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ABSTRACT:

Stator currents of slip-ring induction motor ha
chopper control in the rotor eircult, are no more sinusoidal.
The analysis of the air-gap resultant fisld, due to such
currents, results in a different expression for the estab-
lished rotating fieid. The derived expression is examined
in order to study the rotating field behavigur under chopper
contrel. In addition to some of the well known behaviours,
& new one had been distinguished and proved by comstructing
the geometrical pattern of the air-gap resultant field.
An effective winding factor is introduced to give the effect of
nonsinusoidel stator currents on the magnitude of the resultant
m.m.f. harmonics.
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reference phase;

moméntary maximum m.m.f. per
phase, sinusoidal current;

abgolute maximum m.m.f, per
phase, sinusoidal current;

resultant m.m.f. 0of the three
phases, sinuscidal currents;

peak of the n th harmonic of the resultant fileld;
supply frequency;

frequency of the n th harmonic of
the resultant m.m,f. ;

instentaneocus stator current per phase;

stator current per phase without
per, rms sinuscidal value;

num ¢of rectangular stator current per phase;
th harmonic winding factor;
th harmonic effective winding factor
hopper effect;
v order;
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Tph := number of turns per phase;

2p := number of poles;

o s« phase gpread;

w := angular gpeed = 27 ¢f electrical radisns/sec. ;

M A Fﬁ(x) and Fp. have the same definitions as
above but under chopper effect.

1, Introduction:

It has recently shownl that a reliable speed control
can be attained by chopper action in the rotor circuit of a
3=phase, slip-ring induction motor. Usually the 3-phase recti-
fier which 1s connected to the slip rings, supplies the rotor
current in d.c. form to the chopper circuit. This circuit
consists mainly of an eleetronic switeh connected across a
control resistance . The chopper action results in a contactlegs
adjustement of the control resistance and in turn the motor
speed can be controlled.

Neglecting the magnetising current and leakage reac-
tances, and assuming an ideal rectification the alternating
atator current per phase followa the rectifier action in the
¢corresponding phase., Figure 1 shows the inetantaneous varia-
tion of the stator currents regardless of the number of pulses
of the rectifier. It is seen that the phase current is a square
wmave and appears only through the angular interval 27/3 of the
sinusoidal half-wave duration. For any instant, it is noticed
that only two phases complete the current circulation while
the third one is shut off according to the rectifier action.

Accordingly, the nature of the phase m.m.f. and the
resultant m.m.f. due to the three phases may be affected. The
following study aims to clear up this effect.

2. Theoretical Anslysis:

In a three phase slip-ring induction motor under
symmetrical conditions the m.m.f, established by a full-pite¢h
distributed phase-winding 1s trapezéidal. Due to the sinu-
soidal stator current, this m.,m.f, has a gradually pulsating
nature and can b® represented by ite Fourier Series as:

= B
Pa(x) = ( 4/7) P, = SR B F i R R S sin{nx) . . (1)
where
Koy = sin(ne/2) / (nod/2) R OF (R RETI Se o 2
and
F: =3 {4 / 2p ) AT/pole

a - a ph



Equation (1) gives the spatial distribution of the phase m.m.f.
at a fixed point x in the air-gap according to the instantaneous
value of the corresponding current which is;

ia(t)swf—é_laain(wt) : SRR S R 1 i

Consequently, the resultant m.m.f. in the stator space due to
the three phase m.m.fs. can be found to have the form

K K
Fpix) = 4 %_-Fm[-%-l sin(x -wt) + —§2 sin(5x +wt)
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where
Po= 2 (2 1,7 7 2p) AT/pole/phase  (5)

In this case the maximum fundamental of this rotating field
is 3/2 of the maximum fundamental m.m.f. per phase.

