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ABSTI!ACT 

This paper pr~sents the investig~tion of the snoothad solid 
rotor induction motor, e~uipped with a ca~e ~indinq. from the 
point of View oi ~peed control on the airg~p h~rmonic field 
cont~"l. ~e rotor of t~is induction motor was maChined and cons

tructed at the ~achine's workshop to replace a conventlonal rotor 
of an induction motor rated at 1.5 ~w • 3-ph • 4-pole. 

Tilis paper dpalc; Mith b,o main part,,_ Fi .. "tlv. ~n accur a t.e 
measurement!'> for thp. machi ne periorlllCmce at severa) speeds. have 
been !lleasureti. as """,I] a~ thp. airgrlp fip.ld pulsation has been 

recorded at seve,.. al poi nts in the airgAp ily using set 0'* searc,", 
(':011s; under Sinusoidal F!:rcitation SUI1/'HV volt"'lJl'l- S",condly. tt 
harmonics originating from the st~tor slutting and wind' 

distrib'Jtion h.we bF.'p.lI derivp.d. AJo;.o the harmonic .frequpr 
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have been calculated relative tD the stater and roter. 

lhe .ffE'Ct of _chine loading has rllsu)t.,d In a canplicated 
airgap fl.ld ~avefer.. The radical ~"v.,for~ has b9@n attributed 
to the strl2l"lgth of the rotor eddy current and th. DllCIII ati r1Q 

natur. of the zig-zag leakage flux. Also. the effect of the solid 
roter aaterial nonlinearity has been revealed by canparlng the out
put ~YBforms of the search coils at t~o levels of supply voltage. 

This invltstigation yield useful inforMation and understanding 
of the ~achine behaviour. as ~ell as th& alrgap field pulsation. 
MerROVer. the effect Df introducing a cage ~indinq into the solid 
rotor has prDven to Improve the machine perfor.ance. AI.a. it is 
desired to illustrate the rea~on fer the unfavourable contribution 
to the machine perfor~anc&. which .rIay be exi'5tlld .ilt variOUS ~veds 
due to the presence of the st.ilndin9 .aves~ 

I HT'RODUCTl all : 

lhe performance characteristics of the SDlid rDtor Induction 
moters show trends similar to thOSB of -achines having 
high-rV5istance rotor [1,2]. A stabl. operation over a _ide r.ilnge 
of spevd is e.hibited~ Therefore. the characteristics of such 
induction moters are particularly suitable fer solid-state pOMer 
controls. Accordingly, there ha~ been ~fde Interest in the 
possible use of such solid roter motors for ultra high-speed 
inverter drives _ith suitable high stator supply frequency as 
~ell as variable speed drives fer conventional frequencies and 
speed ranges [3]. 

On the other hand. a solid roter induction motor should not be 
si~ly considered equivalent to a ~quirrel cage roter ~ith high 
roter resistance. such as a deep bar frequency dependent 
rasi stance rotor. Where, in the soi I d roter moter • the rnec:hani '5m 
of penetration into the bulk of the magnetic material depends only 
on the magnetic nonlinearity of the iron, while this I~ not the 
cage fer conventional wound rotors or squirrel cage rotors. 
Ther~ore. the behaviour of the iron rotors differs considerably 
fro- that of conventional rotors. Consequently, induction machine 
theory has proven Inadequate for the solid Iron roter induction 
motors (4], and the need has arisen for I.proved aathods of 
investigation. Ho~ever. for a quantitive assessment. a knowledge 
of the field distribution in the airgap region is essential. 
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The investigation in thi5 paper has been carried out b~ measuring 
thp machin~ pRrJDrm~n~e and calculating the airgap flu~ har~onic 

frequencies, at standstill and running conditions. Ther@fore. an 
ext~nsive set Df flux ~a5ur~ents has Qiven to detect the actual 
field distrlbution that exists over each tooth in a pole pitch, 
under sinusoidal excitation suppl~. for several speeds taking into 
account the variation of the suppl~ voltage and loads. 

PtORL~M rORKULATION 

The interaction between thp ~ddy currents induced in ~he 

solid rotor structur~ and the r~Dlving fJeld of the airgap prod
uces the electromaqnet1c torQue. Therefore, it is Dften desired 
to maximise the eddy current effect, rAth~r th~n to .ini~l~ It 
although it produces determintal power IDS5e§ ~ich causes heatlnq 
and reduces efficiency. owing to the nonuniform of the airgap 
field distribution. Moreover, an exce~~ivp 
may be exhibited at certain speed. These 
wor5e as the machine speed being controlled 

vibralLon and noise 
problems are getting 
at high sll.p§. 

