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E. J3 S.A. EL·Drieny 

Abstr:ltt 

Recently, the E core homopol:u lilJcnr syuchJ"onous motor HLSM hilS bcen introduced to 
the family ofline:1( motors c~"3ble of e:.:ening both tTactiol1 r..ud all Toetion forces. The HLSM is 
preferrei.l for use in driving ~I\d levitoting clectric~1 trotl ~l'o rt veh icles duc to thc :.dvantilgc of 
r..:ombillcd Lrllction aud attr~ction fOI·ces. The usunl problems of this applicmioll nrc: (i) The 
synchroniz.1t ion of exact traction forte with the correct .,urllClion fo.-ce at on limes of duty cyde 
of tr~lIspon vehiclc. 1·lence. the correct air-g~p nux dell sity, ~ir·gaJllcl1glh. geomctry of r:l illmo.::k 
pole and ideillification of operu ting conditions which nlcet the truction and allrnr..:tion forces 
reC\uircments should be properly detenllilled. (ii) The HLSM opcr:lles only ~t syncJlronous sliced. 
To Obtaiu variable speeds operatioll, Ihe HLSM must be fed by C\.lITCHI source inverter aud must 
be OI)Crated under closed.loOI) control Clro:\.IiL Under this operntion it is possible to select the 
opernting 'lligle between the tlirec\'nxis nnd amH!.(ure current. The Vhasor Oi:"lsr:llll revresenti"s 
the \lerronn~l\ce ofHLSM depends ntRinly 011 tltis ~llsle. 

This paper presents a desigJl technique of 0 linear syncl\Yonous motor for troelion ~nt.l 
,1t1uctioll of electrical trnn$VOl1 velticles . The desig.u teclmique is based on : 

1) Rcprcse1l!ntion of the motor perfonll~nce using the pha so r diagra m to explore th e intC l" or..:tion 
bvhvceo, the fields ~no the motor parameters Such as direct ~lId qURthalllre ~ ."es re~ctances. 
indllced voltage ill the armature due 10 field e.'l.cit3tioll only, power flle\Or and pOlVcr ang.le. 

2) Selection of the operating angle wheu HLSM is fed by currelll source I1Ivell er nud operated 
under closed· loop COlltrol circuic .. Despile Ihe variable reiuCll"I<lCC couslructioll of Ihls lIIotor 
the direc( and quadrature axes renclnllces are lIlorc close together. So.it is possible to select 
.111 opt imum vah,e of ojleraLillg angle for unity power fact or designs. This ch oice c:lI tscd ~ 
reduction of the effects or the anJlature reaetioll all the air g1ll) nux density II"der tile pole 
fnces. In tliOi. this reduces saturlltion in the aml~ture teeth. the most stressed l1al1 urthc irotl . 
Iii additioll., :1{ the sa me tillle. this cboice IIln:lmizcs the thrust pcr Uliit ~leH . ,111e1 hence .for ~ 
speci fied power output . lends 10 IC3U ;1 lllintrUU111 size of the mOtor. COlIscquelllly the (I)ower 
I weight) ratio is maximized and this rs one oflhe impOl1utlt aims [or such applica tion in 
trllllsJlol1ation SYStem 

3) Applica tion of the suggested desigll flow cll~n aCls ~s a quick and simple tool to preuiu lire 
:lItr:)criOIl auu Inelio," rorees and La e:>;amine the elTects of varying the major dimensions 01" 
(lie I"Ulor. 