In case of glip~ring induction motors with rotor
chopper the stator current per phase is not sinusoidal. It
has a rectangular form for a period of 27/3 and becomes
zero for a period 77/3 before it reverses its direction.
Accordingly, the phase m.m.f. loses its gradually pulsating
nature to pulsate in a step-wise manner following ,thereby,
the phase current variation. This current can be represented
as:

Ii= o0

i’a(t) = Z1 Kn I Bin(nu’t) & g T & e e W AN 0(6)
N=
where

K = ( 4 / n7) cos(ni/6) T T P P 4

This factor K, relates the n th current harmonic peak to the

maximum of the rectangular current. Accordingly, the momentary
maximum m,m.f, per phase is

Fa

n= %o
i;(t) Tph / 2p = F; iE:;:Kn sin(nwt) . . (8)
=

where

PL= % (I Toh 720 ) AT/pole/phase , + + « .(9)

Therefore, the spatial distribution of phase m.m.f. under
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, “

chopper actionj for phase “a
Nm 02

i(x) = 2 B0 %[xn ein(aw)][ (1/n) K sia(ax)]

and for the other two phases

Pr(x) = & 52 %{;[xn sin n(wt - 120)][(1/n) K s1n n(z -120)]

Po(x) = & 97 n_1[xn sin n(wt + 120)][(1/n) K, sin n(x +120)]

The resultant m.m.f., at a given point x in the air-gap
will be
Fﬁ(x) a F;(x) & Fg(x) + F;(x)

in which the n th harmonic term is

Fén(x) = E%? Fé K, Kwn'%'[B cos n(x - wt) ~ ( cos n(x + wt)
+ co8 n(x +wt = 120)

+ cos n(x +wt + 120))]

In this relation the negative term is equal to zero, consequently

n=

Fé(x) - E;;; % ‘ E%? Kn Kwn F; cos n(x ~wt) won v o U8

This equation gives the spatial distribution of the resultant
air-gap m.m.f. in an induction motor having chopper control in
the rotor circuit., The fundamental peak is shown to be

p§1-%.%.x1xﬂr'm W oy S L

The factor K, = (4/m)cos(7/6) , relates the maximum funda-
mental current to the maximum rectangular current per phase.
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Mansoura Bulletin, December 1979 47

Thus, the maximum fundamental m.m.f. per phase is

F’

&= Oa /)y Ry Ry e R I R

and the maximum fundamental of the resultant field is 3/2 of
F;1 « The effect of a distributed winding on the produced

m.,m,f, is s8till maintained through Kw1 .

3. Resultant Field Geometrical Pattern:

The geometrical pattern of the resultant rotating
field, given by eq.(10), can be obtained for a given moment
with the help of the individual m.m.f. distribution of the
three phases according to the instantaneous currente,Fig.1 .
The resultant waveforms at two different instants are given
in Fig.2 . ihe phase winding is assumed to be 2-pole full
pitch winding with 60° phase spread.

To follow the resultant field rotation the time
interval within the time inmtants t1 and (tz)_ may be con-

sidered. During this interval the instantaneous currents
( i, = I, iy = ~I, while i = O ) remain constant. The current

gsheets and the corresponding phase m.m.f. distributions will
also remain fixed in position which result in a standing resul-
tant m.m.f. wave during this interval. The resultant m.m.f,

is trapezoidal in form and has a maximum value of 2F . While

the m.m,f. distribution of phase ‘¢ ‘lags that of phase “b’ by
a phase spread & , the resultant m.m.f. distribution hae its
position mid way between them.

At the instant (t2)+, i, is replaced by i, at the same

magnitude and direction tc have the current sheet of phase ‘a
instead of that of phase “¢'. It follows that the m.m.f. dist-
ribution of phase “a‘' will lead that of phase “b‘ by the phase
spreadx ., Accordingly, the resultant field is obliged to travel
the same angular distance < in & step-wise manner to have a
position mid way between the available phaee m.m.fs.

This new position corresponds to the time t3 and will
be held fixed until the following negative current -replacement
is attained. Thus, the successive positive and negative current
replacements will cause the resultant m.m.f. $0 advance each
time an angular distance equal to a phase spread « ,

Accordingly, the geometrical pattern of the resultant
field, Fig.2 , will rotate.-an angular distance of 27 through
one cycle of the current. It means that the resultant field
will rotate by the synchronous gpeed around the air-gap but in
a step-wise manner,



Behaviours of Resultant Field under Chopper Control:

The resultant field of a slip-ring induction motor
with rotor chopper control is characterised by eq.(10). An
examination of the physical interpretation of this equation
shows :

(a) The well known relation between the n th harmonic peak
of the resultant field and the corresponding harmonic peak
of the phase m.m.f. is still wvalid, namely

Fén = (3/2)(4/nw)Kn Fa Kan * ¢ ¢ ¢ o o (13)

It is obvious that the n th harmonic peak of the resultant
field is 3/2 of the corresponding harmonic peak of the
phase m.m.f. and remains constant during rotation.