A survey ot the releVo1.nt publiC"'ttons sho .. no indication of 
tackling these problems. But the overall performance of the solid 
rotor has been considered under various simpllfyinq aS5umptions to 
evaluate the solid rotor impedance at several speeds. Surpri§ingly 
, three diff~rent results for th~ rotor impedance pha5e angles 
have been obtained [4J. In addition, thes~ publications have 
neqlected the pr~s~ce of the space and time harmonics [2,3,4J. 
ConseQuently, much attention has to be paid to the effects o~ 

high-order harmonic ~lux on the solid rotor induction motor 
behaviour. A precise numerical solution for the magnetic fielD 
distribution in the solid rotor is difficult owing to 
complicated relationship of magnetic nonlinearity and th~ 

unpr.i(Ji"table reI at ion'!ihi p betwelE'n the Induced and the applied 
magnetic fields. 
Such an accurate 5Olution is essential to predict quantitatively 
the air~ap fIeld harmoniCS which they ~re the fundamental SOOrCE 
of all t~ trOuble caused by the solid roto~ induction motor. In 
this context. a more reali5tic results concerning the actual 
distribution c~ the magnetic fields in the airQap. over ~ ~ide 

ranQe of speeds. are e~periment~lly determined. In addition 
the airgap field har~onic orders and their frequencies are derived 
, in order to bring out clearly the harmonies interaction. The 
actual field distribution has been measured and recorded by u~inQ 

several search coils ~ituated around every tooth and over a pole 
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,"I .... tI ... 1o fl .... v.~rl ... ll .. n h",., vl.,.I" ..... h.'\r",onh:~ ergioatlng .frDm~ 
(a) .indJno distribution ; 
(b) the stator slDttJng ; 
(~) th. aJrgap irregularjty ; ana 
Cd) the nonlinearity of the solid rotor material. Nhlcn .ay result. 

space har",onJ~5_ 

ASPECTS or ".~ AI.GAP JlAGHl:l1 C rr CLI) PULSAl1 OHS l 

1. Tn. Stator Winding __ ~H~a~r_",~o~n~i~c~s~~a~n~d __ ~T~h~e~l~'r~ __ ~C~or~r_e~spondinQ 
FrlE'guencies 

The airgap HHF .fer a symmetrical polyph~$e .ind,ng can be 
e"pressed as ; 

F <9. t J (1) 

wnerlE'. Kdh and Kph are distributio" and coil pitch factors for the 
h-th harmonic respectively and are given by ; 

si,.lIhQI:1/2) I [Q.sinth«12)] 

Har.ani~ EMF's induced by the corresponding har",onic MMF"s in 

equation (I) can be obtained from: 

and • 

Where S is the ma~hine reluctance and equal to 19/(~~r~DL). 

(w t - hi,!) 
5 

Then. the RHS value is o;~en as followinQ 

m I ws 
fI 5 h 

(4) 
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which le~n5 ~o ~h~ harmonic ma9n~~1~ing react~nc~ ~xpr~ssion as 
giv~n below 

The sp~ed of ~h~ h-th harmonic correspond to the stator 4ramg i5 ; 

Whil~ h-~h har~onic angular sp~ed correspondin~ ~o the rotor 
is ~iv~n by [.s/h - ws I1-5)J • ther~4ore the rotnr 4r~uBncy is : 

f r = + s' r t - h , I -s I (7) 

Where, h = Me4-) ; Ie = 0 • t 1 • t 2 • t 3 • • •••• etc. 
The calculat~d harmonic +r~~upncle~ ~t di44pr~nt sp~eds arp Jist~d 
in Table [n. 

TABL£ (I) The Aircap ri~ld Har.onic rr.~u.n~i.~ R~laLiY. Lo Lhe 

SLaLor and 20Lar : OriCinaLln~ by lh~ SLaLor Windin~. 

