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ABSTRACT 

Recently, the E~core linear synchronous motor has been introduced [0 the family of linear motors 
capable of exerting both traction and attraction forces. Due to the complexity of the magnetic strucnare of such 
core-shape, attention must be paid while evaluating the machinc parameters. Thereby. more exact estimation of 
the expected machine perfonnance can be ensured. 

This papcr is coneerned mainly with the proper evaluation of the parameters of the E~core linear 
synchronous motor; taking into consideration the flux fringing effect. This effect is one of the most important 
factors which influence the air-gap reluctance faced by both the transverse and tangitudinal fluxes. Thc 
developed approach to simulate the flux fringing in the air-gap regions has been resulted in a simple way to get 
the·effective pole areas undcr the middle and outer limbs. Accordingly, thc values of center air-gap penneance 
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corresponding to different air-gap flux components C~r' ~Gd '~~q) and 

intern the machine parameters CM (' L( .L d' L ) can be exactly 
o ~ ~q 

evaluated. This way. the machine performance. especially the traction 
and attraction forces. can be properly and easily predicted at this 
phase of motor design process. 

Experimental measurements are carried out on a simple static model 
to verify the proposed approach. The comparison between the theoretic3l 
results. considering effect of magnetic flux fringing at pole edges, 
and exper i mental resul ts on a stati c prototype motor shows that they 
are in a good agreement. 

1. INTRODUCTION: 

Linear motors w~th transverse magnetic circuit prov~ding both 
traction and attraction forces were introduced in 1972 [1] A recent 
addition to this class of linear motors is the E-core type (2] and it 
~s shown in Fig. (1). Several complicated magnet~c circuits are 
established in this machine due to its COT-e shape and the type of MMF 
along a given !nagnetic axis. Therefore attention must be paid during 
the estimation process of the parameters of this motor. If these 
parameters are not exactly estimated, the traction force required will 
~ot match wiLh the requ~red attraction force_ This paper is concerned 
with the parameters evaluation o~ the E-core linear synchronous motor ; 
taking into account ~he phenomena of flux fri~ging at pole edges. This 
phenomena affects the air-gap permeance under the middle and outer core 
limhs. Accordingly. Lhe air-gap perrneances are influenced by both the 
type of excitation CDC and AC exc~tation) and the effective pole area. 
The total flux along the d-axis, due to the DC excitat~on and the 
corresponding component of the AC excitation. crosses the central 
air-gap in a direction normal ~o the motion. Similarly, the flux along ~ 

the q-axis. due to the corresponding component of the AC excitation. 
crosses the central air-gap in a direction tangential to the motion. 
Regarding the pole area, there are two effective pole areas. one under 
the middle core limb and the other under the outer core limb. The 
effective pole area is greater than the geometric pole area by an 
amount suff~cient to compensate the fringing magnetic flux at pole 
edges. For a given dimension of E-core 9specially the widths of middle 
and outer limbs. the effective pole area depends on the pole width. The 
increased amount of pole width depends on air-gap. tooth width and 
pole depth . Once the effective pole areas under the middle and outer 
core li~s have been estimated ,considering the effect of magnetic flux 
fr~nging at pole edges. the air-gap permeances the flux components 
the inductances, the attrac~ion and traction forces were estimated. 

The given approach depends on the assumption of neglecting end-loss. 
saturation in all iron par~s. all flux leakage and all harmonics in MMF 
produced by AC and DC windings. To verify the given approach an 
experimental ~es~s were carried ou~ on a prototype static motor. This .. 
prototype was built in electric machine laboratory El mans our a 
Universi~y. The induced e. m. f was mea.sured in A. C windings using the 
average value of the flux at pole pitch The comparison be~ween 

exper i mental resul ~s 3nd theoreti cal one i ncl usi ve effect of magne~i c -
flux fringing a~ pole edges show that they are more close ~ogether. 

2. Air-gap Permeance : 

To ge~ the cen~re ai r-gap permeance S, assuming the corresponding 

flux paths to folloW circular fringes outside the gap as indicated in 
Fig.C2a & 2b). and the air-gap. g. is multiplied by Car~er's 
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coefficient to allow for slo~~ing of the stator. In accordance wi~h Sz' 

the outside air-gap permeance. ~he division of flux pa~hs is similar ~o 
that of S . 

