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Abstract -This paper describes the influence of the 
stator end winding coils on two different asymmetrical 
rotor types with short motorlength. A current control 
method is applied to use the reluctance of the rotor 
and to reach minimal current consumption. Due to the 
saturation, 3D- flnite elements field calculations are 
compared with the 2D- flnite element fleld calculation. 
Different rotor lengths are taken into account and a 
difference of rotor length to stator length is examined. 
To regard the effect of saturation, different current 
levels are calculated. 

I.  INTRODUCTION 

Permanent magnet excited machines are applied in ser- 
vodrives for machine tools and robotics. Excellent dy- 
namic behavior, high position precision and low torque 
ripples are requested. To reduce the motor volume, high 
energy rare earth magnets (SmCo) are used. A current 
control method [l] is applied to reach minimal current 
consumption and to economize the expensive magnet ma- 
terial. Therefore an asymmetrical rotor geometry is used 
with X ,  > X d .  For some robot applications short motor 
lengths are desirable. Thus the end winding leakage is an 
essential influence factor for the motor length. At high 
current levels the output torque is not as high as calcula- 
ted, even if saturation is considered. 

11. CURRENT CONTROL METHOD AND ROTOR DESIGN 

For the conventional servomotor the stator currents are 
controlled with a pole position sensor, so that the stator 
m.m.f and the rotor field have a constant phase angle of 
90° between them. This means the armature current has 
only a quadrature component. The reactances in the qua- 
drature and direct axes have the same value, because the 
whole rotor surface is covered with magnets. 

If we construct a motor with a greater quadrature re- 
actance x, than the direct reactance x d  , and increase 
the angle between the stator m.m.f. and the rotor field, 
it is possible to increase the output torque. The rotor 
reluctance in combination with a negative current compo- 
nent provides additional torque. 
diagram. 
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Fig. 1: Phasor diagram of brushless dc motor. 

The general equations for torque and current with an 
asymmetrical rotor design are as follows: 

I d  = I .sin($) , 
Iq = I *cos($) , 

Fig. 2: Rated torque as a function of the load angle 4 for 
symmetric and asymmetric rotor design at different 

current levels. 
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For the calculation and comparison of the symmetric 
and asymmetric motor, the torque equation can be ex- 
pressed with the load angle $. Fig. 2 shows the output 
torque as a function of the load angle $ and the current i 
as a parameter. The per unit value of the induced e.m.f. 
for the asymmetric rotor is set to 0.9 in order to save ma- 
gnet material. The value for X, is assumed to be 2xd. 
With a pure quadrature current component the asymme- 
tric motor therefore reaches only 90% of the torque output 
in comparison to the symmetric motor. This reduction effect. 
of torque can be compensated for by a negative current 
component at low current values. At high current values 
a remarkable torque increase can be obtained [l]. 

The desired inequality of reactances X, and xd can 

an asymmetrical rotor is by changing the outside magnet 
pieces of the pole pitch into iron (Fig. 4). The second 
method is the rotor with interior radial magnets (Fig. 5) .  

111. EXPERIMENTAL EFFECTS 

difference. The torque reduces quite enormously at  high 
current levels. A measurement of a symmetrical rotor de- 
sign with the same e.m.f. delivers simular results. There 
seems to be no difference for short rotor length whether 
using a symmetrical or an asymmetrical rotor, nearly no 
additional torque contribution can be recieved. This ef- 
fect will now be investigated. Due to the saturation effect 
a finite element package is used. The numerical field cal- 
culation in 3D will be compared with 2D to explain this 

Iv. FIELD CALCULATION WITH FINITE ELEMENTS 

The finite element field calculation was done with the 

with buried magnets Fig.5 and the salient pole rotor Fig. 4 
with two outside magnet pieces was investigated. The mo- 
tor has a number Of pole pairs Of F3, a 'lot r~~~~~ Of 

9=2 and a three phase stator winding. 

be obtained in different ways. A simple method to get finite element package MAGNET of Infolytica. A rotor 

The rotor geometry is asymmetrical with X, > xd.  The 
measured inductances give a reactance ratio of 2=1.85. 
The three phase stator windings are fed sinusodially and 
the induced air gap flux density is rectangular (mixed 
mode). This mode has in connection with a two layer 
stator winding the best machine utilisation [l]. The rotor 
design with outside iron pieces like in Fig. 4 was construc- 
ted with short rotor (16") length in respect to stator 
windings (68"). 