4) Study the effeet ofair.g~p lenglh ou the attraction and (TactiOII forces 

The design techuiC\ue is app lied to design a HLSM for lift ing a 3 1011 vehiclc:1I 36 Kltvl, 
>peed ami ~cceler~l es at \.47 tn/seel · 

List of svnlbols: 

A . The ~rt:l orthe niT-gap. 
b : Lcngth ofnctivc conductors. 
U' : IlM$ fundamental con'l)onCIlI of flux densit y ill air·gap produced by lcrtninn l 

CK, K, 
vohage.-V~/( ) Vb 

m 
O. : R.MS. flwdaluental COLuponent of Oux density in :lir' S:lV I>rodllced by :lnll:UlIre 

excitation" ( !J.11.0g
t

) k ~ 



MnnSOllr~ Engi nee ring J ou m~1 (MEJ) Vol. 21 , No.4, Dccemuer 1996 

fir : RMS fundnlUcnt3J (,;Ulliponent O[tlll.'( densi ty in ~ir- &:Ip produced uy ru:hl exeilnl iVIl 

'" ~~ .. smo. "2 -- ---Nr l r ;:: g 

Il~ . RMS. nllld :IIIlC"lIlal componcm afflux: cletlsity il l air-gap . 
C TOlal number of series cOIlJlected conductors. 

Cd . Direct-axi:; an llalure reacunce coefficient .. X ..... I X .. . 
C'l QlIadratu re-a,>i )s nrmntlll"e renct311ce coefTieiellt == X"'II X ... 
ci Distance rrOIll center of pole !':Ice. 
fr · RM S. fundaillental vo1t~ge iuduced ill lmlllllure due to field currellt ouly. 
E~ Vo ltage induced in amlature by D!. 
g : eneClive ;"nr-!Pl1 lellglh . 
I, . RMS. anuature CII!Teul. 

Ir : D. C_ Cll rrellt in the 6e1d winding. 
l' r. RMS. value of field cu rrent referred to armature. 

Ck.dkp 
K • . RMS. ann31ure surfllce Cllrre111 deusily := 

2 •. p 
Kad: RMS direct-aXIS annalure surface current dens ity 

[, . 

Kaq: RMS II1Iadrnlllre-a."is armnilire surface cu rrent dcnsity 
Kd : Windillg distribution lactor. 
K~ : Windiog pilcll f~ctor. 
I.. . Pole f3ce width . 
In . Number of pha ses. 
N, TUnis I pole in tile fiel d winding 
p : Number of pok pairs. 
]I . Power. 

I : Thm st per UUlI ~rea of ~rmature surface. 
T lotnl thrust.. 
V . The relative veloc ity ~Iwcellthe :lnoaiure and the llo lar Stn,elure 
V. : TenninaJ voltage ofillotor .. 
w, . Tooth width. 
W." •. M~guetie eltergy per pole 
X m IVhgne tiziu g; re ;lct ~lIce 

X, Leakage re ~el3 l1ce 

X.,.j . Direct-axis saturated afmature reaetnuce. 
X"' Qu"drai lire-a,os saturated anu~lUre reaei3uee. 
X.r . S~llI rntell ll1utu~ 1 rc~et ~ uce uelween Ofllwture aull field. 

a . A!lgular span or pole face ~ (n lp 1 2t). 
~l.., Pe nncabilityoffi"eespilce <ln: >( 10.1 HIm. 
"( . Pole pitch. 

1:, . Slot Vitch . 

~,ojl\ . l'h:lse nngl e uel ween armature current aud voUage or g31) Oux 
dellsit'! . resjlectivel y 

), Angle between 4· ax is nlld peak of K •. 

'I' :(Oper:l.Iing angle) hetwee1l d-axis and peak of K •. 

~ . 39 
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I. 1l1trod llctiou : 

Re<;eully. a homopol~r lineOlr synchronous motor is uscd ror eleCtric;lllrnuspolt vehicles 
bccOluse it provides bOlh Imclion and ~I Wlctiou forces. Tllc prolllel11s associated \vi lh !lew 
t r~nSilort system 3re : 
I) Tile linc:u synclu ouous mOlOr LSM has no variable sllceu capability whell encrSIzed 1T0m ~ 

fi xed IrertueHcy supply, ~ Hd hence requires ~ vnri:tllle fr e(]u ellcy supply to be ofpra";l ical 

n~. t {j.8J. 

