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SUMMARY 

One of the main difficulties encountered in the development of a multi- 
spectral scanner is the realisation of an oscillating mechanical device. 
This paper presents a magnetic device which is characterized by the absence of 
friction. The main developments concern the analysis of magnetic forces. 
A preliminary project of a device which could be used in a satellite is pre- 
sented. 

INTRODUCTION 

The multispectral pictures of the earth taken by satellite are of great 
interest for the understanding of natural phenomena. The device presented here 
has the potential qualities which enable us to envisage in the near future an 
increase in the performance of scanners. 

A mirror placed in the lens's space of a telescope is animated by a linear 
oscillation, thus means that the diagram of angular movement has a triangular 
shape. 

The characteristics used as a basis for elaboration of the project are 
the following : 

+ - useful angular amplitude = - 4 . 4 .  degrees 

- oscillation frequency 

- pupil/beam diameter 
= 8 Hertz 

= 280 mm 

The following performances are required : 

- Linearity better than - 0.5 2 

- Scanning efficiency on away movement 0.35 

- reproductibility of the movement less than 410 radian 

- pivoting precession less than radian 

+ 

-6 
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This paper i s  based on work c a r r i e d  out  i n  c o l l a b o r a t i o n  between the  CNES 
and the  SEP, t h e  magnetic device presented i s  s u b j e c t  of pa t en t  pending. 

PRINCIPLES OF THE MAGNETIC SPRING 

The l i n e a r  o s c i l l a t i o n  of t he  mir ror  i s  obta ined  by a magnetic t h r u s t i n g  
e f f e c t  on both ends of t h e  use fu l  angular  movement. The magnetic t h r u s t s  are 
a s soc ia t ed  wi th  a p i v o t  wi thout  s p r i n g  torque e f f e c t  us ing  an a c t i v e  e l e c t r o -  
magnetic bear ing .  Consequently, t h e  r o t o r  i s  guided i n  i t s  osci l la t ior ,  on ly  
by the  magnetic fo rces .  The drawing of the  p r i n c i p l e  of a magnetic t h r u s t  i s  
presented i n  f i g u r e  1. A h i g h l y  induced s a t u r a t i o n  ferro-magnetic s t r i p  moves 
between two armatures  so  t h a t  t h e  magnetic c i r c u i t  gaps a r e  s m a l l  and cons t an t .  
The gaps do no t  vary  when t h e  s t r i p  i s  moved along t h e  whole length  of the  ar- 
mature. Bu t , a t  t he  end of t he  run,  t he  magnetic r e s i s t a n c e  of the  gaps inc reases  
ab rup t ly .  A s  a r e s u l t  t h e r e  appears  a t  both ends a r e a c t i o n  fo rce ,  FR, which 
i s  p ropor t iona l  t o  the  d e r i v a t i v e  of t h e  magnetic r e s i s t a n c e .  

= magnetic f l u x  of t h e  gaps 
R = magnetic r e s i s t a n c e  of the  gaps 
8 = r o t a t i o n  ang le  of t h e  mir ror  

F igure  2 r e p r e s e n t s  t h e  out look diagram of Torque and diagram of t h e  
angular  movement i n  r e l a t i o n  t o  t i m e .  

The d i s t r i b u t i o n  of t h e  magnetic f i e l d  l i n e s  goesfrom a symetr ic  d i s t r i -  
bu t ion  a t  t he  c e n t e r  t o  asymmetric d i s t r i b u t i o n s  a t  bo th  ends of t he  course  
( see  f i g u r e  1 ) .  The r e s u l t  i s  a assymmetry i n  the  p re s su re  of fo rces  generated 
by t h e  magnetic f i e l d  on bo th  l a t e ra l  f aces  of t h e  s t r i p  and t h e  appearance 
of a re turn- force  towards t h e  cen te r .  The p res su re  on t h e  contours  Of 

t h e  s t r i p  i s  c a l c u l a t e d  by t h e  formula : 
,2 

dS D df = - 
2 l JO 

where B = magnetic i nduc t ion  
dS = elementary s e c t i o n  
p o  = 4 7~ 10-7 

However, as i n  a l l  magnetic a t t r a c t l o n  systems, t h e  s t i f f n e s s  of t h e  re- 
center ingdescr ibed  above has  f.or r e s u l t ,  a s t rong  uns t ab le  s t i f f n e s s  i n  t h e  
d i r e c t i o n  of t h e  magnetic f l u x  c i r c u l a t i o n .  

