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ANALYSIS OF CLAW POLE TRANSVERSE FLUX INDUCTOR
MOTOR BY MEANS OF MAGNETIC EQUIVALENT CIRCUIT

DOr. SAAD EL-DRICNY

Electrical Engineering Department, Faculty of Engineering,
EL-Mansoura University, EL-Mansoura,
EGYPT
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ABSTRACT

- In a preliminary design siage of claw pole fransverse flux inductor motor with
E-core, an accuraie mapgretic calculations are very complicated due to the field acrangement.
A special heavy burden is the estumation of (eakage flux in the non-useful paths. Exira iron
will be needed to carry this flux if saturation is to be avoided in the useful paths.

This paper presents a simple equivalent circuit method by which the performance
of various magnetic paths are estimated analyucally. The method i{s based on the assumption
that the flux paths are made up of straight and circular segments. [t can be simply and quickly
applied to examine the effects of varying the major dimensions of the motor. Experimental
measurments are carried out on a simple static model to verify the proposed methed. The
comparison between the analytical results obtained from an ideal motor and the ezpecimental
results shows that they are in berter agreement. '
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I. INTRODUCTION

In the early design stages ol claw pole transverse flux inductor motor, it is always required
to have a quick and handly simple tool to analyse the relevant magnetic circuit and examine
the effects of varying the major dimensions of the machine. Consequently, a preliminary
estimation of the motor performance can be obtained. Levi [1] had applied a technique which
is based on the use of conformal mapping [2], for getting the 2-dimensicnal plot of the
tield lines, by means of the S3Schwartz- Christrofiel transformation coupled with numerical
integration, Eastham [3] had used a magnetic equivalent circuit assuming that all flux
components cross the air-gap in a direction normal te the stator surface. To account for
fringing effects, effective pole widths were used by applying Carter's Coefficients. This
magnetic equivalent c¢ircuit does not consider for leakage [lux which is an inherent nature
of this motor. This leakage flux affects the machine performance as well as dimensions
which must be chosen properly when magnetic saturation is to be avoided.

In this paper a simple magnetic equivalent circuit of the mentioned motor, see
figure (1}, has been suggested. This circuit takes into consideration the most possible leakage
{luxes. Permeance calculations is based on the assumption that the paths of the {lux components
are made up of straight and circular segments. The configuration of the proposed circuit
can be reduced to represent one pole. To get its parameters, represented by the permeances
of the propable paths of the different flux companents,the permeability of the fron is assumed
to be infinity. Special considerations are necessary when dealing with the proposed magnetic
equivalent circuit owing to the unorthdox shape of the motor structure.

— J.C, Carl
.
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Figure 1 : Claw pole transverse flux inductor motor
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Z- MAGNETIC EQUIVALENT CIRCUIT

The magnetic field in the air gap regron ol the motor under investigations, behaves
in a complex manner in all three dimensions. The principle flux paths are shown in figure (2},
which illustrates the path of the useful flux ¢2 , which links the armature winding on the
central slotted portion of the core. In addition, the outer paths are ol the leakage flux
components, which contribute to the total flux linking the field winding. Leakage flux emerging
from the sides limbs of the core is naturally existing but is not considered in the magnetic
madel. Also, the iron paths are assumed to have infinite permeability. The flux paths in air are
simulated by their permeances and connected in the magnetic equivalent circuit according
to their starting and end points. Figure (3a) shows the magnetic circuit analogue for two
poles of the machine. This circuit can be simplified by symmetry arguments to be equivalent
for one pole : the element Sy, connecting north and south poles of equal and opposite potential,
can be severed and connecting the severed ends to earth, hence the poles of the machine
are separated The element Ss, is now in parallel with the two severed elements of 5, to
form a total permeance S¢, which connects the pole to earth:

S:ﬂsq+55 L. 01

5

The magnetic equivalent circuit per pole Figure {(3b), can be solved to get the
pole magnetic potential FP, interms the total field m.m.l, FF :

Fp = sisyosyias; iy e - 62

Consequently, the pole flux §, = (F- - F)5 v a3
1 F FL

b1
[t
—— pole to pole
L,..-f -7 leakage fux o,
s - Fig. (3a) : Equivalent circuit for two poles
'—4-'_——& ransverse of the machine
\ leakage [lux ¢‘3
——]

5

-F +F ..
PN
NS ‘
) 5 E‘z
Fig. (2) : Principal flux paths
5
3

Fig- (3b) : Simplified equivalent ciccuit

for one pole
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Accordingly, the useiul flux (through the middle limb) and the different components
of the leakage flux can be determined as followings:

Uselul flux 1]2_= Fp. 52 L(a)
Transverse leakage flux ¢!3 = (FF + FP). 53 ... (3)
Pole to pole leakage ftux ﬁlq = 2Fp. S, ... (08
Pole to ground leakage flux ¢)5 = Fp. S oo 07)

The usefulness of the magnetic equivalent circuit depends entirely on the accuracy
with which the values of the equivalent circuit elements can be calculated. This is not simple
in a case where uniform fields are not common. The fringes of air-gaps, in many cases,
carcy as much flux as the region directly inside the air-gaps.In paths crossing large gaps
the flux lines are assumed to be made up of a combination of straight and circutar lines.
The paths defined are only an approximation te the actual path and are likely to underestimate
the permeance of a path since the actual path is a condition of maximum permeance. It
follows now the determinations of the permeances of the different paths:

2-1 Permeances of out side-gap S], and Centre-gap 3,

To get 5| the corresponding flux paths are assumed 1o follow circuiar Iringes outside
the gap as indicated in figure (4). In accordance with $7, the division of the centre gap
is similar, see figure (5), but the air-gap, g, is multiplied by Carter's coefficient to allow
for the slotting of the stator.

The fluxes carrying region can be divided into seven individual regions possessing
the following permeances :

Qut-side gap SI Centre-gap 52
sp=p,bd/ g s‘]:}jowd!g‘
5,2 061 fi d Sy = 0.61 4 d
s = 0.305 p d Sy = 0.305 p d
5, = ([ pg d/m In (+2n/g) sy = {pg ol I (e2n/gh)
ss = {2 p df77 In (i+h/g) s"5 = (2 p_ d/rr) In {1+ h/gY)
s, 061 pb s = 061 piw
s, ={2p b/ In U+h fg) sy = @ p w /mMin {1+ hig')
S =83+ 85,4854 5, +3g 52=§‘I+5‘2+s‘3+§q+s\5
&2{56+s7)-.-(8) +2[5\6+s\) <. (9)

2.2 Permeance of transverse leakage path 53

This permeance can be calculated by the following formula according to the detailed
derivation given in the appendix .

| Ab C
53=P0(A|n(|ﬁT)+F) -(10)

where ;
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where ;

AzlZ B /ds (F-07 2 -0 SR

2 2
\ B=—{_jb3;_§ (-1 o (12)
T - tant (cfad A

x
.
|

surface of armature core
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Fig- (4) : Division of side air-gap into compenent flux paths
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Fig. [5) : Division of centre air-gap into component flux paths

2.3 Permeance of pole to pole leakage path Sq

The corresponding individual paths are shown in Figure (6), and accordingly the whole
region can be divided into four individual regions possessing the following peremeances :-

_oowd
51 % Po pd
52: l.22 Pod
dp d
o df?
53 = In (l + P_:B)

w d
suz)po?r—ln(1+-p7d'}
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Consequently, the permeance Sqis the sum of all the above four individual permeances

S, = P dl {w-d flp—d) + 1.22 «&/TPIn (1« df(21(p-d] ‘f}’o win)-In (1 +d/ (p-d} )

c.o. (L)
R —
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s L - S e | . -
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Fig. (6) : Division of pole to pole leakage into component {lux paths

2.4 Permeance of pole to ground leakage path 55

This permeance is calculated simply by taking A{, as the cross section area of the
bolt fixing the pole to iron structure and Iois the Jength of this bolt, thus

- R )
Sj = P Apilo

3- PREDICTION OF SYNCHRONOUS REACTANCES

The flux created by the armature winding is divided into two flux components in both
direct and quadrature axes. The direct-axis armature field takes transverse paths [4] as
the main field created by the direct current excitation, see figure (7). So, the same technique
used to predict the behaviour of the main field can be also used to predict the behaviour
of the direct-axis armature field. This can be analysed using a magnetic equivalent circuit,
see figure (8), similar to that of the direct current excitation, figure (3), with a slight differenc.
This difference is due to the existance of the a.c. excitation on the centre limb of the core.

