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Abstract: — One type of reluctance motors, with > 2
ferromagnetic insertion in rotor looks as in fig. 1a, [1]. vy = ,,2 sin(20); tan(0) = r2 —a

In the paper, using appropriate conformal mappings, r“+a
approximate formulas for two domains are derived and

verified with finite element method. The shaded domain in w-plane (fig. 2) can be

considered a rectangle with the medium height
r2 (1+sin20)/2.
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1. INTERNAL RELUCTANCE OF 4-POLES
ROTOR

We will approximate the left border AB of

ferromagnetic insertion with a hyperbolic arc (fig.2).

Let consider the domain bordered by the semi-axis

OC and the hyperbola AB (fig. 2a), ol

xZ _yZ _ a2 (1)
The analytical function
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maps the shaded domain from fig. 2a into the
corresponding domain from fig. 2 b, [3].

Fig. 2 Domain of internal reluctance

For enough large r/a, the magnetic field lines are
almost straight and the geometric reluctance of shaded

T —

8 domain in z-plane (for 1 m length) can be
k) approximated with:
Fig. 1 Rotor cross-section 2
a 2
. . N . . R ~| = = 4
The coordinates of points B and B’ (fig. 2) will be: 1 (rj 1+sin(20) (4)

2_2_.2 2 2 BC = A. This is why we are looking for an expression

2 2 _.2 2 2 2 2
Xty =r r“+a r“—a ; :
=X = \/ C Vo = \/ 3) This reluctance depends essentially on the small gap
x“—-y“=a
in terms of A/r, where r is the rotor radius.
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The length of the segment BC will be:
2
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Solving the equation (5) for a, we obtain:

AIPROECEC

Al ZSin% ~0.765

2
=

(&)

L, A
1”2 1”2

(6)

For 4<A/r<0.765, the hyperbolic arc is
coincident with a circular one, with the radius a.
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Fig. 3 Internal geometric reluctance (7)

Applying a well-known double-angle trigonometric
relation to equation (4), we obtain the formula for
internal transversal (geometric) reluctance of 1m length

4-poles rotor:
a 2 2
¢ 0
r ~
4 1(a 4
a
_| £ 1-—| =
" J (o -i[¢)
The values of internal reluctance and of a/r are given in
fig. 3 as functions of A/r. An almost linear dependence

in logarithmic scale can be observed.
For A/r<0.1, R=4A/r.
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2. RELUCTANCE OF CIRCULAR BORDER,
LUNATE CROSS-SECTION, GROOVE

We will consider the rotor surface plane and the
domain of interest as in fig. 4a. This domain can be
transformed in horizontal tape using the analytical
function [3]

zZ—cC

w=In ; z=—cc0th%

z+c

)

z=x+iy; w=u+iv

Considering the equivalent (taking into consideration
the stator dentation) air gap & we have:

c=psina; H=h+d=p(l-cosa)=ctany
b . 2bh ©)
= arcsin
b? +h?

Applying the height theorem in the right triangles
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Fig. 4 Domain for “lunate” permeance

ABD and EBD, we can write:

{bzzh(Zp—h)

(10)
2 =(h+8)(2p-h-35)

The radius of the circle in fig. 4 will be:
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b? +h? _ c2+(h+6)2

= 10°
P00 2(h+9) (109
From last equation it results:
b2 ?
z = 11
h  h+d (1

The expression for ¢ as function of groove dimensions

)

The reluctance between OF and arc BE can be
considered approximately equal to the reluctance of the
flux path bordered by the flux lines OB and the flux
line passing through the middle of the segment EF (fig.
4). The middle of this segment has the following
coordinates, depending on the angle v or on the relative
dimensions of the groove cross-section and of the gap:

(12)

b+i6/2 for h+d<p
c+id/2 for p<h+d<2p

In w-plane, the abscissa of the corresponding point will

be:
2, s2
ln M?W<450
J_ 4(c+b)? +8°

2
“In 16(%) +1, 45° <y < 90°
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The geometric permeance of a half of groove will be:

r_u {5
7y (15)

Taking into account (9), the geometric permeance of an
Im length groove can be evaluate with the formulas:

4(c+b)? +82
In D
4(c—b)% +8
A= for &4
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arctan
c
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A for 2= < b a7
h+d
arctan
c
where ¢ is given by (12).

For very small gaps, the following simplified formula
could be used:

(13)

b+c

In )
M= (18)
arctan
c

For b/h < 0.6, the lunate permeance could be
completely neglected and more accurate results could
be obtained probably using the formulas for
constriction permeances [2], [4].

Fig. 5 ” Lunate” geometric permeance (16)

The values of the permeance A of the groove given by
(15) as function of the gap, base width over groove
depth - parameter, are shown in fig. 5.

The permeance of the gap per pole is two times the
permeance of whole represented in fig. 5 domain and
can be calculated as:

7\45 =A+— (19)

Neglecting the saturation the /; length rotor transversal

reluctance will be:
1{ 2 R
~ | =

g (20)
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bh=0.6
Gfh=03

o/h = 0.279
5 =118 deg.

a=2172

o

Fig. 6a Flux lines for b/h <1 groove

Fig. 7 Domain of application of (16) and (17) and error levels

3. FORMULAS VERIFICATION

To verify formulas (7), (16) and (17) for internal and
lunate reluctance the FEMM program was used.

In the case of internal reluctance cross-section the arc
BC (fig. 2) corresponds to the angle arcsin(A/r).

The hyperbolic arc AB was modeled with one circular
arc with radius @ and 6 segments (fig. 8). The first 3
segments had the length 1/12 and the next 3 - Y4 from
the total length. The arc angle o was determined from
the condition of & = r/1000 largest deviation from
hyperbola (largest distance between the circular and
hyperbolic lines).

The equations are:

Qa-x)?+y> =(a+¢e)?
2 2 2 (21)
xX“—=y“=a

It results for the angle o

Fig. 6b Flux lines in the model for b/h < 1

2
a = arccos| 1 — | = +l(£j ~ arccos{l - \/E } (22)
a 2\a a

In fig. 9 are given the values of the angle o versus &/a.
The FEM calculated values are shown in fig. 3 with
(+), the relative deviations being smaller than 3 %.

The formulas (16) and (17) was verified using the Bela
FEM package. The results for A are shown in fig. 5.
Formula (16) gives errors smaller than 3% for b/h and
h/S larger than 2. For b/h > 3 and /4/6 > 2 the relative
errors are even smaller than 1% (fig. 7).

Formula (17) gives too large errors, because of quite
different field pattern and shape of magnetic flux lines
in right bottom part of cross-section, in the vicinity of
the gap (fig. 6), combined with low value of the
permeance, and cannot be recommended.

4. CONCLUSIONS

The obtained formulas (7), (12), (15), (16), as well as
fig 3 and 5, can be used for more accurate reluctance
motor parameters evaluation.
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