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ABSTRACT "-  

T h e  design o f  a freely-susl~:nded t o p  p a n  balance  is d~cTibcd.  I t  shou ld  enable  
t h e r m o ~ m v i m e t r i c  i n v e s t i ~ o u s  to  be m a d e  a t  very h igh  a t m o s p h e r i c  pressures.  

IN3"RODUCTION 

In teres t  in the  d e v e l o p m e n t  o f  t o p  p a n  balances  hag increased  because  o f  the  
m o r e  pract icable  hand l ing  o f  a balance  wi th  a pan  above  the  ba lance  b e a m  a n d  the  
possibil i ty o f  a u t o m a t i c  weighing  in an  assembly-l ine process_ Wi th  reo~ard to  t h e r m o -  
grav imet ry  the  inf luence o f  convec t ion  t-~,,sed by the  t e m p e r a t u r e  g rad ien t  a n d  o the r  
d i sadvan tageous  t empe ra tu r e  effects o n  the  balance  cou ld  be d imin i shed  by  us ing the  
t op  pa n  balance cons t ruc t ion  principle.  A qui te  s imilar  t endency  is to  be observed  in 
the  d e ve lopme n t  o f  balances with a f ree ly-suspended pan .  In teres t  in the  appl ica t ion  
o f  active and  passive magne t i c  bearings has  increased due  to  the  d e v e l o p m e n t  o f  
magne t ic  mater ia l  wi th  higah energy-con ten t  in the  last f e w  years.  As  a coup l ing  
between a balance  beam and  a pan ,  act ive magne t i c  suspens ions  have  been used  fo r  
m a n y  years. T h e y  were p r o p o s e d  by Gas t  t in 1960 a n d  are  m a n u f a c t u r e d  by Sar tor ius  
Werke,  G8t t ingen ,  G e r m a n y .  T h e  f ree ly-suspended p a n  is comple te ly  separa ted  f r o m  
the  record ing  ba lance  so  tha t  one  has  the  possibil i ty to  expose  the  sample  to  an  
e n v i r o n m e n t  such  as pressure,  t empe ra tu r e  and  the  chemfical naUtrc o f  the  a t m o s p h e r e  
wi thou t  any  ha rmfu l  influence o n  the  weighing mechan i sm.  In  the  Sar tor ius  Mode l  
4201 the  pan  is f reely-suspended benea th  the  balance  b e a m o f  an  e lec t romechanica l  
balance by magne t i c  forces. T h e  pos i t ion  o f  the  p a n  is con t ro l l ed  au tomat ica l ly .  
T h e  m a x i m u m  load  is 0.3 N,  the  l imit  o f  sensit /vity is .2- 0.I  /zN. 

Due  to  the  reasons m e n t i o n e d  above,  in 1969 Gas t  z p r o p o s e d  a magne t i c  
coup l ing  for  a t op  pan  ba lance  which  was  deve loped  later a" =. T h e  magne t i c  coup l ing  
descr ibed in the  fo l lowing is based o n  this deve lopmen t ,  a n  essential  d;fferenc~, 
however ,  is the  a r r a n g e m e n t  o f  the  sensors  a n d  the  con t ro l l ing  e l e m e n t s .  

" ~  a t  t he  14th Confe rence  o n  V a c u u m  M i a r o b ~ l ~  Technicp__~es_. S a l f o r d ,  2 " / t h - 2 g t h  