2) If the elluipmellt which COli troIs the attraction fo rce fll ils, 10 :l coudition of 1lI11ximum fo rce. it 
wi ll produce n large amowlt ofbrnkiu g force. 

:;) With 3n act ive vehide systeOl, the vdljcte c:lrries several motors with their power COil version 
nud control equipment wltich :let as ex tr3 load on the vehicle 's allraction system. 

When the LSM is used to combine trnetiou and atlf;lclion forces, the thrust lIecess111y 10 
aceclernle the vehicle :Iud to satisfy the outy cycle mllst also be aebieved lit :lPllropri"le v1l11l0;s of 
speed nnd rrequeney. Hence :l power converter is requ ired to fce d the armaturc wlildillg or LSM 
with Cll rrel1l at not only the ':OITCct frequenc~' oul "Iso at .he load ~ngle which will producc thc 
ncce!(Snry thrtlst. rUllherlllore, ~ fnst ch opper is IICCCss.lfy to controlthc field (;un ellt lind 10 

.u.ljust the levi!lltioll force to Illateh til e vehicle load [11 . 12\. 
This pnper presents the SOIUlioll for some of the Ilrevious prohleills by illlfOduo,: lIIg a 

deslg.ll techniq uc bused on (i) rcpresenlntioll of phll so r dia gram which represelitS thl;; HLSM 
pcrfOflllllllce.( ii) al )I, lic:u ioll of bod I the sugge.~lcd flow chal1 design and the given conlrol syst cm 
A sketch of idenl ized LSM is show'n in figure (I). The liIock diagran.l o f control syStcm is showli 
ill figll!e(2 ) an d i~ divided inlO two llHrts tile lcn. hand controls Ihe speed alld Illnilitn iliS the 

current ~t fixed v~ruc . Wllire the right h:md comrors lhe pJ13se angle 'I' This is ;Iceolllill ished by 
detecting the ph ~se oll gle between tWIl wave shapes of the S:lIl1e frequene:>, the sigml from tilt: 

pole' I)Ositioil sensor ;111(.1 the voJt llge-wave which cOlurol" the illvel1cI frelILlCII(;Y 

1. GCller ;l/ Design Ide:l. 

Th e desi gn of an electrical macbine is usua!ly camed out by \linl nlHl error. First ly: til e 
designer chooses the seolllclly. the dilllellsiOliS. the m:lSlICI IC ~nd electric lo~ding ~Ild thell 
delennines the I-lcr fol1l1 :l1Iee :l1Id pa r~l11elers of the ll1:1chilles. These steps are ilerll teci IImil Ihe 
(iesign specilicaliolls ~fC met. 

Although ,Ihe modem compolels a llow the J esigu processes to be carried 0111 vely f.1SI. 
bUilt lh e: optimiza tion of the design nud the previolls experience with similH mOtors ~re vel)' 
eSSt:nt ill l. 

When dcolillg with n Ilovel npvtiC:ltlOIl, it is more convenient to SI:l I1 J irccl ly wil h Ihe 
de sig.n specific:nioll$. e,.;press them i" tentlS of electnc nn d magnetic loadin gs, choosing the 
suitable geomelry, and fi naUy detenuillc the diUlelisiolls. This approach was adopted fOf the 
design of HL$ M. Design flow Chlllt bused on Choosin g the valu es of spec ific magHcllc and 
electllc loadings by tria l :lIld error lUuil design becoHles Vf:lctical is shown ill figure ( 9). 

In this InOtor, the field and alln3ture windings lie in pl:lnes l)erJlendieulll f to one :lIlother .1S 
~hnwll in figlll"c ( I). As l result, Ihe nl:l g.nctic circuit Ila th ror the conSt~1l1 hOlllopolar nnx is 
t ransverse to direction of motion. III COlllrast, the fundamental componellt o f the :lltcflllliing nux. 
partly is gencrated by salient pole, vari<lble-reillct 'lflcc construction, aud pa rtly by (he: (Ulle­
v:\l"y ing anll:lIure curreols. develops longi tudinally nux to th e direCtIOn of motion. The 
rCITOI1I:l!;llclic 11I:l lerill l of the HLSM nml~ture carries a nu ,~ density which vll riCS 1IIollg the 
:lnllature winding air 

• -gap betweell ... B ancl - 0 (i.e. arounti an :lvcrage value) instead of between p(lsit ive + B allti 

- 13 (nnd Ilcg~tive peaks. ~s in heteropolnr synchron ous lllDchines. 



