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PARAMETERS AND PERFORMANCE OF E-CORE
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ABSTRACT

Recently, the E-core lincar synchronous motor has bcen introduced to the family of lincar motors
capablc of cxerting both traction and attraction forces. Due to the complexity of the magnetic structure of such
core-shape, attention must be paid while evaluating the machine parameters. Thereby. more exact estimation of
the expected machine performance can be cnsured.

This paper is coneemed mainly with the proper evaluation of the parameters of the E-core linear
synchronous motor; taking into consideration the flux fringing cffect. This effect is one of the most important
factors which influcnce the air-gap reluctance faced by both the transverse and tangitudinal fluxes. The
dcveloped approach to simulate the flux fringing in the air-gap regions has been resuited tn a simple way to get
the-effective pole arcas under the middle and outer limbs. Accordingly, the values of center air-gap permeance
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corresponding to different air-gap flux components C¢f. @

ad
0 L( 'Lad' Laq) can be exactly

evaluated. This way, the machine performance. especially the traction
and attraction forces, can be properly 2and easily predicted at this
phase of motor design process.

¢ 2 and
aq

intern the machine parameters CMa

Esperimental measurements are carried out on a simple statiec model
to verify the proposed approach. The comparison between the theoretical
results, considering effect of magnetic flux fringing at pole edges,
and experimental results on a static prctotype motor shows that they
are in a good agreement.

1. INTRODUCTION :

Linear motors with transverse magnetic «circuit providing both
traction and atiraction forces were introduced in 1972 [1] A recent
addition to this class of linear motors is the E-core type (2] and it
1s shown in Fig. <i). Several complicated magnetic circuits are
established in this machine due to its core shape and the type of MMF
along a given magnetic axis. Therefore attention must be paid during
the estimatien process of the parameters of this motor. If these
parameters are not exactly estimated, the traction force required will
not match with the required attraction force. This paper is concerned
with the parameters evaluation of the E-core linear synchronous motor ;
taking into account the phenomena of flux fringing at pole edges. This
phenomena affects the air-gap permeance under the middle and cuter core
limbs. Accordingly, the air-gap permeances are influenced by both the
type of excitation C(DC and AC excitation) and the effective pole area.
The total flux along the d-axis, due to the DC excitation and the
corresponding component of the AC excitation, crosses the central
air-gap in 2 direction normal to the motion. Similarly, the flux along
the q-axis. due to the corresponding component of the AC excitation,
crasses 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
erfective pole area is greater than the geometric pole area by an
amount sufficient to compensate tLhe fringing magnetic flux at pole
edges. For a given dimension of E-core especially the widths of middle
and cuter limbs, the effective pole area depends on the oole 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 limbs have been estimated ,considering the effect of magnetic flux
fringing at pole edges, the air-gap permeances , the flux components ,
the inductances, the attraction and traction forces were estimated.

The given approach depends on the assumption of neglecting end-loss.
saturation in all iron parts, all flux leakage and all harmonics in MMF
produced by AC and DC windings. To verify the given approach an
experimental tests were carried out on a prototype static motor. This

prototype was built in electric machine laboratory , El mansoura
University. The induced e.m.f was measured in A.C windings using the
average value of the flux at pole pitech . The comparison between

experimental results and theoretical one inclusive effect of magnetic
flux fringing at pole edges show that they are more close together.
2. Air—-gap Permeance :

To get the centre air-gap permeance S‘ assuming the corresponding

flux paths to follow circular fringes outside the gap as indicated in
Filg.(2a & 2bd), and the air-gap, g, is multiplied by Carter’'s
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coefficient to allow for slotting of the stator. In accordance with Sz,

the outside air-gap permeance, the divisian of flux paths is similar to
that of S‘.

The flux carrying region can be divided into seven individual
regions possessing the following permeances [6).