S e p t e m b e r  1 9 7 6 .  ~ . . . .  ~ 



1 ~ ACTIVE ~L~.GNETIC COUPLING FOR GRAVIME'/~lC MEASUREMENTS IN VAC-u'UM 

1 . I  De_vcMption o f  t he  coup l i ng  

T h e  coup l ing  consis ts  o f  two  axJa!!y-magnctized p e r m a n e n t  maoue t i c  d~n~_, 
repell ing mu tua l l y  (Fig.  1). T h e  lower  one  (A t  can  be appl ied  to  the  pan  o f  an  e lect ron-  
ic t o p  pa n  balance---e.g. ,  the  load  cell descr ibed in chap te r  2 - - w h i l e  the  u p p e r  one  
0B), which  carries the  pan  0E), can  be enc losed  in a specially s h a p e d  non -magne t i c  
con ta ine r  (F t .  T h u s  the  f reely-suspended p a n  a n d  the  u p p e r  m a g n e t  a re  comple te ly  
separa ted  f rom the  record ing  balance.  The  device, however ,  is sta.t[cally uus tab le  
because  the  cen ter  o f  ~ravity lies ~ery hig~ a n d  hor izonta l  magne t i c  forces t ry  to  push  
the  u ppe r  m a g n e t  o u t  o f  its set  pos i t ion  j u s t  above  the  lower  magne t .  T h e  hor izonta l  
forces vary  l inearly wi th  hor izonta l  d isp lacements  u p  to  d i sp lacements  o f  ~ 3 m m  
(Fig- 2) a n d  they are  a func t ion  o f  the  d is tance  between b o t h  m a ~ e t s ,  tha t  is the  
weight  on  t o p  o f  the  pan.  

D u e  to  the  statical iustabil i ty---the t ransfer  func t ion  o f  the  con t ro l l ed  sys tem is 
approx imate ly  doub le  in temra t ing- - the  u p p e r  m a g n e t  has  to  be stabilized by a u t o m a t i c  
con t ro l  in two  hor izonta l  axes. 

This  is accompl i shed  by two U-shaped  e lec t romagnets  (D)  one  in each  
a x i s m m o u n t e d  o n  a baseplate  inside the  two  a n n u l a r  magne ts ,  wh ich  rest  o n  the  pan  
o f  the  e lectronic  balance o r  else on  the  baseplate  d r awn  in Fig_ 1. Acco rd ing  to  the  
di rect ion o f  the  d i sp lacement  o f  the  uppe r  m a g n e t  t he  e lec t romagne ts  have  to  push  o r  
to  pull  t he  p e r m a n e n t  m ~ e L  O n  the  s~me axes o f  the  e lec t romagnets ,  the re  are  
U-shaped  sensors  (C) .  which observe  the  horiT_ontal pos i t ion  o f  the  f ree ly-suspended 
pan .  

F'~,. I .  A n  active magnetic coup lm~ A ,  B ~ magnetic ring; C _~ sensor;, D -~ ¢ k c m m l a g ~ t ;  
E - ~  p a n ;  F = ~ c . ~ .  - .  . : 
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Fig. 2. Horizontal force F~! as a function of the d i s p ~ t  x and the distance y bet~'ecn the 
n ~  rings. 

Fig_ 3. S e n s o r  f o r  t h e  p o r t i o n  o f  t h e  f roe ly-~aspended  r r ~ n e t i c  zing- A ~ polc-piov¢;  B ~ p~l,,u~- 
n~n[  m a g r ~ t .  

Each  sensor  ( F i g  3) compr i ses  a ~aivano-ma~metic resistor  in the  gap  be tween 
two pole-pieces (A).  T h e  free legs o f  the  sensor  axe d i rec ted  towaxds the  magne t i c  
r i n g  T h e  w o r k i n g  po in t  o f  t he  resis tor  has  been  shif ted in to  the  quasi-fineax pa r t  o f  
its chaxacteristic by  a cons t an t  m a ~ e t i c  field, p r o d u c e d  by  two  small  p e r m a n e n t  
magne t s  (B) paxadlel to  the  gap.  T h e  magne t s  a re  m a d e  o f  magne t i c  i ron  oxide. 

1.2 Description o f  the control circuit 
T h e  ~-~Ivano-magnetic resistors a re  inf luenced by  t he  magne t i c  field O o f  the  

f ree ly-suspended m a g n e t  as indicated in Fig. 4. 
A var ia t ion  o f  the  resis tance due  to  hor izon ta l  d i sp lacements  o f  the  su spended  