I n  t h e  central p o s i t i o n ,  t h e  s t r i p  has  an  unstable  balance which means 
t h a t  a s h i f t  i n  i t s  p o s i t i o n  c r e a t e s  a fo rce  which tends t o  inc rease  t h i s  s h i f t .  
This  i n s t a b i l i t y  i s  produced by an  inc rease  i n  magnetic f i e l d  d e n s i t y  l i n e s  a t  
t h e  end of t h e  s t r i p  c l o s e s t  t o  t h e  armature and i n v e r s e l y  a t  t h e  o t h e r  end. 
The presence of a n  uns t ab le  s t i f f n e s s  i s  the  major d i f f i c u l t y  i n  the  
set t ing-up of t h e  magneeic t h r u s t ,  t h i s  d i f f i c u l t y  being overcome by us ing  SEP 
e lec t romagnet ic  bear ing  which has a l a r g e  p o s i t i o n  s t i f fness .  
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Moreover, a ferror-magnet ic  m a t e r i a l  used f o r  t h e  armature having a weaker 
s a t u r a t i o n  induc t ion  than  t h a t  of t h e  s t r i p  c o n t r i b u t e s  t o  a no tab le  i n s t a b i l i t y  
reduct ion .  

The magnetic t h r u s t  i n t r i n s i c  i n s t a b i l i t y  has  been t h e  o b j e c t  of a theo- 
r e t i c a l  survey using a numerical f i n i t e  elements method t o  c a l c u l a t e  magnetic 
f i e l d  d i s t r i b u t i o n .  

A s  an  example, t h e  v i s u a l i s a t i o n  of t he  magnetic f i e l d  l i n e s  near  t he  gap 
i s  r ep resen ted  i n  f i g u r e s  3 and 4 .  On f i g u r e  3, t h e  materials ( f e r ro -coba l t s )  
a r e  i d e n t i c a l  f o r  t he  s t r i p  and the  armature.  On f i g u r e  4 ,  t h e  s t r i p  i s  o f f e r r o  - 
c o b a l t  ( B s  = 2,4 Tesla) and t h e  armature i s  f e r ro -n icke l  ( B s  = 1,3  Tesla) .  
It would appear t h a t  t he  u s e  of m a t e r i a l  wi th  a low induc t ion  s a t u r a t i o n  has  the  
e f f e c t  of reducing t h e  d e n s i t y  of f i e l d  l i n e s  on the  end of  t h e  s t r i p ,  and t h a t  
of c r e a t i n g  a s a t u r a t e d  zone i n  t h e  armature near  t he  gap. Depending on the  
proximity of  t h i s  s t r i p ,  t h i s  s a t u r a b l e  zone i n c r e a s e s .  I n  comparison wi th  the  
f i g u r e  3, t h e  case  p l o t t e d  on f i g u r e  4 having f o r  e f f e c t  t h e  i n s t a b i l i t y  reduc- 
t i o n  wi th  a r a t i o  of 120%. This  phenomenom has been confirmed by l abora to ry  
experiments.  

PRELIMINARY SURVEY MODEL 

To v a l i d a t e  the  p r i n c i p l e  of t he  magnetic t h r u s t ,  an experimental  oscilla- 
t i n g  assembly w a s  cons t ruc ted .  The o v e r a l l  view of t h i s  i s  represented  i n  
p i c t u r e  5 .  The experimental  assembly w a s  cons t ruc ted  around a p r e c i s i o n  p ivo t  
by con ica l  a i r  bea r ing  and has  two devices  f o r  magnetic t h r u s t s  s i t u a t e d  a t  
both ends of an o s c i l l a t i n g  arm. The magnetic c i r c u i t  of t he  t h r u s t s  i s  repre-  
sented i n  f i g u r e  9 ,  t h e  armature a ] ,  a2 i n  c y l i n d r i c a l  form, are  connected 
t o  t h e  r o t o r  represented  i n  p i c t u r e  6,  t he  s t r i p s  b l ,  b2,  b3,  b4 a r e  mounted 
on two mechanical gap alignment systems (photo 7 ) ,  t h e  whole of t he  p i eces  
making up a magnetic t h r u s t  i s  represented  by p i c t u r e  8. The main parameters  
of t h e  experimental  mount are  as fol lows : 