Centre gap S‘ Outside gap S2
» E)
Sy = uowglg/g s, F Powzlz/g
s2 = 0.610 “ola sz = 0.610 “olz
s, = 0.305 uol‘ s, = 0. 308 polz
s, =Cp°l‘/n).lnC1+2h/g b} s, =Cp°lz/n).lnC1+ah/g)
55 =C2u°l‘/n).lnC1+h/g b} ss =C2u°lz/n).lnC1+h/g)
s, = 0.610 Hw, S, = 0.810 HoW,
= . /i = 7 - 7
s, Capow‘./n) 1InC1+h/g D s, Capowz n). 1nC1l+h/gd
S =5 +s5s +s5 +s5 +5 +2(s +s5_) S =g +5 _+5 +5 +s +2(s +2 D
1 T "2 "3 a4 s a "7 2 1 "2 T3 T4 °n a 2
s - . Py » - s+ )+ )+ n+ s+ )+ > 5
A Ho A‘Orr g s‘ s, ¥s, s, *s ECSd s,) 1
4w g . 1.9 , 2l g '
A‘.r‘= - InCi+hr/g > + = InCl1+2h/g D> + o InCl1+h/g > +
+1.32g w + wl +0.915 g 1 (@=>]
1 172 1

Consequently the increased amount area under centre air-gap is given by:

4w g lg , 2l g

= _ 1 ’ 1
Aat = Atorf wtl‘ B InCl+h/g D+ - 1nCl1+2h/g D+ -

1nC1+hrsg d+

+1.32g w  +0.915 g 1, (<))
In similar the increased amount area under outer air-gap 1s given by

4w _g 1 g 21 g

T InC1+h- /g D+ - InC1+2h/g D+

1nC1+h/g D+

+1.32g v, +0.915 g lz 4
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3. Prediction of Performance Characteristics :
3.1. Field Winding Mutual and Self Inductances (MM_ and Lf ) oz

The field flux takes a transverse paths Fig.(l> , crossing a two
air-gaps in each pole pitch and giving a flux density under the centre
-lmb as following:

= -
_Z(I(-H19+qu

22 = (g, + C
X If Cg uo)CBH 82) 5
p = B” 1-\1 = B2 A assuming Zero pole leakage.
= er Y lxd = Bz Y2 J'2
3 =B Cw 1 S w1 D 6d
2z 1f 1 1d 2 2
from C1) and C2)
=2 = [ 7
= CE,JO 2 I{ d/lg €1 +C v, lr.d /wl 12)}] are]
The total flux per pole is equal to the average flux density over the
whole pole width muliiplied by the air-gap area (7 .wl) , where ;
[
2 11d -
qbf = Cw1'TpD . (C4B”/n D . sinC 5 - b)) csd
P
and, -
2z 11d
15{ = Cw‘.TP)AC::/n ).[(po. Zf.IT)/{g(l*—(wil‘d)/szlz))}) .sinC < T b)
L P

The induced RMS phase voltage can be expressed in terms of a mutuat
inductance or a rate of change of flux, i.e.,

Mo I =2c1 Y E_D.CZA.q.Kw.pJ.ztf €10d

a f
Substituting for ¢f from equation (8) into equation (10) gives the
mutual inductance linking the field and armature windings.

8Y 2 .w‘.Tp.yo.Zf.pCZa.qAKw) 1

M = . i
ol sinC

14

2 T
.g. +| R A .
n.g. (1 Cwi l.th sz 12)) p

b} ()

VR

The instantaneous voltage induced in the field winding can be expressed
in terms of a self inductance or a rate of change of flux. Since the
field winding consists of two series connected sections, the voltage
1s given by ;

1 dI ¢ do

foTa TE- %P

Using equations (7> , (8 gives the field winding self inductance

P
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B ..g.(1+Cw 1 . w. 1.3) 8B ' 1
1 174d 272 _ tf . T id
Lr . oz = aZr.p. 2 .V‘.Tp.SlnC 5 - 3
o f T P
then,
1ﬁu.Zz.p. w . T 1
L, o= 1P sinC 5250 3ES)
b .g.(l+(w‘lld/wzlz)) p

3.2. Armature q—axis Self Inductance qu H

The g-axis field takes longitudinal paths [31 ,see Fig.(1), through
the pole and the primary core. This flux component tends to emerge from
the points on the armature winding at highest potential and these are
furthest from the poles., The paths are almast entirely axtal . Since
the g-axis mmf component of armature winding at any point x {rom the
centre pale along the machine length is given as [5)?