As the a.c. winding is distributed one, the corresponding scurce of mmi is distributed
sinusoidally along the direction of the machine length. The equivalent mmf in the direct-
-axis which is appearing across this source on open circuit, F Jis calculated by summing
the flux contributions from each element under the centre air-gap as f{ollowings:-

Since the direct-axis mmf component of armature mmi at any point x from the centre pole
along the machine length, assuming unity power factor, [5] is given as :-

A
Fad:Fa cos (M. x / p ) 0gx Lp e {16}

whereas the flux entres the pole equal to the flux reappears from it, therefore the total
flux in the centre air-gap within the pole width must be zerc hence,

di2
dcb:u:(rowfg“) j (Facos(ﬂxfp)-Fodi.dx .o (17}
daf2 :

Then A
F -F t2p/iMd) sin {74/ 2p) Coe {13)
od a

]
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From figure (8) the expression of pole potential F_ can be obtained interms of the direct- axis

equivalent mmi, Fod’ and the parameters Sl’ 52. 53, 56 as following :-

S

2
Fo- F (s
[y ad
Sp 65 03 %

Consequently, the following expressions for the fluxes can be obtained:-
Transverse leakage flux ¢y = Fp - 84 (20)
pole to pole leakage flux % = FP . 56 (21}
pole fiux ¢)1 = Fp - (22)
centre air-gap fiux, or q)2 = (F - FP ) s, (23)

{ component of the direct-axis armature flux ¢ 434}
The source permeance is given by the integral o? all the elemenial parallel paths, ds, then;

di2 w poow d
3¢ f PO\ B = (24)
B 8
-df2

once the equation (23) has been solved, the fundamental component of the centre limb air-gap [ux
density can be obtained. Finally equating the expressions for the induced emf, E d and the air-

pap direct reactance voltage drop Xd 'Iad for 100 peak of resultant armature mmf, the armature
direct reactance can be obtained.

a4y P IN | K
% = 2 ph "w (25)

]a- o

where Iad 15 the d-axis compeonent of the armature current.

The quadrature -axis field takes longitudinal paths (4] see figure (9). Therefore this
flux compenent demands quite a different treatmeani. Flux tends to emerge from the points
on the armature winding at highest potential and these are furthest from the poles. This
{lux entres the pole near the leading edge and reappears from the trailing edge. The paths
are almost entirely axial. Figure (9) shows this occuring and figure (10) shows how the region

can be divided into segments for the purpose of calculation. The fluxes are calculated as
followings -

Since the quadrature-axis mmf component of armature mmi at any point x from the centre
pole along the machine length is given as {5} :

Faq (X - Foosin (mx/p)  0gxgp (26)
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hence,
K ~ rr :
¢>q! = ___‘L‘%Fafsin p" dx i c.e 27
o
WA 4 R
‘pqz;_F_‘L_E.\Fa sin ’T; dx S (28)
X
!
H oW A xa .
(b}: Q \FJ; _SE\__,]_X_/_.P___. dx; ,(29)
4 B2 mh) (x-x)
pf2
o - luow;— sin T x /p i
Qs AR
xq(ﬂ’fz){Zx-x!-x“) L {30

The last two integrals canneot be evaluated directiy and a numerical method must be used
to evaluate them :

The quadrature axis flux ¢ia is given as

Paq = 2 9q) * 9gz * g3+ 9gu ) oo B
Equating the expressions for the induced emf, E_q. and the air-gap quadrature reactance voltage drop
Xq ‘aq’ tor 100 peak of resultant armature mmi, the armature quadrature reactance can
be obtained

s 1N n Ky
X = = M. L S (32)
q !
ag »

where ]aq is the g-axis component of the armatyre current

__pfe__. L pi2 o

* RN T T S L T T, ]
. }Tooth tip leakage ¢ ]Ef: S0
. ; .

N _‘}Pole 10 pole T

leakage
Fig. {7) : Direct-axis flux distribution Fig- {9) : Quadrature axis| [lux
l distribution !
0l e Xy X X,
j 273y,
R # . '
TN _— i ¢ ‘
1 s
\ . F
Sl -~ -

Fig. {8) : Direct-axis field equivalent circuit Fig. (10} : Flux paths assumed
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4-NUMERICAL EXAMPLE AND EXPERIMENTAL RESULTS

A numerical example is carried out for a static model of the motor which is built
in the electric machine laboratory of EL-Mansoura University . The model is made of mild
steel sections with a Jaminated and wound centre core. The D.C. coils are positicned on the
outer side limbs of the armature core , one coil at each side. The armature windings are
3-phase with 2 slot/pole/phase and double layer windings. The poles are made of solid mild
steel and have a rectangular shape.The D.C. coils are excited from the D.C. supply and the
induced emi{ is measured across the armaturc winding per phasc.

