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ARSTRACT :

This paper present= the investigatian of the smoothed solid
rotor induction motor, equipped with a cage winding, from the
point of view of <peed control on the airgap harmonic field
content. The rotor of this induction motor was machined and cons-
tructed at the machine”s workshop to replace a conventional rotor
of an induction motor rated at 1.5 ki , 3—ph , 4—pole.

This paper dpals wikh twbo majn parts. Firstly , an accurate
measuraments for the machine performance at several speeds bave
been measured, as «ell as the airqap field pulsation has been
recorded at several points in the airgap by using set ot search
cails ;i under sinusoidal excitation supply voltage. Secondly, tt
barmonics priginating from the stalor slotting ., and wind’
distribution have been derived. Alsn the bharmonic +frequer
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have been calculated relative to the stator and rotor.

The effect of machine loading has resulted in a complicated
airgap field waveforam. The radical waveform has been attributed
to the strength of the rotor eddy cwrent and the opscillating
nature of tha zig—zag leakage flux. Also, the effect of the solid
rotor aaterial nonlinearity has been revealed by comparing the out-
put waveforas nof the search conils at twp levels of supply valtage.

Thia investigation yield useful information and understanding
of the machine behaviow , as wel)l as the airgap field pulsation.
Moreover, the effect of introducing a cage winding into the solid
rotor has proven to improve the machine performance. Also, it is
desired to illustrate the reaspn for the unfavourable contribution
to the machine performance, which may be existed at various speeds
dup to the presence of the standing waves.

1 NTRODUCTI ON :

The performance characteristics af the salid rotor induction
motors show trends simifar to those of machines having
high-resistance rotor [1,2]. A stable operation over a wide range
0¥ speed is exhibited. Therefore, the characteristics af such
induction motors are particuiarly suitable for solid-state power
controls. Accordingiy, there has been wide {nterest in the
possible use of such splid rotor aotors for ultra high—speed
inverter drives with suitable high stator supply frequency , as
well as variable speed drives for conventional frequencles and
speed ranges [3]1.

On the other hand, a solid rotor induction motor should not be
sisply considered egquivalent to a aquirrei cage rotor with high
rotor resistance, such as a deep bar frequency dependent
resistance rotor. Where, in the soild rotor motor , the mechanism
of penetration into the bulk of the magnetic material depends only
on the magnetic nonlinearity of the iron, while this s not the
case for conventional wound rotors or squirrel cage rotors.
Therefore, the behaviour of the iron rotors diffars considerably
from that of conventional rotors. Consequently, inducticn machine
theory has proven i{nadequate for the solid {ron rotor induction
motors (4], and the need has arisen for {mproved asesthods of
investigation. However, for a quantitive assessment, a knowledge
of the field distribution in the airgap region is essential.
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The investigation in this paper has been carried put by aeasuring
the machine performance and calculating the airgap flux harmonic
frequencies, at standstill and running conditions. Therefeore , an
extensive set of flux measurements has given ta detect the actual
field distribution that exists over each tooth in a pole pitch,
under sinpuspidal excitation supply, for several speeds taking fnto
account the varjation of the supply voltage and loads.

PROBLCM TORMULATION :

The interaction between the eddy currenta induced |(n the
solid rotor structure and the revolving field of the airgap prod-
uces the electromagnetic torgue. Therefore, it is often desired
to mavim{se the eddy current effect, rather than to minimise Jt ,
although it produces determintal power lopsses shich causes heatlng
and reduces efficiency , owing to the nonuniform of the airgap
field distribution. Foreaver, an excessive vihration and nolse
may be exhibited at certain speed. These problems are getting
worse as the machine speed being controlled at high slips.

A survey of the relevant publications show no indication of
tackling these problems. But the overall performance of the solid
rotor has been considered under various simplifying assumptions to
evaluate the splid rotor impedance at several speeds. Surprisingly
y three pifferent results for the rotor impedance phase angles
have heen obtaimed [43. In addition, these publications have
neglected the presence of the space and time harmonfics (2,3%,41.
Consequently, much attention has to be paid to the effects oOf
high—-order harmonic $lux on the salid rotor induction motor
behaviour. A precise numerical solution for the magnetic +iels
distribution in the salid rotor is difficult , owing to
complicated relatfonship of magnetic nronlinearity , and the
unpridictable relationship between the f{nduced and the applied
magnetic fields.