F (x =F sinC ax /1t ) 0 £ x5t 13
aq a P P

hence;

+11 72

w‘ = ? ﬂx)
¢q = 2 My g Fa J sin C?— . odx C14)
41 O P
T /2
H_ W °
B ot - sin n xX/1Tp

¢qz =& Fa tr 3 caw- 1 JBy - 9% €153

1 2 19

tq
The g-axis flux ¢§ is given by ¢q + ¢q
1 2
6.C2 gq.X o, .w .1 .1
¢ =C . a w : t P C18d
q q Z .nt.g
Where ;
llq . T liq
C:q = —; - T . sinC § e b]
P P

Equating the expressions for the induced e.m.f.. an and the alr-gap

gquadrature reactance voltage drop X .ng
q

2.CZ_.q.K)
L I =—2 " 5. ¢ L7y
@A x 1

Hence ; armature quadrature inductance can be obtained .
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LS 1)

3.3. Armature a-axis Self-inductance CLcd) H

The flux created by the armature winding is divided into two flux
components in both d and q axes. The d-axis armature field takes
transverse paths (41 , as the main field created by the D.C, excitation
., See Fig.(1) . So, the same technique used to predict the behaviour of
the main field can be used to predict the d-axis armature field. This
2an be analyzed using a magnetic equivalient circuit similar to that of
the D.C. excitation with siight difference. This difference is due to
the existence of the A, C. excitation on the centre limb of the core.

As the A.C. winding is a distributed one, the corresponding source
of m.mf. is distributed sinusiodally along the direction of the

machine length. The equivalent m.m.f. in the direct axis , F‘od , is

calculated by summing the flux contributions from each element under
the cenire air—-gap as followings

The direct axis component of armature m.m.f. at any peoint x from the
centre pole along the machine length, assuming unity power factor is
given as (S5];

F . =F . cos (25 0sx<T7 $%=>)

od a Tp P .
whereas the flux enters the pole equal to the flux exits from it,
therefore the total flux in the centre air-gap within the pecle widih
must be zeroc hence ;

. +11d/2
dp = 0 = Cu_. =2 I CF .cos ¢S5 - F d.ax 20>
a a TP od
- lxd/E
then ,
“ TP ltd
Foa = Fu . -;!._].-:/-2— . sin C 2 .—;: p) a1

The flux under the outer—-gap is wuniform distributed , this confirmed
that under unsaturated condition the pole surface may considered as an
equipotential surface. Assuming that there is no leakage between the
adjacent poles , so the pole potential can be found easily by equating
the flux crossing the centre gap to that crassing the outer—-gap

centre-gap ¢aul.ar—gop

CF ~F>.S=F .8
od P 1 P

> - F1. 8 =F.S ceas
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¥Yhen the above equation is solved for FP . the fundamental component

of the centre limb air-gap flux densxty and then the pole flux can be
obtal ned

G.CZu.q.Kw) CH W T LI

¢, =¢, . I 23
d Yye. n ?g
Yhere ;
1 1 1 8 T 1
a
Cd = id - — sin( % .—%i-) - P L4 .SanC 3 ; b}
+
P P 7 .l‘d(i Clzwz/l’dwil P

Equating the expressions for the induced emf Eud and the air-gap

direct reactance voltage drop Id.xd , the armature d-axis inductance

can be obtained :
E.Cza.q.Kv)

L I — . p . ¢ 24D
ad 2 d

25>

3.4, Thrust and Attractive Force :

By means of conventional two-axis theory the voltage matrix equation
can be represented by:

v =r.a + L0 di 7 db) + w6 26
L]
In this expression ;
e by M,
i = J.cl N L = I"c‘( N G = -Mt ALod
i, Mr l..d +Luq

Ld .Lq and Lf include leakage components , i.e. ,
L.d = LLd + Lad etc. Equation (28) can be written as ;
Tov=iTRri+ S T LD et et
dt
Where, i’ indicates the transpose of I , so that each term of the

machine power balance can be ldentified. Equating the converted pawer
ta the mechanical pawer output gives
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achanical power output = m.[Mr.lr‘L + CL.ud -~ L.u ).Ld.l ]