Mansoura Engineering Jounlal (MEJ), Vol. 21', No, 4 . December 1996 

Sillce .. 1n ,1Veragc component of nux tlellsity, O. in mJdition to the IIsefu l :1ltenlnti!l~ 
component, are prescllted in the nir gnp, the desigller ha s to push lhe ~nllnlurc teelh :lnd 1110St of 
llTIll3ture iron IIltO Saluratlon. On the other hand , since Ihe malar lelies on vlliinble lehICt:1HCe 
effects for its operation, saluration of the track poles ~trueture !;annOI be fl lloweJ. Tilt:. slc:tdy­
stale performance cnn be predicted nccordillg to cOllventionnl two-rCllcti OIl thcory 12 ,3 J Mill 
represented in the phflsur di:lgram or !1gurc (3 J. An expression of th e uutplll [lOWCI(4[ call ';<lsi ly 
be derived lind is gIVen by : 

I' ,., m ( X.drl. cos \II - _X_'~d~-c:-X-",q~ I; siu 2'1' ) 
2 

(I) 

In lilc hOUlopoln r LSM, the pole pitch is hn[flbe diSlllnce belW'(:e ll two adjacent po les . 
HeliCc the s.1 turated rellet~nce X"I call be made equal to X"" by chousing the po le face IClIgth to 
i)e Silin/iern thnu the »ole pitch Icnghl. hi gClle l~ l . the dirTcrcn(:e betw(:cn X,., ;md X ... , is rclauvely 
SIIl:1I1, so thnt lhe fi rst llal1 of the power equation P is substant ially larger th illl the second. It 
avvenrs, for given field and annalure CUI1"eIllS. the OUlput is a maximum whcn ' I' = O. as in d .c . 
Il lachilles. 

Severa! eOllsiJer:lIions, hov.'Cver, a(:1 against thc desigll chOice IV S 0 f il stly; in this 

region. the ;tn ll:lIure current I;'ISs bel,ind (he voltage and, bence. the KVA r;n ingofbolh the 
U13Chilic ;'I lld its iuvcner e..'(:C~ds the KW rating. A le:tding vOltllgC. ~ Iso. "revent s the 
cQnlluut31 iou of the Switchiug demeUls. Secoudly; the atteutiool 0 11 the CUll'ellts is llIisle~di'lg. 
sillcc Ihe lIIachine Ollll)ul is 1101 limited by the dissipalioll of heal resulting from ohmic tosses. As 
was nlcnlioncd bClorc. the uu (:hiue is broughllO 5.11l1ralion of the ITlagnclic nux path. For the 
case of IV S O. the fund:lIl1Clltal (:Ollll>ollellls of both the armllturc 1Ilid field !lux densitieS (11, :lI1d 

Ur ), Of Inore lI't ciSl;ly. Ihelr ImllrS, add 1111 over ~I le~ SI halfofthe pole face. lhus contl/olluding 
the I, roblem ofiroll s,1tu r.1tion . figu re (4) shows how this difficnlty may be solved by cho osing ~ 

Ilositivc v~I'l c of 'I' . 

