external resistance in series with the
stator coils. The answer is yes, provided the resistance included is
of resonable value. But one should keep in mind that this will decrease
the steady state value of the current and hence the torque.that can be
derived from the motor, because the torque is directly pxoportionél to
the square of the current.

(iv) As the width of each pulse keeps decreasing and when it
starts approaching the ratio of inductance/resistance, the current fails

to reach its steady state value and hence the output torque decreases.
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CHAPTER 4

PERFORMANCE CHARACTERISTICS OF THE STEPPING MOTOR

Stepping motor operation can primarily be either single step or
multi-step. Based oﬁ.the simulation results, both analog and dig~
ital, developed in Chater 2. both of these modes of operation are dis-
cussed as follows:

4.1 " 'Single step operation

Fig. 4.1.1., - 4.1.5. depict the performance characteristics of
a simple three phase, tw; pole variable reluctance stepping motor.

Fig. 4.1.1. shows the effect of damping on the position/time re~
sponse. It is easily'noticed that damping is dmportant for the design
p&rposes, because this factor basically determines the overshoot, rise
time and settling time. For all’practical applications, system should be
critically damped to obtain the optimum settling time. If the system
is underdamped, it will execute considerable amount of oscillations be-
fore settling down which is an undesirable feature. Also, if the sys-
tem is overdamped, though there are hardly any oscillations present, the
settling time is increased. Hence, by choosing the critical value of
damping, one is able to optimize the amount of oscillations before sett-
ling and also improve the settling time. For the patrticular motor chosen,
the critical damping corresponds to Kl = 0.0003. The parameters of this
particular motor aré given in Appendix 2.

It may be seen from the inductance waveforms for the above machine
~given in Fig. 2.1.2. that the stable point for operation of phase A is

at 309 from the reference chosens. When phase A is excited, the rotor

moves in such a way that there is a path of minimum reluctance for the
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flux. The motor keeps turning and overshoots the stable starting point

for phase B i.e., 90°, because of its initial velocity even when %g
for phase A has become negative. However, negative %é-causes breaking

action and starts moving the rotor in the opposite direction. 1In an

attempt to get the stable point it overshoots again:im:the negative dir-
ection and this process repeats till the oscillations die out. The time
at which the oscillations will die out will depend upon the amount of
damping.

Fig. 4.1.2, depicts the effect of load torque in the position/time
characteristics for one arbitararily chosen value of damping. As is seen
from the figure, the overshoot becomes less and less with increasing
values of the load torque. This is because of the fact that the accel-
erating torque available decreases as the load torque increases and hence,
motor is able to achieve less speed with increasing load torques. If
the value of load torque is expected to be fairly clbse to the maximum
steady state torque motor can produce, it might be a good idea to choose
a value of damping less than the critical damping value. It is because
the accelerating torque will be quite small and hence only a little\over—
shoot. Hence, to have a low value of damping will be preferable'to im-
prove the settling time, for load torques cloée'to full load motor torques.

Fig. 4.1.3. gives speed/position characteristics with three diff-
erent starting positions. 1If the motor is started from a position before
the stable starting point, the magnitude of speed is always higher than.
the one, if the motor had been started from a stable starting position
and vice versa if the motor is started from some point after the stable
starting point, for the same value of load torque and damping. This is

because the current will have more time to rise and hence higher acceler-
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ating torque if the motor is started from some point before the stable
starting point and vice versa if the motor is started at some point
after the stable starting position. However, the minimum time taken for

the execution of step angle is increased or decreased depending upon

whether the motor is started from some point before the stable starting
position or after.it, as depicted in Fig. 4.1.4. Speed/time character-
istics, for arbitrarily chosen values of load torque and damping, with

different starting positions, is given in Fig. 4.1.5.

An explanation identical to the one given for position/time char-

acteristics governing the oscillations after the motor has overshot the
step angle is applicable for other characteristics too.
A comparison between the analog and digital similation results

is shown in Fig. 4.1.6.

(
i
i

4.2, Multi-step operation §

This can be quite different from single step operation unless the

motor is operated at extremely low frequency to allow the motor to sett-
le down at the stable starting point for the next pulse. If the motor
is operated at this low frequency, it will execute multi-step operation

with the repitition of single-step characteristics as detailed in sect-

ion 4.1. However, this is an extremely undesirable mode of operation
because of comparatively longer time required by the motor to follow
command pulses. Also, a considerable amount of useful torque is lost

during the oscillations.

Since the stepping motor response depends basically on the fre-
quency of input pulses, its dynamic characteristics are discussed for
three different frequency regions, as follows?