Such an acrurate solution is essential to predict guantitatively
the airgap ¥field harmonics which they are the fundamental soufce
of all the trouble caused by the solid rotor induction motor. In
this context , a2 more realistic results concerning the actual
distribution of the magrnetic fields in the airgap , over a wide
range of speeds 4 are experimentally determined. In addition ,
the airgap field harmonic orders and their freguencies are derived
s in order to bring out clearly the harmenics interaction. The
actual field distribution has been measured and recorded by using
several search coils situated around every tooth and over a pole
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plile, e Tiaw var Lal Toa has variona harmonics orginating $roms

(a) winding distribgtion ¢

(b) the stator slotting ;

(c) the 2airgap irregularity 3 and

(d) the nonline@arity of the solid rotor material, which msay result
space harmonics-

ASPECTS OF TiIL AIRGAP MAGNEYIC FICLD PULSAYIONS :

1. The 5Stator MWinding Harmonics and Their Corresponding
Frequencies

The airgap MMF faor a symmetrical polypbase winding can be
expressed as j

[ 4]
Fe,00 = YZoNTy (K K /P . COS (W t=ha) (1)
h&

Whare, th and Kph are distribution and coil pitch factors for the
h—th harmonic respectively and are given by 3

K sinthgqu/2) / [a.sintha/2y1] (2)

dh

Kph = sintahn/21) (9]

Harmonic EHF s induced by the corresponding bharmonic MMF s in

equation (1) can bhe obtained from 2

= - NK

e dh K

ph - diby/de t4)

and

1 -Yi.mﬁﬁt.us_(K K

=1 - - i -
db/dt = o - d(F I /dt = — & /h).sin (w_t-hB)

dh” ph

Where S i{is the machine reluctance and equal to lg/(uuprnDL).
Therefare,

= 2 ¥YZ m I ws . _
e, = (deh.KDh) - 5 sin (ust hA)

Then, the RMS value is Qiven as following 3

m I ws

2
{Nth.Kph) . a

It
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El = (N.Kdl.K 1 . (m us.l)/(n.S) = xml'l
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B, 96
which learls to the harmonic magnetising reactance expression as
given below ;

= 2
th =T ‘de‘l'Kph)/"(dl'Kpl) ] 'xlll/h {(5)
The speed of the h—th harmonic correspond ta the stator frame is 3
L = ug/h {6
While h—th harmanic A angular speed corresponding to the rotor
is given by [w_/h — w_11-5)) , therefore the rotnr frefuency is =
fp =4 [1 - hit-s) ] (N
Mhere, h = 6k+) 3 k=0, ¢t 1 , ¢+ 2, ¢+ 3, .....etcC.
The calculated harmonic frequencles at different speeds are listed
in Table ({1).
TABLE (1) : The Airgap Field Narmonic Frequencies Relalive Lo Lhe
Slalor and Rotor ; Originaling hy the StLalar Windings.
1
S=} 5=0.9 5=0.5 S=0.2 8=0.02
h -L—r —F —
S {r s Tr F; (r is ‘r S (r
1 50 50 50 45 50 23 50 10 50 1
. -5 50 50 50 75 50 L 175 50 250 50 295
[7 50 S0 so s Sa [ -125 | so | -2% [ so [ -293
-11 S0 50 S0 105 390 325 50 450 50 589
1z 50 50 30 -15 50 -275 50 -a470 50 -587
-17 S50 50 So | 133 S5Q /73 S50 RLO S50 88X
19 50 50 50 -45 50 —423 50 =710 5Q -6e]

EFfECT OR-SLOT OPEHI RGS

The statar slots crrates a disturbance of the MMF waveform in
the airgap which is known as tooth ripple. This ripple, stationary
with respect to the stator, suweeps across the solid iron surface
of the rotor and sets up eddy currents. The fundamental component
of the inducing field will have a wave length equal tao the stator
slat pitch. Therefare, the effect of slot opening needs o bde
taken 1nto account 1n the interst of a more realistic predication.
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Such effect may be represented by a Fourier series as ¥#ollows 3

=m

a_ + a_ . cos ngs {8)
D ngy N

where a_ , a, , a5 4 --- » a, are coefficients determined from
the effective slot width/slot gitch ratio , and g is the number of
teeth over two pole pitches.