3. Ou ign Arr:lngCtllcnl or JlLS:\'1 

The sianillg PO;l\t of c31 1y suge uf desiguin g Stich tYlIC I.)f lUotor have 10 be <::Ollsidered as 
follows ' 
I) The lu~ximum pCl'ln,ssible (lux derisity on the pole face B""("",, , 
2) The ItIIiXimUll1 311ltw~ble nu x density in the nnrl3ture teeth [3,( ... ,) 

W1H::n th e teeth :lre not s~ tur~ted. (he ~b O\le nux denSIties are relnted by 

T. 
D,(,,~,! '" -- Bp(("""'1 (2) 

W, 

To estiro~te the atr-ga p Dux density Bs U,e fo llowing nux densities must be firslly 
cOl)sid ered 

The two fUJld~nlenwl components o f fl ux dens ity produced by nrmnlllre windings., rc g(V(:1l hy 

~OT 
Bad = Cd-K .. 

rrg 

~ o' 
B Jq = ell - - K", 

rrg 
The fWlllamen la l o f flux density PI produced by field e.'(ci t;)tioll is givcn by 

(3) 
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2 ~o SIIlU N 
. r::;' f lr 

;'t"'/2 g 
1 ;) 0, ' 

The lOin I nux densilY wave I3 ~ is the sum of Sr, D.~, ~lId 0"'1' ,1$ show"O ill figure (5). In thc 
design stage, Ihe elc::clric.11 nnd magnetic loodings K. Jnd B, 3re specificd~ the phnsor dingrDIIl is 
then used to determine Or Dud hellcc the rCl]lIirecllielcl exciln liOIl Nr. lr . A diJlieully. howevcr, 

,lI;ses, since the nllgle 'F is not known cnrly. This difficulty cnn be solved lly using the COllstrtlctioll 

of figurc (6) where th e nllgle 'jJ is detennill ed by Jr:llVing ~ segment equ~ 1 to (0 ",,1 cos 'r) "" ( po 

;: I ;;:g) c.. K. in the direction pelV l!: nuiclllar to K •. The fi e ld Dux densllY Br is then foulld as shown 
ill figure (7).The preccedillg al1~lysis doesn't IlIke illt o ~ccOllntth c efTeet oflellk;!ge nuxcs sw.;h ns 
slo t leakage f1u l' and the over hnllg leakage lIux. To ~co.:Ollnt for lhe overalll!lTecl of these Ouxes 
(5J all aVll TOllriale parameter X, ( leakage reaClollce) Illuslbe cOlisirle reu eonsCIIUelllly, the plillsor 
d iagr:IOIi will be modified as shown ill fi.gure (8). lusighllilay be g~illed into the relation between 
the electric antI the tllagllclie loadinss and the design lIuameters by nonnali7jng this l1Iodifled 
"hllMlr di<lgflll n .so. as to litit i .... to evidence the mag:ncl ie lield qualil ilies. P~ r1.icul:Hly siul))lc 
lIJialytical eXlueSSIO OiS are obtained ill C:lSC of p4 :lc tical imc4·cSl. when the '~ I:l t.\hill e is designed for 
ullity power fac tor ami when the :lllllaltU'e reStSltnlCe IS neglected. The following eX[Iressions can 

lle oblained . 

8. ", .I'"T K~ 

"" 
X ~ ,. 

P,,b V (CK,K,)' 

ob ( X, 1 
- X~ +c. 

tI~f I (, )1" - - -K - 8 - (. -C -"-K SIII'I' 
:'8 sill ']' .- / " ";rg a 

(S) 

(6) 

(7) 

(8) 

19) 

( 10) 

A ce lation is thus c:S13blislled bctweeu K., aud Be wluch are indices of th e e l e~ lric aud 
magnetic loadings, respectively. 

4. Forces Calcul:ltion : 

To c~lcu la te the fo rces, the energy sto red !nthe magne tic held mnStlJe evaluated, alld 
take lIeg~live or its deliv~ tive with reSJlecl to tbe direCiion o f tile desired COlnIIQII I!OIi . The 
lII~g!Oclic elle rgy stored ill the nir.g~p over olle pole I)itch is given by (9. 10 , 1 1.12). 
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where, 

"." 
W~w=J~ .. f(H J "'H~) b.g.ri:c 

",11 

). · QO ~ 't' 

The 10lal Ihmsl over 2p pules is lheu T '" 21' aW mp ~lld it c~n be given :ls 
a, 

L<lJ 

( I I) 

T= p~o ~2. Ka [ 4J2Nrlr sin l..sina -2": Ka sin 2Asin 2cr.] 
g it 1t 

( 12) 
and the 10lal IIonnal (oree under the arnttllure is. 