First, within the low frequency region for a particular motor
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(about 0 -125 p.p.s.), the oscillations around the éteps have almost been
damped out. The operation in this frequency region is not critical be-
cause of the amount of overshoot or undershoot and the initial velocity
at the point when next pulse is applied is pretty small. The dynamic
characteristics for operation in this region are given in Fig. 4.2.1. -
4.2.3.

The second region is about 125 -~ 200 p.p.s. In this region, the next
pulse is often applied before the response of the;previous pulse has
settled dowm. The response of the new step depends greatly on the in-
itial wvalue of the angle and angular velocity. For this reason, it is
very possible that in some cases an incorrect motion will result. How-
ever, it is very likely that the motor will synchrontze in the correct
direction of rotation provided éhe undershoot or overshoot at a point
when next pulse is applied does not exceed angle ¢ or (GS + a) res-
pectively, as seen from Fig. 3.1.3. The dynamic»characteristics for
this ffequency region are given in Figures 4.2.4 - 4,2.6. It should be
noticed from position/time characteristics that resonant conditions ar-
ise when an input pulse is injected #nto the motor before the oscill-
atory settling movement of the rotor resulting from the previous input
pulse has had time to die away. This point of resonance is associated
with the drop in torque, as shown in Fig. 4.2.7. This is because of
the fact that at resonance, or during the oscillations, the rotor will,
for small periods of time, try to move in the reverse direction to the
general direction since the inertia of rotor will carry it past the
ideal magnetic settling position and magnetic field in correcting this

overshoot will try to cause the rotor to move back.:
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Once the motor starts, it can’réépéﬁd'td hhgﬁér
frequency due to the moment of imertia of the rotor. Hence it is poss-
ible for' the pulse rate to be applied to the motor at lower level init-
ially and increased subsequently until it is at maximum - operating va~

lue rate. Dymamic characteristics for this region are given in Figs.

4.2.8.- 4.2.10.
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.CHAPTER 5

CONCLUSTIONS

Both analog and digital models for the dynamics response of a
simple three-phase variable reluctance stepping motor are‘developed. A
generalized model for aimulti—stack or mﬁlti—phase muléi—ﬁeath machine,
having equal fiumber of teeth on eaéh stator phase and rotor is developed.
Algebg%iC‘expressions‘for maxiﬁum-pull—%gﬁfrequency.for single step and .
multis£ep operation are ‘derived. ’ExPressiOns for maximum operating fre-
quency orlpull-out frequency and an absolute upper limit of frequency are
derived. Dynamic operating characteristics are discussed under three diff-
erent frequency regions. ”ihe mathemapical mqqel developed is supported by
experimentation. h -

This should prove valuable fior both application and design engin-

eers.,




10.

11.

12.

13.

14.

15.

REFERENCES

0'Donohue, John, P., 'Transfer Function for a Stepper Motor', Con-
trol Engrg., Vol. 8, pp. 103-104, November, 1961.

Kuo, B.C., Singh, G., and Yackel, R., 'Modelling and Simulation of
Step Motors', I.E.E.E. Trans., AC-12; ppw 745-747, 1969.

Venkataratnam, K., Sarkar, S.C., and Palani, S., 'Synchronizing
. Characteristics of a Step Motor', I.E.E.E. Trans. AC-14,
T~ ipp, 510-8517, 1969,

Robinson, D.J., and Taft, C.K., 'A Dynamic Afialysis bf Magnetic
Stepping Motors', I.E.E.E. Trans., IECI-16, pp. 111-115,
1969,

Venkataratnam, K., and Mouli, M.C., 'Stability of Stepping Motors',
PROC., I.E.E.E., Vol. 118, No. 6, pp. 805-812, 1971.

Bell, R., Loweth, A.C., and Shelley, R.B., 'The Use of Stepping

58

Motors in Numerically Controlled Machine Tools - A Summ—

ary of the Current State of Development', Int. J. Mach.
Tool Des. Res. Vol. 10, pp. 417-437, Pergamon Press, 197

0.

Delgado, M.A., "Mathematical Model of a Stepping Motor Operating As

a Fine Postioner Around a Given Step”, I.E.E.E. Tranms.,
AC-14, pp. 394-397, 1969.

Goto, T., 'Dynamic Characteristics. of Three-Phase Step Motors',
Elect. Eng. Jap., pp. 81-92, 1964.

Proctor, J., 'Stepping Motors Move in' Prod. Engrg., Vol. 34, pp.
74-78, February 1963.

Kieburtz, R.B., 'The Step-Motor - The Next Advanceiin Control Sys-
tems', TRANS. I.E.E.E. Autom. Control, pp. 98~103, 1964.

McNaught, D., and Waloff, D., 'A Review of Step Motors and Recent

Developments in High Response Units', Instrum. Pract.
pp. 315-322, April, 1968.

Thomas, A.E., Fleischauer, J., 'The Power Stepping Motor - A New
Digital Actuator' Control Engng. 4, 74, (January 1957).