1 

The fl ux carrying region can be di vided in~o seven indi vi dual 
regions possessing ~he following permeances [6]. 
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Consequently t~ increased amoun~ area under cen~re air-gap is given by: 

da. =A 
J. 1 .t r 

w 1 
t j, 

4w 1 9 • 11 9 • 211. 9 • 
=--rr-- In(l+h/g )+---rr- In(1+2h/g )+---rr- In(l+h/g )+ 

+0.915 9 11 (3) 

- In similar the increased amount area under ou~er air-gap is given by 

4wz g 1 9 21
z

g 
1 n( 1 +h/g ) +_2_ 1 n( 1.+2h/g ) +-- 1 n( 1 +h/g ) + 

n n n 

+1.32g Wz +0.915 9 12 (4) 
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3. Prediclion of Performance Charac~er!s~ics : 

3.1. Field Winding Mutual and Self Induclances (H
Ql 

and L
f 

) : 

The field flux t.akes a t.ransverse palhs Fig. (1) crossing a l~ 
~ir-gaps in each pole pi~ch and giving a Ilux densily under lhe cenlre 
_imb as following: 

-22r It H g + H 9 1 2 

":>'7 If Cg/J...I
O

)CB
1f 

+ B ) 
-'-f 2 

(5) 

P 8 A B A assumi ng zero pole leakage. 
1 ( 1 2 ~ 

8 w 1 B w 1 
1.f 1. 1.d 2 2 2 

3 8 ( ..... 1 / .. 1 ) 
2 1 [ 1 1 d 2 2 

(6) 

:rom (1) and ( 2) 

8 = C2i-1c 2 If )/(g (1 +C "" 1 /"" 1 ))-] 
1. f C 1 1.d 2 2 

(7) 

The lo~al flux per pole is equal lo lhe average Il~x densily over lhe 
~hole pole ..... idlh mul~iplied by ~he ~ir-gap area CT ...... ) . ""here; 

p 1 

and. 

C-w . T ) 
i P 

. sine i 1 
1d 

T 
)) 

P 

C'wI.T ).C8/1T2).[C~.2 ,I )/~gC1+C ..... 1 )/C'wI 1 ))}] .sinC -21T 
1 P 0 r f 1 1d 2 2 

(8) 

T 
P 

.... (9) 

1 ne induced RMS phase vollage can be expressed in lerms ot' a mut.ual 
inducla~ce or a rale of change of flux, i.e.) 

C 10) 

Subsl.ilu'ting t'or ¢( from equalion (8) in~o equation (10) gives lhe 

~ulual induclance linking lhe t'ield and armalure 'wIindings. 

1'0{ 
a,f 

8~ . 'wi .T .~ .2 _pCZ .q.K ) 
1. P 0 r Q ..... 

1T2 . g. C 1 +( "" . 1 ) /C..... . 1 )) 
1 J.d Z 2 

1 
. C 1T 

s~n 2" J. d ) 
T 

P 

(11) 

The inslan~aneous vollage induced in lhe t'ield winding can be expressed 
in lerms 01 a self induclance or a rale of change of flux_ Since lhe 
field winding consisl,s of lwo series connect.ed sect..ions. t.he vol~age 
.!.s given by 

I 
'-r 

dI r 
d~ 

p 2 . Z 

Using equalions (7) C 9) gi ves ~he fi el d ""i ndi ng sel f i ndUct.anC9 



'" 

Mansour-a Engineering Journal , Vol.20 , No.1 , Karch 1995 

B f' g. (1 +( w '1 d /W 1 ) 
t 1 1 Z Z 

J..I.o ' Z, 

t.hen, 

1 B J..I. • r. p. W .-r 
o ( 1 P . si n( n 

Z 2 n . Q. (l +( w 1 d /w 1 ) 
.t.t Z % 

1 
td ) 
T 

P 

3.2. Armat.ure q-ax1s Self Inductance L 
aq 

(12D 

The q-axis field t.akes longit.udinal pat.hs [3J ,see Fig.Cl). t.hrough 
the pole and t.he primary core. !his flux component. tends to emerge from 
t.he points on t.he armature winding at highest. pot.ent.ial and these are 
furt.hest. from t.he poles. The pa.ths a.re almost entirely axial Since 
the q-a.xi s mmi' component of armat.Ure wi ndi ng at any poi nt. x from the 
centre pole along the machine length is given as (5)~ 

"" F (x) F sin C n x / r ) o S x :$ r 
eq 0- P 

hence; 
+1 /2 

VI 
iq 

..p c·J.J.o 
t 

F C1 f sin (tr~ dx 
q.t g 'T 

0 P 

1" ,,2 

I-lo w P 
I. 