,: '" aw,!)!' 
•• 2P--- " . -, 

(N( :)",)' "(~ ').JlN,"'(;)' K, 0.'). ,,"a +] 
2 -; K : f + 2;cosH sin2a 

(l3) 

III ~ddilio!l. Lu case of HLSM . there ex.iSl..s~ IIonn31 force COntributed by Ihe (eel uuder 
tbe GeM yoke. 

F.r".!.~Af (14) 
2 J.I 0 

where. fi r is the nux density under ule feet alit! AI their are3. The tbroS( force call be evaluated by 
3110lher way as follows : 

The e icclro'":lglletic force developed per wlit :tre:l orthe air-gap is 

power , _ 
t · - - - = K. B, cos';' • K. ob cos\j1 

A. V 
( 15) 

Th e IcmlS C. ~lJd c.. :Ire proportiollal to the direct 3nd quadralure S;t lur:lled react:IIICCS. 
and tlteir diffe rence is presented in cqUl\lioli (10). The appro.(im3Iio ll is now m~dc thallhe first 
te rm in 
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lhe uCIlQl11inntor, (C~ - C" ) sin "I', is Slnall iu comjllirisoll wilh Ihe secoutl. This penllilS II.e 
followitiS simplified expression for lhe Ihnl $1 per uilit nrc~ 10 be all inincd when eqlloliolls (9) !In'' 
(10) arc substituted ima etjunlion ( 15) 

, 
1tg B f sin 2\1-' ,=--

}..lo' ~~+C 2 
X

,U 
q 

(16) 

The force tlensllY is llIuimu!\I for 'i' • 45~. 

5. forces Bch :lvio r : 
There ~re lI)any r.,ctors affect iug on Ihe forces behavior, the IIIOSI imIIO.,:'lIt oue which is 

COllsidered in Ihis paper is th e air-gnp [cllgth . TI~is is cOllsidered as following : 
' "he Jlhasor tl iagnun .... ~ucll is correspondiug to ideal HLSM. HO !ca};,llge reilctance, unity 

power factor and angular spall of pole fnce eq\l lll rt 12 . is sh own in figure (4 )_ r:l'om this phasor 
diagram and from equation (<I), the following relatiuns Jre consitlereu 

~oS A " K>1 Kr 
where, 

And, 

11 [\ 
sin.\.: ---­

)..10'1: K r 

K,_ [ rrS)'82 K~ r--- +--
Po 't I> 4 

2 )..10" ( )' 
Bg+ --K, 2rrg 

The ra,io offield 10 :trm:llOre excit alion is g.ivco lIy. 

1T K r I 
R-------= 

2 Ka sina 
From equat ion (12) 3nd equ:J. lion ( 13) Ihe ralio orllonu:tl rorce 10 IhmSi isgivell. 

( 17 ) 

(l 8) 

( 19) 

(20) 

(2 1 ) 

(22) 
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, 
IS ill~ellelldcl11 of - , il is cOllcludeo that F. dCllcnds o n the air-gall 

t 
Icngth o nly throu gh Ihe ratio 

g 

6. Numsrical ~xan ' !lle: 

g 

A design lechuique is nppl ied for a wide range of operatill!! :mgle 'I' 10 design t-I LSM C­
core IYJ)e (:;I1)allle fo r driving aud levi lating (:IS a one of four simil3r I1'\Oto r5 ;nlcllIJed for "'OlUII ing 
ac the cOOlers) a ) 1011 vehicle, to m/sec wil h ~cceler~tiOI1 of 1.47 IT\/scc l. The ni rgap oflhis 
des ign W3S 10 mmthc design steps arc essemiaUy itcrative with the dcsigl1er usillg (lial vn llles ;md 
SUbseCjIlClit reCineln enlS to lIriug it to all accept .:.ole soludo ll. II is Olil lille'-' in now ellan of 
Fig. ( 9). The 1001) involves Ihe fWHb mc llla i desigll c.:.lculat iolls fu r d inlcllsiolls alld weigil l. II I ~ 