- - Q q -

n terms of steady-~state quantities ;

i =1 ., i, =73 .1.cos & s, 1 =73 .I.sin & »
f f d i qQ L
Mar = Mr/i 3 » periphery speed = Tp.w /7 nt , so that ;
_ 3 I
The Torque = 3.Ma’.I.If.sln 6& + E'CLad Luq).I .sin a&L c27d

The thrust force under constant current conditions may given by ;

F.=2% M . I .1.siné + 2% cL -L >.1% sin 26 28>
T TP af t ETP ad aq i

The calculated thrust force is shown jin Eig.C(3>. A consideration
£ the air—-gap stored energy leads to the following attraction force FN

where ;
. a a LT
= —— (stored energy) = —— (i .L.iJ>
N 39 ay 39
_ @ 1 .2 1 z 1 2 . .
-E[ §Lr.1r +2Lq.iq+§Ld.ld+Mr.1d.lr ]
valuating this expression gives ; i
L, ‘x: 3r%cL T arfer_,-L_ > aM I .1
Po= + 2c _°3 25 23 cos 25 + —= cos & -
N 2g 4g 49 L g i
29
Since the leakage inductance are independent of g . Equation (29

shows that there are two normal force components that are 1independent
.f torque angle Céi) and two variable force components. The calculated

iormal force is shown in Fig.C4). The larger of these varies as (cos
SL) and 1s due to the interaction between the armature and field

.urrent distributians.

4. PROTOTYPE MOTOR AND EXPERIMENTAL RESULTS :

The prototype motor is made of mild steel sections with a laminated
and wound centre core. The D.C. coil is positioned under the armatura
Jinding in the centre core limb. The armature windings are 3~phase with
2-slot/pole/phase and double layer winding. The poles are made of solid
nild steel and have T-shape. The D.C. coils are excited from the D.C.
supply and the induced e.m.f.per phase is measured in AC windings using
~he measured average value of the flux at pole pitch , see Fig.(5). It
can be seen from Fig.(S) that. the experimental measurements of E)M.F.
1S quite close to theoretical E.M,F. when the effect of magnetic flux-
fringing at the pale edges is considered. The prototype motor has the
rollowing data : -
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centre limb width w, = 100 mm
pele depth = 20 mm
distance between the centre limb and the outer side limb = 115 mm
overall width = 400 mm
air-gap depth (gd a. - = 20 mm
pole width 11 at centre limb = 80 mm
pole width lz at out side core limh = 120 mm
pole pitch T = 180 mm
p

number of pales = 5]
stator back iron thickness = 25 mm
stator stack height = 60 mm
number of turns of D.C. field windings Nf = 200
number of turns of armature A.C. windings per phase N = 488

ph

CONCLUSION :

In this paper, relations determining the air-gap reluctance of
E- core linear synchronous motor have been taking into consideration
the effect of the magnetic field fringing in the air-gap regions. In
these relations, the concept of “effective pole-area™ and "effective
pole width" are introduced to enable mare precise and quick
calculations of the machine parameters.

As the analysis reveals, the effect of magnetic field fringing
results in increasing the geometrical pole—area by a fictitious amount
; reducing thereby the air-gap reluctance. The corresponding reductiaon
has naturally its effect on the machine parameters and, inturn, on the
machine performance.

The laboratory measurments, carried out on the pratotype motor,
show that the induced E.M.F. in the armature windings due to the main
excitation has a good correlation with that theoretically investigated
taking inta consideration the magneti flux fringing at pole edges.

The presented analysis and suggestad concepts give a precise,
short cut Lool in the machine designer hand.

LIST OF SYMBOLS :

Alo[r = Effective pole area under the centre limb.

Azaf[ := EBEffective pole area under the outer limb.

?1( := Centre air-gap flux density.

Fd : = The peak value of resultant armature m.m.f. distribution.
Fr := Field m.m.f.

FP : = Pole magnetic potential.

g = Alr—gap length at the pole centre.

g, = effective air-gap length inclusive Carter’s coefficient.
h = pole depth.

1 = The rms armature current.

I, = Field current.

Kw = Fundamental winding factor.

l‘ := Pole width under centre core limb.

1, = Pole widith under ocutside ccre limb.