B. 96 

5;1 5=0.9 5=0.5 5=0."2 5=(). Cl2 
h 

f$ "t r t .. +,.. t~ to ts t,. f$ 

J SO SO SO 4S 5(1 25 SO 10 S('1 

-s SO SO SO 75 SO 175 SO 2S0 :"10 

7 50 SO SO IS SCI -12'5 SO -23C1 SO 

-lJ SO SO SCI 105 ::'0 32:5 :50 4'W SO 

13 SO SO 5(1 -15 SO -275 SCI -47b SO 

-17 50 SO 5(1 I :'!:l :50 .417'5 so abO so 
19 so 50 SO -45 SCI -425 SO -710 SCI 

[rITa OP'SLOT OPI: ..... IfGS 

The stator slots cr~at~s ~ disturb~nc~ 04 the HMF wave/Dr~ in 
thp airgap which is I",o .. n .., .. tooth ripple. This ripple, stationary 

~ith respect to th~ st~tor. s~eeps across the solid iron surface 
of th4i!O rotor and sets ~IP eddy current.... Thp -f'und .. """nt. .. l co,",pon ... nt 
of the inducing field ~ill have a wave l~ngth equal to th~ stator 

slat pitch. Therefore, th~ eff~ct of slot openinQ needs lo be 
takan Into aCCO~lt in the tntprst of a more re~listic predication. 

fr 

1 

295 

-29~ 

Seq 

-587 

88;.': 

-881 
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Such effect .ay be r6pra~ted by a Fourier serigs as follo~s 

=00 

aD + n~1 an • cos nge (8) 

~here aD • a 1 • a 2 ••••• an are coefficients deterMined from 
the effective slot ~idth/slot pitch ratio. and g is the nu~er of 
teeth over t~o pole pitches. 
Combining equations II) and 181 and including a ~ultiplyin9 factor 
Il/ao ' to give the correct funda~ental component results in a 
series of rotating fields. 

For a h-th harMonic of the stator MHF 
.. ritten as 

19' 

the equation ~ay be 

Where. Fh~ is the ma~imum value of the h-th stator HMF. 

The correspondin~ rotor frequency, owing to the stator slotting 
may be given similar to the derivation of Eq.171. 

l.tn~"'h' 11-5) 1 

~here h = 6k+l • k = 0 • tl i: 2 •••. , etc , and n= 1. 2. 3, etc. 

EXPEP.IKtHTAL RESULTS AND DISCUSSION 

Experiments ~ere conducted on a , 3-ph , 4-pole I.S kW • 
induction ~otor. ~here its conventional rotor ~as replaced by a 
~anufactured solid rotor equipped ~ith a cage windin~. Therefore, 
the performance characteristics of the smoothed solid rotor 
induction motor at several loading conditions are obtained • in 
order to explain some practical aspects especially those related 
to the vibration and noise problems. rn this context the flu~ 

behaviour has been measured by a set of search coils situated 
around each tooth. and around a pole pitch. This fieJd pulsation 
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has been recorded at either the no-load or load 
Figures (JI,'2), and 43' cho- th~ vDlt~~e5 induced in 
coi15. The wav2shape~ of the airgap f!u~ pul~atlon 

c ondi ti ons • 
the~e Se'arch 
e)fisted at 

s~veral point~ in the airgap of thp ~olid rotor i"du~tion ~tor 

ar2 the integration o~ these waveforms. H~ever. the present 
investigatiDn deals with the induced voltagp. in t~~5e 5e.r~h 

coil5. Moreov~r. the effect of controlling the speed, either by 
varying the supply voltage or the machine ln~ding, on the 
p~rtDrMance characteristics are given in Figs.(4), and (5). As 
Mell a~. the main field pulsation has been lnvestiQated. 

(I) The Ifttluence or Yar7inc Lhe Suppl, ValL_ce on ~~e Main 
ril!ld P .. lsoilUon : 

Figure (1) iJlus~r~tR the induc~d voltdge MavetDrm~ record2d 
fre~ th~ search coils located arDund the first and ~iddle tooth of 
a phase b~lt and th~ ~n19 pitch As "ell as the 
supply real time current and voltage waveforms are receded. Two 
speeds are ~on5idered. N=O • and N~7S0 ~pm ~ith lh~ supPlY 
volt~ge adjusted equal to 4Q ~nd 24.5 Yolt respecti~eIy. The 
recorded ai ,..gap .. ave.forms shOW ne ... r I y <;i nll'iCn clal chillpe. IIcwf'''' .. r. 
Fi~. (2) r~~ea)S the ef~@ct of th~ rotor nonlinearity, when the 
supply ~oltag~ hilS been ri'!]ulated to the v.allU?'!S n-l 42.92 and 
15U volt in order to control the machine speed at 1200 1430 
and 14bO ,..p~ res~ecti~ely. Com~arision bptwQen tM~ 

corresponding search coils induced voltages have shown increesing 
in the ~ain field puJsatlon a5 the supPly voltage incrp~_Qd. 