Comhining equations (1) and (8) and including a multiplying factor
(1/a_) to give the correct fundamental component results in a
series of rotating fields.

Fa,0 =[YZONT 5%« /hy.cosiw t-ha) {a.+ T 5 . cos nge]
’ n hE&y dh™ph - s ] - o nzl n - 9
9

For a h-th harmonic of the stator T™F & the equation may be
writlten as 5

© a

- 1 _ = n _
F,@®,t) = aF, (' cos(w_t-hd) + n; zﬁs;.(ccm(u-ust he+ng8) +

o hm” 1

cos (w_t-h8-ngd)} (10)

Where, F, . is the maximum value of the h-th stator HrF,

=YZm NI

Fhm 0 - ®unKpn’

The corresponding rotor frequency , owing to the stator slotting
may be given similar to the derivation of Eq. (7).
4, = 4_-[ 1 — (tng*h) (4-5)]

where h = &4k+#1 , Kk =0 , t1 , t2 ,..., etc , and n=1, 2, 3, etc.

EXPERI KENTAL RESULTS AMND DISCUSSION :

Experiments were conducted on a , 3-ph , 4—pole , 1.5 kW
induction motor, where its Conventiobnal rotor was replaced by a
manufactured splid rotor equipped with a cage winding. Therefore,
the performance characteristics of the smoathed solid rotor
induction motor at several Joading conditions are obtained ¢ in
order to explain saome practical aspects especially those related
to the vibration and noise problems. In this context the flux
behaviour has been measured by a set of search roils situated
around each tooth , and around a pole pitch. This field pulsation
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has been recorded at either the No-load or 1load conditions.-
Figures (l1),(2), and (3) chow the voltages induced in these search
coils. The waveshapes aof the airgap +lux pulsation existed at
several points in the airgap pf the solid rotor induction mator
are the integration of these wavefarms. However, the present
investigation deals with the induced voltage in these search
coils. Moreover, the effect of controlling the speed, either by
varying the supply voltage or the machine 1laading, on the
pertormance character)stics are given in Figs.(8), and (5}, As
well as, the main field pulsation has been investigated.

C4) The Influence of Yarying Lhe Supply Vollage an Lhe Main
Field Pulsstion :

Figure (1) illustrate the inductd voltage wavetorms recorded
from the search coils located around the first and middle tooth of
a phase belt , and the pole eitch . As well as the
supply real time current and voltage waveforms are recoded. Two
speeds are considered, N=0 , and N=750 rpm , with the supply
voltage adjusted equal to 40 and 24,5 wvolt , respectively. The
recorded airgap waveforms show nearly sinusoidal shape. However,
Fig. () reveals the pffect ot the rotor nonlinearity , when the
supply voltage has been reqgulated to the values nf 42 , 92 , and
150 volt in order to control the machine speed at (200 1330 ,
and 1440 rpm . rospectively. Comparision hetweoen the
corresponding search coils induced vol tages have shown increasing
in the main field pulsation as the supply voltage increrased-
Accurdingly, this phenomenon is partly attributed to the existance
of the saturation harmonics [5]1.
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Fig, €43 : The influencz of regulaling Lhe solid rolor speed on
Lhe main field pulsaLion and Lhe overall performance ;
al reduced vollage.
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Tahble(2) * The Airgap Frequencies Relative Lo Lhe Woleor ,
Due Lo Lhe Stalor Sloliine.