(b) The term cos n(x -wt) in eq.(10Y indicates that the n th
harmonic is a travelling wave having at any angular posit-
ion x a magnitude which varies sinuscidally at a frequency

fn = nf ., The effect of this variation over the whole stator

periphery is to cause the corresponding resultant m.m.f. har-
monic to travel at the synchronous speed. This means that
allnohermonice will rotate with the same speed in the same
direction. This new character offers a great advantage to

the motor performance; the torques produced by the indivi-
dual harmonics are all in the same direction. Negative tor-
ques will not exsist,

(¢) The factor K, gives the n th harmonic peak of the stator

current in terms of the maximum value of the rectangular
current, eq.(7) . If a slip-ring induction motor under and
without chopper control has the same maximum stator current,
d1.8, I © Ia , 1t is seen from Table (1) that K1 forces

the fundamental peak of current , or m.m.f. , in the first
case by 10 % due to chopper.

(d) An effective winding factor K;n may be introduced by come
bining Kn t0 the winding factor Kwn to give

=E.‘#.—-(—Hinn°‘ vie % UM

- Inoc) ’

wn wn
Accordingly, the regultant field expression becomes:

na= 00

Fr(x) = 21 %.—LK' P’ cos n(x - t)
n=

nTwr wn o
ao-oco(15)
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Table (1)

Harmonic Kn Kwn K;n

order, n
1 1.103 0.955 1.053
3 0.000 0.637 0.000
5 =0.221 0,191 =0.042
T ~-0,158 -0,136 0.021
9 0.000 -0,212 0,000 .
11 0.100 -0.087 =0.009
13 0.085 0.073 0.006
15 Q.000 0.127 0,000

It can be proved that K;n is the harmonic peak ratic of the ro-

tating field waveform which maintains its trapeziodal shape
during rotation, Accordingly, it relates the n th harmonic peak
of the resultant m,m.f. distribution to the actual maximum,

The effective winding factor gives, in addition to the effect of
a distributed phase winding on the resultant m.m.f.,, the effect
of nonsinusoidal stator currents under chopper control.

.The existance of a given harmonic 1n the resultant m.m,.f. is
expected if the value of K;n differe from zero. It can be seen

from table (1) that all triple harmonics do not exist; a result
which is also wéll known about normal rotating field established
by sinusoidal currents. On the other hand all higher harmonics
are reduced by this factor to about 8.5% - 22 % of their normal
values.

Conclusion:

The analysis of the resultant field in the air-gap of s
alip-ring induction motor under chopper control results in a
different expression of the established rotating field. The
examination of this expression shows that some of the well known
behaviours of the rotating field due toc sinusoidal stator
currents still valid,

The derived expression reveals that all harmonics rotate
in the same direction with the same synchronous speed., Con-
sequantly, the spatial distribution of the result{ant m.m.f,
maintains its shape and absolute maximum during its rotation
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at the synchronous speed., Due to this charactier negative
torques are not expected in such slip-ring Induction motor.

The graphically obtained geometrical pattern of the

rotating field shows that its trapeztidal waveform or maxi-
mum value does not change., It is found that it travels around
the air-gap in a step-wise manner with the synchronous speed.

The derived expression introduces an effective wind-

ing factor , K;n , which includes the effect of the nonsinu-

soidal stator currents. This factor is essentialy the harmo-
nic peak ratio of the resultant m.m.f. waveform. Numerical
values of K;n result in a remarkable increase in the magnit-

ude of the fundamental m.m.f. and in a great reduction in

the magnitudes of the corresponding higher harmonics. The n th
harmonic in the resultant field exists only if the value of
this factor differs from zero .
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