N
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" a
a

[
]

Effective pole width under centre core limb in d-axis position.

li: = Effective pole width under centre core limb in g-axis position..
l2 .= Effective pole width under outside core limb.

Lf := Field winding self induction exclusive leakage component.

Lad =Armature d-axis self inductance exclusive leakage component.
qu =Armature q-axis self inductance exclusive leakage component.

P = Number of pole pairs.

q = Slots/pol e /phase.

s = Slot width.

S1 = Centre air-gap permeance.

Sz : = Oter air—gap permeance.

w, : = Centre core limb width.

v, = Outside core limb width,

Za : = Number of armature conductors per slot.

21‘ : = Number of field conductors.

T = Pole pitch.

p: = Permeability of free space.

6i : = Torque angle.

¢1 := Centre air-gap flux.

¢z : = Outer air-gap flux.

REFERENCES

1. Levi, E. " High speed iron synchronous operating linear motor® I1.E.E
Conference publication on linear electric machines No 120, Oct. 1974.

2. VWiseman, R.W. " Graphical determination of magnetic fields " Trans
A.I.E.E Vol 4, No. 2, pp 141-154 feb. 1972.

3. Eastham, J.F " Iron cored linear synchronous machines " Electronic
and power 1EE Vol 23, 1977 pp 239. 242.

4. Eastham, J. F. and Balchin, M. J. *“ Characteristic of heteropolar
linear synchronous machines with passive secondary " IEE Vol 2, No. 6
Dec. 1979 pp 213-218.

5. Liwschitz Garik and Whipple, C.C. " Electric Machinery " Vol. 2,
Yan. Nostrand.

6. EL-Drieny ., S. A. "Analysis of claw pole transverse flux inductor
motor by means of magnetic equiyalent circuit*®, Mansoura Engineering
Journal , Vol. 12, No. 2, Dec. 1987.



- . i Flux ‘ [‘f\
—AXLS Longtiudnal
q \

Mansoura Engineering Journal , Yol.20 , No.1 , March 1995 E.SS

N e

D.C. Winding _ g
!
H
i

-

L

ﬁﬁﬂuy Slots For A.C. Windings
= d-Axis and Field Flux

g-Axis Flux _'L.
YN

d-Axas and Fleld Flux! ]I

i 4

- Fig.{1): E-care Transverse Flux Hetropolar Linear Synchronous
Motor and Magnetic Circuit Dimensions.

“—.
surface of armature core

=i —— e e o

S LT TCTCRRI ,/ . b e
AT 1577

L
b l\z ‘\\\\\\\\\\“\\\\\\\\\\\ 3 — ~ +
b B NI i OURENN

b — ({...._,4

i

Fig.{(2a) : Division of side air-gap into camponent f{lux paths.

surface of armature core
7

7 yd
7 2
,’l HRERE
. Y P

S
3} 1.
~ £
SN
Rl R
Fig.<(2b) : Division of centre air-gap into component flux paths.




S. A. EL-DRIENY

0.20

o
o

TRV REN VYRS VRN EET

THURST , N/m
o
2

aa s ataadad i iaicals

0.05
0.00 R e RIS St & e T
D 20 40 60 30 100 120 140 1603 180
LOAD ANGLE , in Degrees
Fig.(3) : Thrust force versus load ongle.
5.00 7
4.00
3
% 3.00
w ]
5] 3
2 3
1.00 3
0.00 5 60 80 100 120 140 160 180
LOAD ANGLE . in Degrees
F.g,(4) . Normal force versus lood angle.
0.60 T
]
3%
N ]
- 0.40 A
o
> ]
£030 ]
- 4
t‘_: .
Z0.20 A1
: 23 = Theoritlod Remulls axciusive Carter's cosfficient.
0.10 §

B := Theoriticad Resufls indusive Corter's coefliclant

] C ;= Experimental Resuts.
0.00 AR Madasiale siatesttey

FIELD CURRENT ., in Amp.

Fig.{(3>: Induced EMF per Phase per Angular Frequency
in Armature Winding Versus Field Current.



	Effect of Magnetic Flux Fringing at Pole Edges on Parameters and Performance of E-Core Heteropolar Linear Synchronous Motor.
	Recommended Citation

	tmp.1671720843.pdf.ME8_2