m a g n e t  caused  by hor izonta l  forces Fx is t r a n s f o r m e d  in to  a vol tage-var ia t ion  by  a 
d.c.-fed Whea t s tone  half-bridge.  T h e  character is t ic  o f  the  measu r ing  t r ansduce r  is 
l inear  i n  the  w o r k i n g  scope  resul t ing in a p r o p o r t i o n a l  act ion:  T h e  o u t p u t  0 z . o f  t he  
t r~n~tucer  is t a ke n  for  t h e  actual  va lue  o f  t he  con t ro l  circuit .  I t  is equ iva len t  t o  the  
a ~ . a i  hor izon ta l  pos i t ion  o f  the  u p p e r  man-net a n d i s  c o m p a r e d  wi th  the  s e t  va lue  w 
given by a h igh  precis ion vol tage  source.  T h e  e r ro r  signal d u e  to  a d i sp lacement  is led 
to  the  i n p u t  o f  a con t ro l le r  wi th  propor t lonal -p lus-~tcgra l -p lus-dcr iva t iv© az t ion  
w h i c h  c o m p e n ~ t o ~  t h e d i s p l a c e m e n t  by  me~n~ 0 f t h e  force  p r o d u c e d  by  the  electro-  
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F'rg- 4 .  C o n t r o l  c i r c u i t  o f  t l ~  r n a g r ~ i c  c o u p l i n g _  F = f o r c e ;  O = m a g n e t i c  f l u x ;  i = c u r r e n t ;  u ~- 

magnet bemuse of  the magnetic field OEl. The controller is followed by a power 
amplifier. Because of  current feedback the power amplifier has proportional action. 

There are v~'o points, however, which have to be r e ~ r d e d  in connection with the 
controlling dement_ Unfort-nnt~ly each electromagnet influences both sensors by its 
stray f i e ld - - -~  ~ ~ and O E l z because o f  electromagnet 1 resulting in an error signal, 
and is influenced itself by the constant magnetic field O,  of  the permanent magnetic 
rings. The control circuits are magnetic.~L!!y coupled consequently. The characteristic 
of  the electromagnet is shown in F i g  5. It is non-linear because of  iron saturation in 
the pulling part o f  the charac~ristic. By a magnetic by-pa~ Os~sc (Fig. 6) 
between the two l e ~  of  the electromagnet (A) parallel to the co i l  consisting of  a 
samarium-oobalt-pcrmane~at rnuo~aet (13) and a ferromagnetic spacer (C), the working 
scope of  the controlling element is shifted into the linear part o f  the characteristic 
(Fig. 5); th,~ characteristic is balanced. This way, the characteristics of  the error 
s i ~ l s  due to the .~, ray field of  the electromagnets axe also balanced (Fig. 7). Therefore, 
the error signals can bc dgmi ,  ated by linear electric correcting networks O t ~ and  U2 t 
with proportional action as indk~Red in F i g  4, resulting in decoupled conlxol circuits. 

1.3 Eocper~ental result and c~araeterixtic data 

A s~-rtical d/splaccment of th¢  upper m a g n ~  will occur by loading or  unloading 
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Fig.  5_ C h a r a o . e r ~  o f  the  electrorrm~ o-net_ A =- w i thou t  c o ~ n :  B ~--- wi th  co r rec t ing  lx-rnmnent  
m~one t  a n d  fe r romagne t i c  s I ~ : e r .  

Fig.  6. E l ec t romagne t  as  con t ro l l ing  eIefrtent in the  nmgnet ic  coupl ing .  A = e lec t ronmgnet ;  B = 
p e r m a n e n t  magne t ;  C = fe r ronmgnct i¢  ~ya¢~ .  

the pan. The  hor izontal  forces, which  try to push  the  suspended pe rmanen t  magnet  
ou t  o f  its set posit ion are  a funct ion o f  the distance between both  annula r  magnets  
(Fig. 2). This means,  they are  a function o f  the load. Therefore  the power  ~amplifier 
must  have a sufficient reserve source o f  power  in order  to keep up the horizontal  
stability. Due  to  the  vertical displacement,  the work ing  poin t  o f  the sensors is in- 
fluenced, resulting in a subsequent  hor izontal  displacement  o f  the upper  magnet .  To  
el iminate this error ,  the set va lue  has to  be var ied due  to  the  load.  