Pickup, I.E.D., Tipping, D., 'Method for Predicting the Dynamic
Response of a Variable - Reluctance Stepping Motor',
PROC. I.E.E., Vol. 120, No. 7.

Jones, C.V., 'Unified Theory of Electrical Machines', Buttefwofth,
1967. ’

Rummer, D.I., 'Introduction to Analog Computer Programming', New
York, Holt, Rinehart and Winston, 1969.




59

APPENDIX 1

FOURIER SERTES FOR INDUCTANCE-AND VOLTAGE WAVEFORMS

Since the waveforms for both inductances and voltages are périodic
and satisfy the Dirichlet's conditions of being continuous except for
the possibility of finite number of maxima and minima, these can be
represented by an infinite sine and cosine series by using Fourier
analysis.

Ifs f(,X) is a bounded periodic function of period 2M (i.e.,

f(x + 2M) = £(x)) and satisfy the above conditions, it can be represent-
ed mathematically as

a

fo)v = 7;— + ¥ (an coévgﬁz- + bn Sin Eﬁﬁ)
n=1
where, M
1 -
a. = ¥ J f(x) cos Eﬁg- dx n=0,1,2,3,....
1 . AT
and bn = = J f(x) sin —ﬁ§' dx n=0,1,2,3,....

-M

Also, if the function is even (i.e.; f(-x) = £(x), it will simply

be

a
fx) = 7;— + % a cos onx

=1 =
Accordingly, the values of constants ags a, and bn for the dnduct-
ance and voltage waveforms for a three phase two teeth machine, as shown

in Figs. 2.1.2. and 2.1.3. respectively are as follows.

(i) For the inductance waveforms
= L
aO v + 2 Ifmin
.,ZLV a .
a, = = DT -]
en®

and bn = 0 since it is an even function.
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(ii) For the voltage waveforms
- 2
a4 - B'Ymax
v
_max . 2nﬂ
a, = —. sin G?r0
Ve 257, ]
and bn - [# - cos (e——QJ )

Also, the above constants for the inductance and voltage wave-
forms of a multiphase multiteeth VR stepping motor, as shown in Figs.

2.3.2, and 2.3.3. respectively are as follows.

(i) For the inductance waveforms
3, = Lg%l
"2Lv [ ]‘
a = Ten® - 1l
o m2n? o
and- bn = o- because ‘the function is even
m(ii) For the vbltaégfﬁaﬁéfdrms  4
2V
a = max
o P
’ Vmax . 20T
a = sin (———0
n nm
Vmax 207
and bn = o [1 - cos (—E—D]
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APPENDIX 27

CHOSEN ‘MOTOR PARAMETERS

Chosen parameters, for the the analog model of a particular motor,

are given as follows:

3% 107 my . -

L. =

min

L ~9%x107° ®

v

R =.5 2

J = 10—6 'N.m_;gz/radv
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APPENDTX 3

MEASUREMENT OF SELF INDUCTANCE

The method used here for the measurement of the self inductance
of the stator coil was developed and used successfully by C. JONESG,
and is explained briefly as follows.

In Fig. A:3:dl. L and R represent self inductance and resistance
of the machine winding. Rz, RB’ R4 are non—inducti§e resistances. Us-
ing a direct current source, let the current through the inductor be I,
when the bridge is balanced. When the switch S is opened the current
through the inductor remains instantaneously at I and subsequently
drops to_ zero equnentially. Lef v be the instantaneous voltage across
the bridge during transients. Then the insgantaneous current through
the lowér branch will be ﬁ/(R3 + R4) and instantaneous voltage across
R, will be IR3/(R3 + RA)JQ. The voltage equation for the upper branch
is:

di

v = ®R+R)i + LIZ

therefore, instantaneous current in the upper branch is

L S L.‘i_i
R + R2 R + sz dt
The instantaneous voltage across R2 will be
: RQ. .ARz, di
ngr§£9V %{;ﬁﬁ;ﬁ LiE
Since the bridge is balanced
.Eé A_Eg
R.4 R

Therefore, the voltage across the detector, the instantaneous volt-

age difference between voltages across R2 and R3, will be
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Time integral of tfis voltage will give

A j.‘V'dt

1

07.

. L =

I
I—l|>“
"
w| 4+ L
P
N
| L S |

To eliminate the effect of hysteresis, switch is reversed instead

of switching off. 1In this case

21 L R

2

Measurements, following the above procedure, were done on a three
phase"tﬁelve teeth machine (BS = 10°f o = 15°) and inductance VS mech-
anical angle curve is shown in FigA.32. This is idealized first by a
triangular waveform and analyzed finally by using analysis described in
Chepter 2, togget as close a curve fitting as possible, by including the

required number of harmonics.
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