A-

I sin 1< x/"fp 
<P 2 F 

q2 9 0. (rr/2).C2x- 1 /~D 

1 /2 
lq 

let 

The q-axis flux <Pq is given by 

Where 

c 
q 

c 
q 

1 ...!.q 
-r 

P 

1 

n 
n 

sine a 
1 
_iq) 

-r 
p 

(13) 
P 

(14) 

dx (19) 

(16) 

Equat.ing t.he expressi ons for the induced e. m. f.. £ anct t.he a.ir-gap 
a.q 

quadraLure reactance voltage drop X .1 
q o.q . 

L- . I (17) 
'CLq 

Hence armature quad~a.ture induct.ance can be obtained. 
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z. 

6. CZa,' ,~. Kw) . ""0' w{ . T p' P 

2 
1T .g 

3.3. Armat.ure a-axis Selt-induct.ance CLa.d) : 

(18) 

The ~lux creat.ed by t.he arma~ure winding is divided inlo t.wo flux 
component.s in bot.h d and q axe$. The d-axis armat.ure field t.akes 
transverse paths (4] • as t.he main field creat.ed by t.he D.C. excit.at.ion 
• see Fig.(1) . So. t.he same technique used t.o predict. the behaviour of 
lhe main field can be used t.o predict. t.he d-axis armat.ure ~ield. This 
~an be analyzed using a mAgnet.ic equivalent. circuit. similar to t.hat of 
t.he D.C:. excit.at.ion wit.h siight. di£ference. This dif£erence is due t.o 
the exist.Ponce o£ the A.C. excit.at.ion on ~he cent.re limb of t.he core. 

As t.he A.C. winding is a dist.ribut.ed one, t.he corresponding source 
o£ m.m.f. is dis~ributed sinusiodally along the direct.ion of t.he 
mach! ne lengt.h. The equi val ent. m. m. f. in the di rec~ axi s F od • is 

calculat.ed by summing t.he flux cont.ribu~ions £rOrn each element. under 
lhe c&nt.re air-gap as follo~ings : 

The direct. axis component o£ armature m.m.f. at. any point. x from t.he 
centre pole along t.he machine lengt.h. assuming unity po"",er fact.or is 
gi ven as (5]; 

F F cos (1T~ 
ad a. i 

p 

whereas t.he £1 ux ent.ers 
t.herefore t.he t.ot.al £lux 
must. be zero hence ; 

+1 :id/2 
w 

f d4> 0 C,..,o· 2..) CF' 
g a. 

1 
1 d/2 

t.hen , 

C19) 

t.he pole equal t.o t.he £lux exit.s £rom it.. 
in t.he cent.re air-gap within t.he pole "",ldt.h 

.cos (rr~ - F' ). dx 
T od 

(20) 
p 

1 
F = F 

a. 

T 
P sin 

rc 
C 2: I.d ) (21) 

00 T 
P 

The flux under t.he out.er-gap is uniform dist.ribu~ed t.his confirmed 
that. under unsaturat.ed condit.ion t.he pole sur£ace may considered as an 
equipot.ent.ial sur£ac:e. Assuming t.hat lhere is no lealc.age between t.he 
adja.cent. poles , so t.he pole pot.ent.ial can be found easily by equating 
t.he flux crossing t.he cent.re gap to that. crossing t.he out.er-gap . 

r/J can' r e-ga.p 
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When t.he above equat.! on is sol ved fo.~ F p. t.h~ fundament.al componen~ 

of t.he cent.re limb air-gap flux densit.y and t.hen t.he pole flux··can be 
obtained : 