cOllccnled \vidl a vim13lJy tri al and e rror ~5SeS5lTJent of tile d.:siSn un der different opcratin£. 
cOll(./ ili ("1I 1 indica ted by choices of' ll nud <.(J • • Th e pred icted Jl eJ"fo ITu~ll ce is gJven ns fol lows: 

fU il clta rnllce IOlmu T luust 
POWCI faclOr I Att r~ctivt force 
Weight/output power 13 kgikW Toc~( \velght 

Elliciellcy 86% 

And tile c1esigll d~l~ for 01U!: nlOtOI is given as fo llows · 
A,,,,ol,,rt 

Pote VIIch 
slut pitch 

20 em 
22.2 nuu 
15 No . o r coilslph~se 

No of hillIs/coil S8 1u ms 
ratell current 

Conductors cross seetloll 

Field 
AmlJe re T un)s 
currell! dClisi ty 
R;lted fie ld curre llt 

7. Cu nduuilll!, Itcllluks: 

I S.X A mp 
3.95 I1Iml 

17))4 AT 

8.7 N IlJIll 1 

87 A mp 

co il span factor 
Chorded coi t s{l ~u 
Winding fac tor 
n.e p:lck..ing (lIC(O'· 
( uncut dcu si lY 

11 40 N 
7500 N 
146 Kg 

0.866 
213 rd of pole pitch 
D.sn 
0 .• 
<I .~ Nnlll, l 

The III ~IU conclusiOn o f this paper presellls a tles i! .. techlllque of (I hOllIopolar line:! f 
synchrollous 1II00or fo r combining tUCIlOII :llu l nonna l fo rce . /I deve lops the phasor diagram 
whidl represents the perfonnancc Oflhc mOlOr 10 explore the ;lIle r3(;1I0l) U-ct wecn the lid«s al ,d 

the cllSSlcal Ilu:ulIeters X., X ~. £. I,,» ver factor , e'-': CII .111»1I alld "ower (I1ISlc. 
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T he follo wing relll:lrk .. ble points alc gl) t from this p~lper : 

I) The thl11st per unit area is ' IJrOpor tiolllll lO the r:uio o f gal' h::ngdJ to Ilole pilch. (gil). T his 

is balanced. howcver. by nil equal depenuenee 0f(XI / X., ) on (g/T) 
2) The lIornl~1 force I'er tIIllt arc~ is prol'o r1iouallo ollgular pole sprend let), il will uecrc:lSC ns 

a IS dccu:.1sillg nll cf nlso inversely Ilropo rlio ll;JI 10 air-gap Ic ngth 
J) If lhc load ~IIgle is SCI to n value elju~1 to the nugular polc spread :Ingle. no additivc mlllf 

will be present, even at th e leading pole edge. Hence, it is possiblc 10 satisfy nearly 
simu ltnnsouly tire two c rite ria of maximum Ihrosl Ile r urlll ;) le3 (I) ;'Iud tero ~ddit ive 1I1111f. 

4) The chosen value of ' \' cnn also be In Ri ntaincd w'hen t.he motor operates at reduced (lowe r 

level. In lhe c~se of COnstaut field cuncn t (and henec constant Br), a consta nt 'I' yie lds a 
Ic:'lding CU TTell t which eases the c.oruwul:lI iOrr process rrr tire invencr. 

5) The thrust per llllit are~ is propo nionnl to the square of the magnetic loadins if tire So"'ltur:uion 
is neglected. 