h tng =1 S=0.9 5=0.5 5=0.2 =0, 02
18 50 - A5 — 425 - 710 ~ 881
-18 50 135 375 730 863
f 34 50 - 135 - a7rs -1430 -1763
-34 s0 225 925 1450 1765
Y] 50 - 225 -1325% -2130 -244%
L) 50 3i5 1375 2170 2647
18 50 - 15 - 275 - 370 - 587
-18 50 165 625 97a 1177
-5 36 so - 105 - 725 -1199 ~146%9
-3t S50 255 1075 1650 2059
Y S0 - 195 -1175 -1%10 -2351
-53 50 xis 1525 2410 2941
18 5 - 75 - 575 - 950 -1175
-18 50 105 25 49q 589
7 35 50 ~ 165 -1025 -14670 ~2057
~36 50 195 775 1210 1471
53 50 - 225 -1475 -23%90 -2939
-53 50 290 1225 1930 2353
18 50 5 - 125 - 230 - 26X
~-18 50 195 775 1210 12714
—11 & 50 -~ 75 - 575 - 950 -1175
-34 50 290 1225 1930 2353
54 50 - (65 -1025 -1670 -2057
-54 50 375 1675 2650 3235

(2) The Loading Effecl on Lhe Main Field Pulsalion @

In order tu gain spme 1ns1ght intp the effect of loading on
the splid rotor machine performance , the recorded airgap flux
maveforms are investigated. It i1s noticed that , the airgap flax
dictortion is being affected by the machine loading- The machine
loading changes the speed as well as the harmonic amplitudes and
their frequencies pattern. Tables (1) and {(2) give the
frequencies aof these harmonics as the machine speed vary.

The complicated waveforms gf the airgap f#lux, being recorded
by the stator teeth swarch rcoils, reveal the interaction between
many of! the harmonics generated by the stator windings, stator
slotting and the nonlinearity ot the rotor material. where, a
solid rogtor circulate an erddy current under any harmonic ENF that
is produced by the airgap flux. These harmonics penetrate the
solid rator differently according to their strength and frequency.
Therefore, with the eddy currente induced in the rotor are high
enough to increase the saturation effect , a more distortion on
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the airgap flux being recorded. Comparison between the voltage
{nduced in the search coils reveal such phenomenen 5 Fig. (3). In
addition, the presence of the zig-z39 leakage flux complicates the
airgap field pulsafion. Where this leakage component surrounding
the slots going across the airgap along the tooth tip and
returning back over the airgap. This component has to obscillate
differently as the machine speed vary. Therefore, its effect bas
to be measured by using a search coils situated around each tooth.
Moreover , a discontinuity phenomena have been noticed on the
toothed search coil gutput waveforms, which may be attributed to
the existance of the cage winding embeded in the salid iron rotor.
On the otber hand, Figs. (4) , and (5) show the improvement on the
machine chracteristics due to the existance of the cage winding.-

In some cases exessive vibration may be set up at certain
speeds due to the existance of the standing waves ([71]. Such
standing wave patterns will be exhibited due to the existance of
the different harmonics at the same frequencey as being noticed
from Tables (1) , and (2). Consequently, the field amplitude ,at
a particu[ar frequency of a standing wave, observed relative to
the rotor are peripharally nonuniform which may cause noise and
vidbration problems.

CONCLUSION :

From the harmonic freguencies analyses derived and listed in
Tables (1) and (2). As well as the direct measurements of the
airgap field pulsation , and the solid rotor induction motor
charateristics ; the follaming conclusions could be obtained.

(1) The effect of the solid rotor nonlinearity on the main field
pulsation has been revealed by comparing the search coil
output waveforms at 1lowm and high levels of supply voltages.

(2) The effect of the machine Ilovading an the 1leakage flux
pulsatian has resulted in a complicated airgap field waveforms
ceasured by a toothed search coils. This radical waveforms
have been attributed to the stregth of the rotor eddy currents
and the ascillating nature of the rig-rag leakage flux.

(3) From the harmonic frequencies analyses ; listed in Tables (1)
and (2) , a standing wave pattern may be exhibited at low
speeds [7). These waves are peripherally nonuni form which may
cause vibration and noise at certain speed.
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A discontinui{ty phenomenon have been noticed on the output
wavefarm of the toothed search coils at high wsupply voltage
which may be attributed to the existance of the cage winding.
This phenomenon was noticed and modified to measure the pene-
tration depth into the solid iron [B]. But the isprovenent
has been chown on the machine performance at several levels
of supply voltages due to the existance of a cage winding 3
Figs. (4) , and (3.
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