The model has the following data :

outer limb width, b= 35 mm

centre limb width, w = 100 mm

pole depth, h = 20 mm

the distance between the centre limb, and the outer sidc Hmb, @ =113 mm
overall width 400 mm

air-gap depth, g = 20 mm

pole width, d = 80 mm

pole pitch, p = 180 mm

number of poles = 6

stator back iron thickness = 25 mm

stator stack height = 60 mm

N = 200 number of turnsof direct current field windings per one side

Nph = 468 number of turns of armature a.c. windings per phase

The fluxes calculated are :-
qu ithe pole flux

QJZ i the useful flux or the centre limd fluc

‘ba i the transverse leakage {lux

(I)u : the pole to pale leakage flux

The open circuit induced emf in the armature winding due to the excitation of
thz D.C. winding can be predicted from the value of (D , the main useful flux linking the
armature winding , for | Amp. field winding curredt, the mmduced emf per phase is gziven
by -

e - WUy K 1. Nph' P N/ 100)

This is calculated and is shown in table {1) . Also , this ¢an be measured experimently at
low field excitation for comparison with the predicted one and it is shown in brackets in
table {1}, The last raw shows the expected values of flux density in the poale for 20 Amp.
excitation and it is still unsaturated. From table (1} it can be seen that the transverse leakage
flux is quite large even its path has a relatively low permeance. This is because of large
difference in magn=tic potential between the pole and the opposite side limbh ! Fp-(-Fg).
The potential difference across this element is % te 6 times that across the centre gap.
his table shows clearly the difference in amounts of leakage fluxes. The leakage factor
of the track pole is defined as the ratio of the total pole flux, O ,to the useful flux, ¢

Table (2) shows the pole potential and armature flux component in d-axis for 100 arfhature
mmt, also shows the direct-axis reactance. It shows also, the components of contributions
fluxes in case of g-axis armature flux due 1o 100 armature mml , the armature flux component
(paq » which equal te the summation of the whole contributions fluxes Q}lq ) q>2q, ¢3q' q}qq times
two, and alss the g-axis armature reactance.lt is found from table two that the d-axis reactance
X in case of the machine with structure iron{i.e.ithas a ground leakage flux} are much lower
than that without structure iron { i.e. it has not ground leakage flux),

3-CONCLUSION

The_ magnetic equivalent circuit is easy to apply and opens the way for the per -
formance estimation to be made by hand . This is extremely useful during the initial stages
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of design since, the eflect of changing a parameter or dimension can be evaluated quickly.
- The leakage flux has a large bearing on performance and accurate assessment of leakage
is essential. It has also been demonstrated that a value of leakage factor higher than I.4
is undesriable in view of thickness of armature core required.

1t can alsa be concluded, from the given numerical example, that the centre air-
gap reluctance is increased as the active core width is reduced. This increases both the
excitation needed and leakage factor. Also that of the outer air-gap is the larger of the two
rec.uctances in the main {lux path. This air-gap is the main {actor in determining the shart
circuit ratio of the motor which may be increased by reducing the width of outer side limbs
of the armature core.
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APPENDIX:

centre limb out side limb

R S R R
— pol:_L(—N—) 2p
P -
| TR A T R B % =
S — —~ -—pole (5 )-— : Yoe—
LA N LT WL TR W T ST T, WL M

Division of transverse leakage flux into two corJ ponent fiux paths

83
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For biock ABCD :

. dR b dx . sec ¥
Refuctance of element d%is ABCD © P:; T

From the lower diagram : yod: 2 {p-d) . %

a

dn 1 a sec § dy
ABCD }-’; " T2¢ . (pd) ¥

Then ,

~ | a . secl 2p
And, Rapcop * Ragcp * RSN nlg -1

Where,,sec § =fla’ + ¢“ / a

7 3
| a“+ cC 2p
®aBco *f 2 o) " -0

Po - 2 {p-d)

l 2
ABCD = X : fn G -0
ABCD ]/ al s of

5

For region EFHIBA assume plane AF has axial length, d and plane BH has axial Jength of 2p-d.
Reluctance of element QR is calculated as above

Lojel e 2p )
dRyp - Pol; o R0

Reluctance of element PQ

R S LD
®eq=p-"d @
Simlarly,

R (. I S O
RS'PO'Qp-dF T dr

Hence whole tube of [lux is associated with reluctance.

-

dRPQRS = dRQR + dRPQ + dRRS
L faZ. 2 @ T2 (T2 8 b
R Zip-d - d d 2F-d ar

I
dRPQRS =F;_-? .[B + Al’]
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Where A, B are the coeificients of the polynominal in r. The permeances of region EFHIBA
is the sum of all elemental permeances in parallel.

r=b
SEFHIBA * j L dRpops)
r =0
o LLEL
Fo Ab
Sernina =& - <)

With bleck ABCD in parallel the net leakage path permeance is
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