
2030 IEEE TRANSACTIONS ON MAGNETICS. VOL 33, NO 2, MARCH 1997 

Three Dimensional Computation of Force in a Nove1 Brushless DC Linear Motor 

A Basak and A. F. Flores Filho 
Wolfson Centre for Magnetics Technology, Cardiff School of Engineering 

P.O. Box 917, Cardiff CF2 1735 Wales UK 

T. Nakata and N. Takahashi 
Dept. Elec. and Elect. Eng., Okayama UniversiS. 

Okayama 700, Japan 

Alisfraci -The flux distribution and static force of a novel the magnets, I t  is the Iength of thc coil sections, I is thc 
bnishless dc linear motor were calculated by 3d finite element 
analysis. An analflical model to increase the force to volume armature current, ic is the active conductor length vector 

ratio of the motor was validated by the numerical analysis as for each side of the mil and in the m e  Birection of I, and 
weU. Exprimental and numencal results present an excellent gg ir the magnetic nux density in fie airgap, me relation 
closeness. 

between the permanent magnet flux density and its airgap 
I. INTRODUCTION flux density is 

A novel bnishless dc linear motor, Fig. 1, was developed 
On its slider there are five NdFeB-type magnets which 

m  - ~ m ( s m )  provide excitaoon flux. n i e  trave1 length of the motor is 200 Bg = ~ f ~ f  Lf Sg 
(2) 

mm. Its ferromagnetic circuit is made of annealed rnild steel. 
The annature windings comprehend a set of independent 
coil sections positioned along the long armature bars 
[1][2] [3] The equipo~ntial lines of the resultant magnetic 
field foilow three orthogonal directions throughout the 
volume of the motor. So to d y s e  the flux distribution and 
the static force a 3d nnite element analysis required. 

Shafts and Linear LZZ? 

h ( r Armature Goils 

In Eq.(2), 3, is the permanent magnet flux density, Lf and Cf 
are respectively the flux leakage and flux fringing 
coefficients, S,,, is the cross section of the permanent magnet, 
while S, is the cross secflon of the airgap Eg ir considered 

to be orthogonal to i;, . Hence Eq. (1) can be re-written in a 
scalar fonn: 

Bm Nwm F = llc (3) 
Lf cf 

The expressions for the slider velocity v and for the 
electromagnetic power P, are: 

u In Eq.(4), V, is the voltage supplied to the armature coil, and 
Fig 1 - Perspedive vim of the heu motor r, is the resistame of the latter. 

LI. ANALYSIS m. FINITE ELEMENT ANALYSIS 
The ideal w t i o n  of the electrom~etic force on the slider m e  3d mode1 of the linear motor was - t a  by e m h n g  a 
can be obtained from the Lorentz's law as follows: base plane along the direction of the trave1 length. For the 

- analysis of fíux distribution produced by the magnets only, it 
c Nw, was possible to model the prototype by using only 112 of its (It) iig 1 dic whole volume. The volume of the entire motor was 

discretised, together with a surrounding volume of air, in 

In Eq(l), F is the electromagnetic force on the slidcr, N the 737744 brick-* elements creating 757285 A 

total ndr of Nms per w, is the width of different finite element model was created for each chosen 
position of the slider along the travel length. The actual BH 
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Fig. 2(a). BpxmpnigR p l h g  for the model without coils 

Fig. 2(b). Pldtmg of B on the model with coqensatmg mils and I -= 4.5A 

Fig. 2(c). B plottsig on the model with ampmsating mil~, double annature aartion arid I = 4.5A 



Fig. 2(d). P l b g  ofB, oa the sliáer 

curves of the pemnent magnets and the miid steel were 
employed to define the magnetic materiais which the linear 
motor is made &om. Figures 2(a) to (d) show the flux density 
plotting on the volume of the Werent mo8els analysed. The 
air volumes were set to have a rechiced scalar potentia1.h 
the armature magnetic circuit was closed and had no 
airgaps, the setting of a smail volume of it as r&& scalar 
potential was necessary The force developed by the motor 
was also simulatd, the Maxwell's stress tensor was 
eqloyed. 

IV. COMPUTATIONAL RESULTS 
Shape functions were used to calculate the iron and airgap 

flux density. In presence of m n t ,  the integral mil 
technique was also employed The computation of the flux 
distribution and force was performed in seven models, each 
one for a different posikion of the siider. 

A. Companson with Erpenmentaa] ResuZts 

To measure the airgap flux density in severa1 airgaps 
presente. in the motor, a Wall effect digital Gaussmeter was 
used. The measurements were taken at specinc points, i.e. at 
the centre of the faces of the magnets by the airgaps. A good 
correlation was found between the numerical values of 
airgap flux density and the correspondent measured ones. 
The maximum difference was found to be 9%. The 
measuement of the airgap flux densities was taken in model 
with slider at halfway, i.e. at z = 0.00. In Table 1, the airgap 
flux density for the model with annealed miid steel and with 
no current is presented 

The assessment of the flux density data in Table 1 
indicates an excellent correlation between the experimental 
data and numerical ones. The largest difference is, in this 
case, 4.5%. The síatic force the motor develops was 
m e a d  along the travel length by means of a load cell 
attached to the slider. The position zero corresponds to haif- 
way travel length. Figure 2 show the values of computed and 
me& force. 

o Smgle co( /=I 5A, cornpensated 
- smgk mil, /=i 5A noncurnpensated 

A Srngle cor 1=4 5A, noncurnpensated 
o Srngle c04 M 5A, compensated 
x Doubk a c b n ,  1=4 5A mpensatsd - rnputed 
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Fig. 2. Static force aloag the travel laagth 

IV. CONCLIJSIONS 
The use of 3d U t e  element computation to simulate the 
flw distribution and the static force produced by the novel 
brushless dc linear motor has proved not only necessary but 
efficient and accurate. The linear motor presents a measured 
sensitivity that goes up to 18.2NlA for the model operating 
with double action and I = 4.5A The use of the coil sections 
of the linear motor as compensating coils is not only a 
practical solution to avoid saturation, but it also proved 
e f f i v e  to increase the force the motor can produce. 
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