6) AIII)ropriall~ I'ole-sh:'lilillg iucre:lses the c ull'llt oy reducing Cq , which is all ludex ortll e 
l>ermeaue in the iuter polar space 

7) A Slllaller va lue of a wiJl decrease the perl11c:mee of inter polnr space. ns will as lhe 
trllnsversc n Ull. thus reducing the weight o f the fic lcl yoke nud lhe polar structure. 
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Fi:.:. I ') Sl;elCh "f "" ,ticali'fC" c·n,rc 
Fi\::. (2) B I,,~I' dia~I';l1Il or a cuntrol 'y .• ' ~'" 

for Ihe J/ LS,\ I 
J ''''''''1><'';0'' Line'! " S y"chl''''''''' ~ "",lOr 

. \ 
\ " 

bd = ( X;'d - X"., ) l ;1 SI '\\II 

od =E r·= I ~ X:lr 

bn = X,,'1 I ~ 

ac = Xad J" 

Fil:,. (3) l'ha~lIr dia CI""" Ilr "oUa):C t'''''!'''',c"r) fUI" LSM 
("c,iSI""cc "c\:k~lc <l1 wil h ''' !:~'''!: c",.,.~tli 

.. .. -='----------'--------"TC,.-,, "' 

.' 
I)" = Cka 

Bf = Ckf 

C = ( lim i ng) 

fi~. (-l) "ha,,,r <II;'!!""'" f"r 11,,~ IICn~II )' c""'P""clIl~ r",' "k,, ' LS," 

E" 7 

m.sM 
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S. A. EI. Oriell l' 

,~-.", 

13",1 = C(,IK" Sill 'II 
0"'1 ::: CCIIK. Cos III 

C ... ( ~tO '( Iltf;) 

" "" 
'~ 

"·[ ··'jt. I 

~ .. 
I .... ' '':'' 

'" 

ae= CCd K;I 

~b =CCCJ "-" 

bel =CK:, l Cd - C<)) ::il1lljl 

C ::: (f to l/ itg) 

Fi).!.. (7) C I''II,hic :0 1 C llll .' ll1l ~l i(l 1l 1I .<cd t" delco-"'In.: fl r 

, 

ac= CCd K:.=C,\ B;l 

i'l l> = CC'I Ka = C'l lJ a 

bd = CKa(Cd - C,,) sin ' II 

= B" (Cd - Cf} ) sirl\l' 

ae =Ba ( XI ' Xm, 

Ill::. (loll r' h.,J'lU" .1i,,::r.l1ll . 11':COIlIlIIU~ ror tc"I;;II.;~ IOlIhl( I :1IKI:. 

(Mulur "IICI'J!1"~ WI,h 1:1::::' 11:: o;UrI'ClIl) 
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I S~I" spoX.fi"au o" I 
1 

I Choose ipeClr", 100Kllo(, B and J 

1 
U5C (o", ul ~ 

T h",}I " a ) W L CIlI'~ 

10 dc:rll"~ lenglll L and .... ~<llh ,. 

I 
Cl""," pole \)11<;1\. "u'n~r 0( poie5 and ~'r,",'\P len); ll. I 

Des,1:/' Irxk poIc.s C hoo!.C cOle IInck l\~. 

(;lleul .. le nack fl"" C hoou ope l ~II"1: ~ " );Ic .... ~ " d PO'¥CI rX lo' 

DesIS" field "" I!dllll!. Caleula lc """r:ln 0 ' :1'" pll:uol dl:l~r;lm 
Wldll, ~nd h,,,gIll "lid _'I>bl Calc",,,le:lLl <;uu erol .eXlances 

De.-Il>" ~fI1 l :a l u re ''' ndin g,J ~rh:l"~ nUl1lbe. of 
lu . ns 

C :lIcuJ ;I(e a. m:,,," ,, fCXUon "n" f 
C:al(ulalt vcn 'c:1I rOfCe :a nClI"n.}i 

" vc nte:a! 
rOtce :and N. 

Ihrmt 

xccpl~blc 

yc~ 

" N. 
'YCI!:;h l 

:'ICccpl>lblc 

Ye.' 

STOP 

Fig. 9 . Flow chart 0' design process 