A~cu"'dinglY. this phenomenon is partly attributed to the existance 
of the saturation harmonics [5]. 
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A SIOl ~earch coli at (Me stilrt and tMe 
middle pMa!e belt 

1\ pole pitCh search cot! 

5 m.Sec. 

m.Sec 

I1.Sec 

The influt'nc!? or r('C'ulaLinti Lhe liolid roLor Spl!'l'd on 

Lhe- Plain rield pl.IIs.aLion and Lhl! overall perrDrm .. nce 
aL reduced volLa~e. 
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A s 1m se~rch coil a t the star t <I nd the middle pha§e b ol-t 

A pole pl!ch ~e;ucli coil 

. ri t. (t!) Th~ i. nr] UI? ne I? or J"l!rru) ali orr L he 50 uppJ y y nll.:I~·e 0'" t.h~ 

"'ai n r i pi d p:..l ~ II. Li on ar.d the ov~ .. aJ 1 perr or",ance • 

. . -

m.Se 

m.Se 
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Ill.se 

!I. slot !ie~rch cOil at lhc ~l:lrt i)<10 the rni<ldle philS.: llclt 

A pole pilch 5c:lrcil rold 

n". (3) : The loadinrr "ffllct on lhe ... ain fieid pulsalioJl and ll\l! 

oVI?J'i>Jl p{'rrOJ'alaWlC~ Nllh conslanl <supply Yolla"t! 

l!~u~I lo 150 Yoll. 
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h 

1 

-5 

7 

-11 

Th. Airt~p rr~qup.nci~~ R~la~iyp la ~h~ Rolor , 
Due- lo lh~ 51-alor Slol .. inc-

:tng S=I 5=0.9 5=0.5 S=0.2 5=0.0:2 

J8 SO - 45 - 425 - 710 - BBI 
-18 SO 135 475 730 BB3 

36 '50 - 135 - 875 -1430 -1763 
-36 SO 225 925 1450 1765 

!"iotl so - 225 -132:5 -21:50 -264:5 
-:54 50 :515 1375 2170 2647 

18 SO - 15 - 275 - 470 - 5B7 
-18 50 U.5 625 97(1 1171 

36 51) - J ()5 - 725 -1190 -14bC; 
-36 SO 255 1075 1690 2059 

54 SO - '95 -1175 -1910 -2351 
-54 '50 ;!:.;.S 1525 241(1 2941 

-
HI SO - 75 - 57'S - 950 -1175 

-Ie '50 105 325 49(1 5B9 
36 so - lb5 -'025 -lb70 -70S7 

-36 SO 195 775 1210 1471 
54 !SO - 22:'5 -1475 -239(1 -293q 

-54 '50 290 1225 1930 2353 

18 50 t5 - 125 - 230 - 2'13 
-ie so 195 77~ 121(1 1471 

:::Sb so - 75 - 575 - 950 -1175 
-3b so 290 1225 1930 2353 

54 50 - t65 -1025 -1670 -20S7 
-54 50 375 1675 2650 3235 

(G) The Loadinc rrtecl on lh. Main Fi.ld Pul~aliDn 

In order tu gain so~e Insight intD th~ eff~ct o~ loading on 
the- solid rotor machi"~ performanc&, thE recorded airgap flux 
waveforms ~re lnvestigated. It 1S noticed that. the alrgap flu~ 

di&tcrtion is b~ing af4~cte~ by the machine lo~djng. The machine 

t cadif'1g change~ th. 'Sllee~ .11'5 ... ell as the h'ar-IIIon! c ampl i tudes and 
their fn~quencies pattern. fables (1) and (2) give the 
fr-eQuen~ie~ of th~c~ har~cnies a~ the ma~hine speed vary_ 