r o t o r  i n e r t i a  : 0,15 m2 kg 

+ Useful  angular  
amp 1 i tude - 5 degrees  

Frequency : 2 . 2 .  Hz 

Maximum Torque 
Thrus t  capac i ty  : 2 N m  

I n  a dynamic s i t u a t i o n  of t h e  t h r u s t s  r eac t ion , to rque  i s  r ep resen ted  
i n  f i g u r e  10 (measured by  acce lerometer ) .  F igure  1 1  r e p r e s e n t s  t he  angular  ro- 
t a t i o n  i n  r e l a t i o n  t o  t i m e ,  t h e e f f e c t  of l i n e a r i s a t i o n  i s  obta ined  wi th  a 
scanning e f f i c i e n c y  nea re r  32% f o r  a l i n e a r i t y  b e t t e r  than  1 % .  To s impl i fy  
t h i s  experiment,  t he  armature have been produced i n  a s o l i d  magnetic material 
and the r e s u l t  i s  l a r g e  eddy c u r r e n t  l o s s e s  pe r  cyc le  i n  the  o r d e r  of 20% 
compensated f o r  each cyc le  by a p r e c i s e  torque impulsion c o n t r o l l e d  i n  a servo- 
loop. 
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A scanning r e p r o d u c t i b i l i t y  measure w a s  produced by a laser device  and 

of o s c i l l a t i o n  angular  v a r i a t i o n s  of t h e  mi r ro r  i s  shown i n  
photodiodes,  t h e  whole measuring appara tus  i s  shown i n  f i g u r e s  12 and 13. 
The his togram 
f i g u r e  14. The reproduct ion  e r r o r  i s  a t  most 3.10-%adian and 78% of t h e s e  
e r r o r s  are less than  10-6 r ad ian .  

These r e s u l t s  have enabled more important work t o  be s t a r t e d  l ead ing  t o  
a pre l iminary  p r o j e c t  f o r  a complete scanner  model. 

REACTION FORCESOF THE MAGNETIC THRUSTS 

Two t e s t s  assemblies  f o r  t he  magnetic t h r u s t s  have been produced t o  ana- 
l y s e , a s  p r e c i s e l y  as poss ib l e ,  t h e  r e a c t i o n  f o r c e s  of t h e  magnetic t h r u s t s .  
P i c t u r e  15 shows the  test  appara tus  f o r  measuring r e a c t i o n  torque and p i c t u r e  
16 shows the  t e s t i n g  appara tus  f o r  t h e  uns tab le  fo rces .  These tes ts  have f a c i l i -  
t a t ed  t h e  v e r i f i c a t i o n  f o  the  in f luence  of t he  main dimensional paramaters  
of magnetic c i r c u i t  : 

The i n c r e a s e  i n  t h e  b read th  of t he  s t r i p  has  f o r  e f f e c t  no t  on ly  a n  in- 
crease of t h e  torque capac i ty  but  a l s o  inc rease  i n  t h e  uns t ab le  fo rce .  

The r educ t ion  of t h e  gap d iminishes the  f o o t  curvatum r e a c t i o n  torque  
diagram and i n c r e a s e s  the  i n s t a b i l i t y .  

The use of s a t u r a b l e  materials on the  armature reduces i n s t a b i l i t y .  

The method of f l u x  genera t ion  c l e a r l y  in f luences  t h e  r e a c t i o n  torque  
capac i ty  ; i n  t h e  event  of powering, t h e  armature w i t h  cons t an t  magnetic po- 
t e n t i a l ,  t he  f l u x  decreases  quick ly  when the  s t r i p  l eaves  the  armature,  which 
reduces the  torque  capac i ty .  On t h e  o t h e r  hand, a cons t an t  f l u x  genera t ion  
r e a l i z e d  by p l ac ing  a d d i t i o n a l s  gaps i n  s e r i e s  i n  t h e  magnetic c i r c u i t  a l lows 
t o  4ncrease no tab ly  t h e  capac i ty  of torque without  i nc reas ing  the  i n s t a b i l i t y  
ve ry  much. 