Experiments,  however ,  have shown,  tha t  there  is no  disadvantageous influence 
on  the  stability o f  the control led system up  to  a load  o f  1 N ,  the  set value being con-  

As thc distan~ between both magnets is a function o f  the loaxl, forces caused by 
the  load  cou ld  be m e a s u r e d  by measur ing  t h e  distance. Tempera ture ,  however,  
influences the magnet ic  field a n d  causes an  error in the force measuremenL Therefore, 
the  magnet ic  bea r ing  is used as a coupl ing  be tween  a balance  a n d  the free!y-suspended 
pan.  This way, the tempera ture  effects have  n o  influence on  thetr~n~m~csion o f  forces. 
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Fig. 7. Error $ignal of  the sensor because o f  the st.ray field of  the ~ A ~ error signal 
b e ~ , r ~  of  the stray field of  the opposite ~ m a g n ~ ;  Lhe ~ o f  the e lor=Lron~cnJet 
correspon~ to IL~ A in Fig- 5_1] -~ error xig~ml because o f  the ~ ' a y  field ofth¢ ¢ro~ _e!c~__a'onmgnet; 
the characzer~ie o f  the electrorr~c,,~t c o - - r i d s  to fine A in Fig. 5. C ---- error signal because o f  
the stray. ~ o f  the oppo~te eleczromagr~; the characteriszic of  ~ e  o~-tromaga~t corresponds 
to ILrte B in F/g. 5. D -~ error signal bo~,w,~_ o f  the stray field o f  the c ro~  _ __o3,-~'omagnet; the , '~ar~-  
teri_qie o f  the ~ corresponds to line B in I'if,. 5. 

T o  a v o i d  ins tab i l i ty  o f  t h e  c o n t r o l  c i rcu i t s  f o r  t h e  u p p e r  m a g n e t ,  t h e  p o s i t i o n  o f  

t he  c a r r y i n g  m a g n e t  m u s t  be  s t ~ e  in  r ad i a l  d i r ec t ion .  T h a t  is, t h e  b a l a n c e  b e a m  a n d  

t he  b a l a n c e  pa n  does  n o t  h a , ~  b e a r i n g  clearance. 
A ba l a nc e  w i t h  n o  bea r i ng  c l e a r a n c e  is s h o w n  in  F ig .  9 a n d  will be  d e s c r i b e d  i n  

t h e  fo l l owing  c ha p t e r .  T h e  suspens ion  was  m o u n t e d  o n  t o p  o f  t h e  p a n  o f  thi~ l o a d  

cell_ F o r c e s  u p  t o  I N c o u l d  b e  t r a n s m i t t e d  g i t h o u t  c o n t a c t  b e t w e e n  t h e  cell  a n d  t h e  

s u s t x ~ d e d  ~ t h e  ~ n a l ! e s t  d i s t ance  be t ween  t h e  r i n g - s h a p e d m a g n e t s  be ing  10 m m ;  

T h e  r ings  c o n ~ t  o f  m a g n e t i c  i r o n  ox ide .  T h e  d ; ~ m e t e r  is 78 mm~ t h e  ta l l ' be t  is 45  ram- 
a n d  t h e  h e i g h t  i ~  1 4  m m  . . . . . . . .  _ .  , . - . . . . . .  
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Fig. 8- Schematic d;aEram of a load cell. A ~ pan; B ~ parallel spring plates; C ---- coil; D ----- pot- 
shaped magnet. 

Fig. 9. A load cell with air-suspension. A ----- pot-stmpcd magnet; B ~ coN; C = buffer;, D, E ---- 
differ~ti~! capm:/tor; F = air intake; G -- container; H. I. K = permanent magnet; L ---- pan. 

2 A S~.F--COMPEh.~ATING LOAD CELL 

A load cell is ~L h~l ,nce  wi thout  a balance beam_ The  principle is shown in 
Fig. 8. In  the  moving  part ,  the  cell consists o f  the balance pan  (A),  carr ied by a 

vertically a r ranged  rod  connect ing two parallel spring plates 03) and  the coil (C),  
which plunge s in to  the  s t rong radial field o f  the pot-shaped magne t  (D).  The  weight  o f  
the moving  par t  is in balance  with the force caused by the  coil f l i t  is no t  t a red  via the  
spring plates o r  by  ano the r  arb i t rary  force.  