Where 

C 
d 

1 
1d 
T 

P 

6.(Z ,q.K ) ,~ .w .T .1 
G W 0 t P 

1 
- --

rl 

n 
sine 2" 

1 

T 
P 

) -

(23) 

T 
P 

Equating the expressions for the induced em:!' EGd and t.he air-gap 

di rect. reactance vol tage drop I d' Xd 

can be obt.ained : 

the armature d-axis induct.anee 

L 
a.d 

6.(Z .q.K )z,p ,W .T ,p 
G W 0 1 P 

2 
11 .g 

3.4. Thrust. and At.tractive Force: 

(24) 

(2S) 

By means of convent.ional two-axis theory the volt.age matrix equation 
can be represented by: 

v = r.~ + L.( di / dl) + w.G. (26) 

In this expression 

Le Mr 

L L 
q G = -M

r -L 
Gei 

Me Ld +L 
C1q 

Ld .Lq and L f include leakage components. i.e, 

etc. Equation (26) ean be writt.en as 

,1' 
J. • v .~ 0 • + d (iT L ') iT G .1 • ~. J. dt' ., 1 + W. ., i 

Where, iT indicates t.he transpose of i 
machine power balance can be identified. 
to the mechanical po~er output gives ; 

so that. each term of t.he 
Equating the converted power 
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~chanical power oUlpul = w.[M .i.i + (L - L ).i .i ] 
... t t q. ad aq d q • 

~ ~erms of s~eady-s~ale quanlilies ; 

id ~ ~ .l.cos 6\ 

periphery speed 

i = ~ .r.sin 6 
q ~ 

T .~ / n • so ~ha~ 
p 

(27) 

The ~hrus~ force under cons~an~ curren~ condi~ions may given by ; 

r 
T 

3n 
T 

P 

sin 6 + 3fT (L I Z . ~ 
2
- . -L) . . s 1 n 2u. 

T ~d Qq \ 
P 

(2a) 

The calcula~ed ~hrus~ force is shown ~n Eig.(3). A considera~ion 
Jf ~he air-gap slored energy leads ~o ~he following allraclion force F'N 

where 

I'll :: ~ (slored energy) = ~ (i T. L.. i) 

~valua~ing ~his expression gives 

Lr I
Z 

. r 
= N 2g + 4g 

+ 
3I Z CL -L ) 

a.d Qq 

4g 
cos 26. 

L 

(29) 

Si nee t. he 1 eale a.ge i nduc ~ance ar e i ndependen~ of g . Equa ~i on (29) 
~hows ~hat ~here are lwo normal force componen~s ~ha~ are independen~ 
;f ~orque angle (6.) and ~wo variable force eomponen~s. The calcula~ed 

\ 

lor mal force is shown irt rig. (4). The larger of ~hese varies as (cos 
») and is due ~o ~he in~erac~ion be~ween ~he arma~ure and field 

L 

.urren~ disLribu~ians. 

~. PROTOTYPE MOTOR AND EXPERIMENTAL RESULTS 
The pro~o~ype mo~or is made of mild s~eel see~ions wi~h a lamina~ed 

~nd wound cent.re core. The D.C. coil is posi~ioned under ~he arma~ure 
Jinding in ~he centre core limb. The arma~ure windings are 3-phase with 
·~-sl o~/pol e/phase and doubl e layer wi ndi ng. The pol es are made of sol i d 
nild s~eel and have T-shape. The D.C. coils are excited f'rom ~.he D.C. 
~upply and the induced e.m.f.per phase is measured in AC windings using 
~he measured average value of' ~he flux a~ pole pi~ch • see Fig.(5). I~ 
:an be seen from ~ig.(5) ~haL. the experimental measuremen~s ot ~}H.F. 
~s quite close lo lheoretical E.M.F. when lhe ef'tecl of' magnelic f'lux­
frinqing al lhe pole edges is considered. The protolype molar has lhe 
following dala :-
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cenlre limb width w 
1 

pole depth 
dislance between lhe centre limb and the outer side limb 
overall ..... idth 
air-gap depth (9) 
pole width 11 at centre limb 

pole widLh lz at ouL side core limb 

pole pitch T 
p 

number of poles 
stator back iron Lhickness 
s~ator sLac~ height 
number of turns of D.C. field windings N

f 

number of turns of armature A.C. 