P a r t s  of experimental  r e s u l t s  are p l o t t e d  on t h e  f i g u r e s  17,18,19,20. 

PRELIMINARY SCANNER PROJECT 

Figure 21 shows a des ign  of a pre l iminary  p r o j e c t  of a mir ror  o s c i l l a t i n g  
from 280 mm x 320 mm, t he  magnetic t h r u s t s  are formed by two s t r i p s  of f e r ro -  
c o b a l t  60 mn long,  40 m n  wide and 3.5 mn t h i c k ,  f i x e d  a t  t he  end of t h e  long 
a x i s  of t h e  mi r ro r ,  t h e  fe r ro-n icke l  armatures  have been laminated t o  reduce 
eddy cu r ren t  l o s s e s .  The p rov i s ion  o f f l u x  i s  provided f o r  by magnets of sama- 
rium-cobalt and i s  c losed  t o  the  s t a t o r  by a p i ece  of s o f t  i r o n .  

The magnetic bear ings  are placed a t  t h e  ends of t h e  s m a l l  a x i s  of t h e  
mi r ro r ,  they a re  formed by : 

- a s e t  of e lectromagnets  a c t i n g  over the  f i v e  degrees  of freedom 

- a d e t e c t i o n  s e t  of t h e  p o s i t i o n  of t h e  r o t o r  on t h e  f i v e  degrees  of 
keedom . They are  induc t ive  d e t e c t o r s  suppl ied  a t  100 KHz w i t h  demodulator. 
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The degree of precision of this detection set is considerable : the value of 
rotation noise is less than R hundredt-h of a micron. 

- an electronic set for five degrees servo-loop. 

The active electomagnetic bearings d e r  the advantage of having a long experience 
at the SEP,both for space applications (Spacelab) as well as industrial appli- 
cations. The choice of these instruments,to assure the rotation of the mirror, 
is justified by the following requirements. 

- guiding precision of the rotation axis. This axis must be maintained 
in a conical semi-angle less than 4 .  radian. 

- great stiffness of 5 degrees of freedom in pivoting. 
This quality is of prime necessity : the precision of rotation is to be pre- 
served under the influence of unstable forces of thrusts, these forces acting by 
axial translation and transverse rotation in the mirror. 

- elimination of all frictions 

- absence of spring rotating torque and low drag torque 

An arch of light alloy allows to connect rigidly the bearing and the 
magnetic thrusts, especially following the strong instability directions of 
the thrusts. 

The reduction in the mirrors inertia around its rotation axis is essen- 
tial for reducing the torque capacity of the thrusts and their transversal 
ins tabili ty . 

Considering a linear torque-angle characteristic for the thrusts, for- 
mulas for the torque capacity and for the reaction stiffness torque can be 
established 

Teta (27r F)' 
27r * Te(0,5-Te) Cmax = Ir x - 

Ir 

L Teta 

F 
Te 

Rm 

Cmax 

= rotor inertia 

= useful angular scanning 

= Oscillation frequency 

= Scanning efficiency on away movement 

= Magnetic stiffness of the thrusts assumed like constants 

= Capacity of the torque thrusts 
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I n  the  pre l iminary  p r o j e c t  conf igu ra t ion  i n  f i g u r e  21, t h e  o s c i l -  
l a t i o n  c h a r a c t e r i s t i c s  have been ex t r apo la t ed  from t h e  r e s u l t s  of t he  experimen- 
t a l  survey of t h e  t h r u s t s .  These r e s u l t s  are  shown i n  f i g u r e  22 . The r o t o r  
i n e r t i a  i s  0.04 m2 Ke,and scanning e f f i c i e n c y  i s  0.36 wi th  2 0 .5% of l i n e a r i t y .  

The m i r r o r , i n  i t s  beryl ium l igh tened  s t r u c t u r e ,  has  been t h e  s u b j e c t  of 
a numerical  a n a l y s i s  of f i n i t e  elements of v i b r a t i o n  methods and t h e  deforma- 
t i o n s  undergone under t h e  in f luence  of t h e  r e a c t i o n  torque  of t h r u s t s .  

The f i r s t  v i b r a t i o n  mode of t h e  m i r r o r i s  a t  6280 Hz and i t  appears  t h a t  
i n  r e l a t i o n  t o  t h e  torque  ang le  c h a r a c t e r i s t i c s  of t he  t h r u s t s  the  mi r ro r  has  
no resonance. It simply undergoes deformations a t  t h e  end of t he  run  which then  
cance l  one ano the r  ou t  on t h e  use fu l  p a r t  of t h e  scanning. 