Th. complicated wave-forms of the airQap flu~f being recorded 
by the stator tlC!lo?th 'iii_arch coils, r ... "''''''} the :Interaction bet .... en 
many o/"the harmoni cs gener'at~d by the stator' ",i ndi ngs, stator 

slotting and the nonlinearity D4 the rDtor- ~ate~ial. ~ere. a 
sol i d rotor c:i rt:'ul iltlC! an p.rldy curre .... t under any harmurd c Er1F tn~t 

is pro~uced by the airgap flux. Th~e har~anic~ penetrate the 
soljd rotor differently ~ccording to their strength and ~requency. 
Therefore, with the eddo; currlC!ntc;; induced in the ,..otc,.. oiIorllot hi\ilh 

enough to inc;rease the saturation ef~ect , a more distortion on 
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the air;ap flux belng rpcOt"ded. COlllfl"'rison bet ... een the ~oltag .. 
induced in the search coils rpveal such phenomenen ; Fig. (3). In 
addition, the pres~nce of the zig-zag leakage flux complicates the 
airgap field pulsation. Where this leakage component surrounding 
the .lots going across the airgap along the tooth tip and 
returning back over the airgap. This component has to oscillate 
differQntly as the machine speed ~ary. Therefore. its effect h.s 
to be ~asured by using a ~earch coils situated around each tooth. 
"Dr~er • a discontinuity phenomena have been noticed on the 
toothed ~earch coil output ~aveforms. which ~ay be ",ttributed to 
the evistance of the cage winding embeded in the solid iron rotor. 
On the other han~. Figs. (4) • and (5) shaN the i~provement on the 
machine chractp.ri5tic~ due to the existance of the cage winding. 

In some cases exessive vibr~tion may be set up 
speeds due to the e~\~t~nce of the standing waves 
standing Nave patterns will be e~htbited due to the 

~t certain 
[7]. Such 

existance of 
the different harmonics at the same frequencey as being noticed 
-frOll! Tables (1) • and (2). Conseql.en t J Y. the -f i £01 d ampl i tude • at 
a particular -frequency o-f a standIng wa~e. observed relative to 
the rotor are peripharally nonuniform which may c~use noise and 
vibration problems. 

CONl:I.USIOK : 

From the harmonic frp.quencies analyses derived and iisted in 
Tables (I) and (2). As Nell as the direct measurements o-f the 

airgap -field pUlsation. and the solid rotor induction ~otor 

charateristics ; the following conclusions could be obtained. 

(1) The e-f-fect o-f the solid rotor nonlinearity on the m.in field 
pulsation has been revealed by comp.ring the search coil 
output waveforms at low and high levels of supply voltages. 

(2) The E'-f-fect o-f the machine loading on the leakage -flux 
pulsation has resulted in a complicated airgap -field waveforms 
~asured by a toothed se~rch coils. This radjcal ~aveforms 

have been attributed to the 5tre9th o-f the rotor eddy currents 
and the oscillating nature o-f the zlg-za~ leakage flux. 

(3) FrDR the hdr~onic -frequencies an~ly~es ; listed in Tables (1) 
and (2) • a 5tdnding "lave pattern nay be exhibited at ION 
~eed5 [7J. The5e ~aves drp peripherally nonuniform ~hich mdY 
cause vibr~tion ~nd nci5e dt certain speed. 
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.... 

1.2 ...,--------------------

----- ••• --. willi cllg" 

~ 1.0 - - - - wH!Jaul cage 
Il 
p.. 

~ 
Q 

.s Q,g 

- -
0.2 -

0.0 -f---,-------.,---"---·"---·r'---I 
o 250 5DO ,~I) 1000 1250 1 ::;00 

1~~CH[![E SPEED in t" .p,m. 

TIll:! i rlllut cUITenl- "ill"f!d ch.:l.'a.clRri '1ti £:'!O for lr'R 

sr.:uolhed ~Dl i LI rolor i nducli "1\ IIIOtQr; wi lh and 

-ilhout th~ caee "indlne. 

J.O -,------------------, 

- - - -'- --- ,yilh enge 
- - - - 1>itboul cage 

0.5 

250 500 7SC 
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(4) A discontinuity phQn~enon have heen noticed on the output 
Navv~ar. o~ the toothed search coiJ§ at high Bupply voltage 
~hich aay be attributed to thp e~istance o~ the C~ge ~lnding. 

Tht I> pheru:"n~on ",as not iced and mod 1 f i ed to mpa9ure the p pne

tr~tiQn depth into the solid iron [81. But thu i~prove~~nt 

h&5 been shONn on the ~achine pprfor~ance at 9.v~al levels 
o~ supply voltages due to the e~istance of a cage "'inding ; 
Figs. (4) • and 1:5). 
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