CONCLUSION : 

windings per phase N pn 

:; 100 mm 

:; ~O mm 
:::: 115 mm 
:;;: 400 rnm 

.20 mm 

== 80 mm 

'" 120 mm 

180 mm 

5 
s: 25 mm 

60 mm 
200 

;; 4ea 

E.53 

In this paper. relaLions determining Lhe air-gap reluctance of 
E- core Li. near synchronous motor have been taki ng i nLo consi derat.i on 
t...he ef"f"ect of the magneLic f"ield f"ringing 'in Lhe air-gap regions. In 
these relaLions. Lhe concept of "ef"f"ecLive pole-area" and "effecLive 
pole widLh" are inlroduced to enabl~ mere precise and qUick 
calculaLions of Lhe machine parameLers. 

As the analysis reveals. lhe ef'f"ecl of" magnetic field fringing 
resulLs in increasing Lhe geometrical pole-area by a fictitious amounL 
; red.ucing Lhereby the air-gap reluclance. The corresponding reduction 
has nalurally its effect on t.he machine parameLers and. inturn. on Lhe 
machine performance. 

The laborat.ory measurments. carried out on the proLotype motor. 
show LhaL the induced E.M.r. in Lhe armature windings due Lo the main 
exciLation has a good correlalion wilh lhat lheorelically investigated 
taking into consideralion the magneti flux fringing at pole edges. 

The presenled analysis and suggesled concepts give a precise. 
short cut lool in lhe machine designer hand. 
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Effeclive pole area under the cenlre limb. 

Effective pole area under the outer limb. 

Cenlre air-gap flux densily . 

.= The peak value of resultant armature m.m.f. dislribu~ion. 
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Fi el d m. m. f. 

Pole magnetic poten~ial. 

Air-gap length al lhe pole centre. 

effecLive air-gap lenglh inclusive Carler's coefficienL. 
pole depth. 
The rms armalure current. 
Field currenl. 

FundamenLal winding facLor. 

.= Pole ..... idth under cenLre core limb. 

.= Pole widlh under oulside core limb. 
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widlh under cent..re core limb in d-axis posilion. 

widlh under cenlre core limb in q-axis posi lion. 

widlh under oulside core limb. 

self induclion exclusive leakage componenl. 

Ldd ~=Armalure d-axis self induclance exclusive leakage componenl. 

L :=Armalure q-axis self induct..ance exclusive leakage componenl. 
<1q 

p .= Number of pole pairs. 
q .= Slols/pole/phase. 
s .= ~lol widlh. 
S1 .= Cenlre air-gap permeance. 

5
z 

: ; Ouler air-gap permeance. 

w .= Cenlre core limb widlh. 
:l 

w . = Oulside core limb widlh. 
z 

Z .= Number of armalure conduclors per slol. 
Q 

Zr .= Number or field conduc~ors. 
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Pole pi lch. 

Permeabilily of' f'ree 
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Cenlre air-gap flux. 
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Fig.Cl): E-core Transverse Flux HeLropolar Linear Synchronous 
Mo~or and Magne~ic Clrcui~ Dimensions. 
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Fig.C2a) ; Division of side air-gap inLO component flux paLhs. 
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Fig. (2b) Division of centre air-gap into componen~ flux paths. 
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Fig.(3) : Thrust force versus load angle. 
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O.w~---------------------___________ ~ 

0.50 
~t..... 

" :! 0.40 
~ 
.S" 0 . .30 

~ 

~0.20 
w 

0.10 

" ~" 
,... " '4 : .. ~ .... "- Dell.-... Ccn.n CCMrttIcllIIIt. 

B : .. Illeoritlcci .... "- iIK;IUiM Cart.'a co.m:lant.. 

C ;- &perilT'elltGl 11 .. ",,11. 

o.oo~~~~~~~~~~~~~~~~~~~ 
o 2 3 4- 5 6 

FlELO CURRENT, in Amp. 

Pig.CS): Induced EMF per Phase per Angular Prequency 
in Armatur~ Winding Versus Field Current. 
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