The maximumvalues of t h e  deformations a t  t h e  end of the  run  can be  seen  
i n  f i g u r e  21,  f o r  p a r t i c u l a r  p o i n t s  p l o t t e d  on a qua te s  mi r ro r  ( u n i t  : micron).  

A l l  t h e  magnetics l o s s e s  i n  r o t a t i o n  ( h y s t e r e s i s  and eddy c u r r e n t  i n  t h e  
t h r u s t s  and t h e  p ivo t )  have been c a l c u l a t e d  and correspond t o  less than  one 
pe rcen t  of t h e  maximum r o t o r  k i n e t i c  energy. 

The compensation of t hese  l o s s e s ,  most of which are reproducib le  i s . s a f e -  
guarded by a torque  impulsion t h a t  i s  generated a t  each cyc le  by a motor i n  rela- 
t i o n  t o  t h e  gap between t h e  o s c i l l a t i o n  per iod  and the  pe r iod  of r e fe rence .  

I n  t h i s  pre l iminary  p r o j e c t ,  t h e  most s e r i o u s  d i f f i c u l t y  i s  t h e  compensa- 
t i o n  by the  magnetic bea r ing  of t h e  t h r u s t s '  i n s t a b i l i t i e s  which have been cal- 
c u l a t e d  by e x t r a p o l a t i n g  t h e  r e s u l t s  of measures taken i n d i v i d u a l l y  on t h e  test  
appara tus  of f i g u r e  16. 

6 Value of  a x i a l  i n s t a b i l i t y  : K2 = 1,5 x 10 N/m 

Value of t h e  r o t a t i o n  i n s t a b i l i t y  
i n  t h e  mi r ro r  : 6.104 Nm/Rd 

Depending on t h e s e  two degrees  of freedom a g r e a t  mechanical r i g i d i t y  must 
b e  guaranteed by t h e  s t a t o r  and t h e  r o t o r  t o  o b t a i n  a good margin of s t a b i l i t y  
f o r  t h e  c o n t r o l s  loops of  t h e  magnetic bear ing .  

Evalua t ions  f o r  a c c e l e r a t i o n  , v e l o c i t y  and angular  r o t a t i o n  are p l o t t e d  
a g a i n s t  t h e  t i m e  i n f i g u r e  22. 

CONCLUSION 

The main o s c i l l a t i n g  scanning q u a l i t y  by magnetic t h r u s t s  i s  t h e  reproduc- 
t i b i l i t y  of t h e  o s c i l l a t i o n .  Values much lower than  r ad ian  can b e  envisaged. 
Th i s  quality has  been confirmed by t h e  pre l iminary  tests c a r r i e d  ou t .  

For t h e  f u t u r e  e x t r a p o l a t i o n s  f o r  l a r g e r  m i r r o r s  where h igher  f r e -  

These pe r spec t ives  can  be taken i n t o  account i n  t h e  drawing up of a new 

quencies  are p o s s i b l e ,  

range of f u t u r  obse rva t ion  ins t ruments  s a t e l l i t e .  
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Rebond r a d i a l  balance Rebond 

Fig. 1 

Flux l i n e s  d i s t r i b u t i o n  

F ig .  3 

Flagne t i c 
res i s tance  

i o n  

F i g .  2 

Flux  l i n e s  d i s t r i b u t i o n  

F i g .  4 
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F i q . 7  

Ficj .& 

F ig .  9 
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R =/- 4 o o p - ’  

Photo- 
diodes 
s tand 

f i g .  10 f i g .  11 

f i g .  12 

Experimental 
l a s e r - c o n t r o l  
as s emb 1 y 

f i g .  13 

Observat ions 
nu 

40 

30 

20 

10 

Angular v a r i a t i o n s  h is togram 
To ta l  o s c i l l a t i o n s  : 215 

Galrssian envelope : 
m = 0,36 10-6 Rd 

= 0,24 10-6 Rd 
F i g .  14 

Angular var l ’a t ions 
x 10-6 Radian 
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gap : 0,2 mm 
B :1,7 testa 
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