5 

4 

3 

3 
\ 

E 2  Fig. 4: 3D Motor with the salient pole rotor. 

Rated torque of both motors is 13 Nm, rated speed 
3000 rpm. The optimal load angle II, was estimated in 2D 
with a numerical interpolation of DSC [3]. The influence 
of the laminated rotorsheets in 3D is neglegted in the field 

0. . 2 .  2. 3 .  0 3 . 5  4.0 calculation, but will be taken later into consideration. The 
torque output for different current levels is calculated with 
the virtual displacement method of elements [2], which 
will be compared with a flux method in 2D. This flux 
method will be used to estimate the torque of the 3D field 
calculation, because the finite element package delivers 
slices with the flux density vector. An excess of the scalar 
potential is not existent. This flux method used has been 
proved by measurements and investigations have shown 
that it is very independent of the discetisation of the model 
due to the virtual displacement method. 

S ~ ~ I l ~  E i 1 
g 1  

2 
a, 
42 

Rated Current I/IN 
Fig. 3: Asymmetrical rotor with outside iron pieces. 

Rated torque as a function of the rated current. 

M ~ z 4 N m .  
+ = -30': - measurement, - - 2D field calculation, 

With a 2D-finite Element package the torque of this mo- 
tor was calculated by virtual displacement [2] with an load 
angle of II, = -30" as a function of the current Fig. 3. The 
comparison of calculation and measurement shows a wide 

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 07,2020 at 09:00:35 UTC from IEEE Xplore.  Restrictions apply. 



3677 

Fig. 5 :  3D Motor with radial magnets and with one coil. 

A .  Torque Calculation 

The maxwell stress tensor is dependend on the discreti- 
sation of the model and delivers too inaccurate results. 
The virtual displacement method [2] for the torque calcu- 
lation can easily be applied in 2D, if the vector potential 
for each displaced node is known. With the 3D-package of 
MAGNET just slices can be done to get the flux density, 
which then can be processed. To achieve a comparable 
method for the torque calculation in 3D, the flux in one 
winding will be estimated by: 

QCoil = wcoil / l?dA . (4) 
coil 

With respect to the stray flux of the slots, the average 

For 2D field calculation the flux can be estimated with 
flux of three different layers in one coil is calculated. 

the vector potential: 

Qcoii = wco;i f iA = 1; . (Asiotl - Aslot6) . (5) 

The vector potential of the slot is approximated as fol- 

coil 

lows: 
. N  

Fslot : Area of the slot 

the flux can be estimated for six rotor positions by one 
pole pitch. The derivative with a DFT gives the induced 
voltage U;(t): 

(7) 
4 U;(t)  = Rl(t) + . 

The resistance will be neglected (R=O). The influence 
of the rotor sheets on the induced voltage will be taken 
into account with a factor of 1~~ = 0.96 e l i .  Now also 
skewed slots can be taken in consideration [4]: 

n : n.th position 
N : Number of positions for one pole pitch 

If the speed n of the rotor is constant, the torque M and 
the Power P can be calculated with the three phases U ,  v ,  
w as follows: 

k 

A comparision of this method to the virtual displace- 
ment method delivers very good results, which are impro- 
ved by measurements. 

B. Calculation of the Reactances 

For the estimation of the reactances the amplitude o(I) 
and phase 4(I) of the fundamental wave of the induced 
voltage Ui at load and noload are calculated. The load 
angle $ of the current is known and the reactances of the 
quadrature and direct axis can be calculated as follows: 

Ai 

4 : motor length f i ~ N  sin( $) 

: Vector potential at the middle of the element i (oi(o> cos($(o) -  IN)) - Gi (0 ) )  . (14) F; : Area of the element i Xd = 

wco,y : Number of winding of the stator coil 
N : Number of elements in the slot v. RESULTS AND CONCLUSION 

The motor in Fig. 5 is calculated at  different current 
levels and with different rotor lengths. The maximum 
distance of the stator coils outside the slots is 25 mm. The 
motor has a diameter of 135 mm. Different rotor lengths 

The effect of the chored winding of 1 = 5/6 on the 
induced voltage then can easily be taken into account by 
addition of the flux of the two coil layers. With this motor 

Tp. 
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to stator lengths are also taken into consideration. The 
slots are not skewed and six rotor positions are taken into 
account. The results of the 3D field calculation are shown 
in Table I and Table I11 and the comparable results for 2D 
are given in Table I1 and IV. The shorter the rotor, the 
less the torque per length and X,/Xd decreases (see also 
Fig. 6 and 7).  The main reason for both rotor designs is 
the synchronous torque. The shorter the rotor the more 
the stray flux raises. In both cases the reluctance torque 
contribution decreases (Fig. 6). But the negative direct 
current component has still an influence on the dynamic 
behaviour (Fig. 7). For the vertical rotor design the end 
winding leakage has a very bad influence on the reluctance 
torque. Here magnet material can be saved, if the rotor 
length is choosen smaller than the stator. The oposite 
case is not very effective for the output torque and requires 
more magnet material. If less magnet material is used, the 
induced voltage is also smaller, therefore in Table I and 111 
the rated torque r n 3 ~ ) / r n 2 0  is calculated due to the rotor 
length. The results show that for short rotor designs the 
salient pole rotor is more effective. The torque reduces 
not as much as for the vertical rotor design. 

TABLE I 
RESULTS OF 3D CALCULATION OF VERT 

rotor stator x , J X d  MfMN mgD JmzD I J I N  
[“I [”I (3D) 

17 17 1.29 1 0.86 1 
17 17 1.15 1.92 0.84 2 
17 17 1.04 2.19 0.77 3 
95 95 1.45 1 0.97 1 
95 95 1.27 2.02 0.95 2 
95 95 1.14 2.78 0.94 3 
21 17 1.23 1 0.79 1 
13 17 1.35 1 0.91 1 
13 17 1.23 2.04 0.94 2 
13 17 1.11 2.72 0.90 3 

TABLE I1 
R E S ~ T S  OF 2D CALCULATION OF VERT 

1.31 2.11 2 
1.25 2.88 3 

TABLE 111 
RESULTS OF 3D CALCULATION OF M57 

rotor stator X , J X d  M J M N  mgD fmZD I f I N  

1 17 17 1.46 1 0.96 
17 17 1.33 2.06 0.94 2 

[“I [“I (3D) 

17 17 1.20 2.89 0.88 3 
95 95 1.79 1 0.98 1 
95 95 1.63 2.136 0.99 2 
95 95 1.47 3.190 0.99 3 

TABLE IV 
RESULTS OF 2D CALCULATION OF M57 

2.0  

1.8 

1.6 

1 . 4  

1.2 

1.0 

.a 

. 6  

. 4  

1.59 2.121 2 
1.46 3.166 3 

I 20 30 40 50 60 

Load Angle -4 
Ratio of reactance dependent of the load angle $ at  3 I N :  

- 17 IIUII (3D), - - (2D), V: VERT, 5: M57 

Load Angle -$J 

Fig. 7: Rated torque dependent of the load angle $ at  3 IN: 
- 17 I~~ITL (3D), - - (2D), V: VERT, 5: M57 
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