T h e  posi t ion o f  the  rod  is usually sampled  by means  o f  opto-electromcs.  I f  the 
equi l ibr ium is disturbed,  the  0pto-eicctronic sensor  acts on  an amplifier, ~vhich 
generates a voltaire o r  a cu r ren t  signal. This  enters  the coil and  causes a compend~, ring 
force_ T h e  ou tpu t  ~i~nal o f  the  ~mplifier corresponds  to  the  weight o f  the  mass on  the 

balance pan. Du© to  the  disadwantages O f suspens i0ns  with parallel sp r ing  plates o r  
pamH~q sp "ringj0intS, such as h y s t e n ~ s  and  effects by t empera tu re  a n d  aging, an 
air-suspended load ce l lwas  developed s. Experience~with thlg load cell encouraged  the 
au thors  to  improve .cons t ruc t /on  a n d  e lec~onics  With the  mode l  shown in F ' ig .9 .  
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2.1 Description of the air-suspended load cell 
T h e  load  cell consis ts  o f  the  fol lowing c o m p o n e n t s :  ba lance  pan ,  differential  

capaci tor ,  m o v i n g  coil magriet  a n d  compensa to r .  A n  essential cons t ruc t ion  e l emen t  o f  
the  balance  is t he  a i r -suspension,  which  is also par t  o f  the  sensor  for  t he  vertical  
pos i t ion  o f  the  pan_ T h e  compressed  air  flows f rom a smal l  p u m p  via the  air  in take  (F)  
in to  a cylind/ical  con ta ine r  ((3). F r o m  there,  it passes several nozzles a n d  s t reams  
agaiust  the  inner  wall o f  the  _mrounded inner  e lec t rode (E) o f  the  differential  capac i to r  
(D,  E). Six nozzles with a d iamete r  o f  300 /am are  equal ly  spaced  over  the  c o n t o u r  o n  
bo-=h t op  a n d  b o t t o m  o f  the  conta iner ,  respectively. T h e  air  leaves the  load cell a t  b o t h  

sides o f  the  suspension.  
As the  stabifity o f  the  air  suspens ion  is m o r e  i m p o r t a n t  t han  the  car ry ing  

capacity,  the  nozzles have n o  pocke ts  dow ns t r eam.  T o  avoid  torques ,  which  t ry  to  get  
the  a i rborne  par t  o f  the  load  cell in t6  ro ta t ion ,  the  aeros ta t ic  bear ing  has  to  be d o n e  
, ,e r j  accurate ly  with regard  to parallelism., roundness ,  concentr ic i ty  a n d  surface 
finish. But  a s y m m e t r y  is n o t  comple te ly  avoidable .  Therefore ,  a small  p e r m a n e n t  
ma_maet (1) is a t t ached  to  the  a i rborne  par t  benea th  the  pan  (L),  repel l ing a second  one  
at  the  same  level, thus  prevent ing  ro ta t ion .  A n o t h e r  small  axially mamaetized pe rma-  
nent  magne t  (K)  is fixed above  the  inner  e lec t rode directly u n d e r  the  pan .  T h e  c o m p e n -  
sat ing coil (B), however ,  is connec ted  to  the  b o t t o m  o f  the  inner  electrode.  A second  
axially masmetized p e r m a n e n t  magmet (H)  is m o u n t e d  on  t op  o f  the  air  con ta ine r  
ju s t  benea th  the  m a n e t  men t i oned  before.  T h e  mamaets, repell ing one  ano the r ,  act  
as  an  axial b e a r i n ~  T h a t  is. the  lower  mamaet  carries the  weight  o f  the  contact less  par t  
o f  the  load cell consis t ing  o f  the  pan ,  the  u p p e r  mamaet,  the  inner  e lec t rode  a n d  the  
coil which plunges  in to  the  po t - shaped  mao__net (A).  T h e  d is tance  between the  two 
p e r m a n e n t  mamaets is chosen  in such  a way  tha t  the  mamaetostat ic  force  is in balance 
with the  dead  weight ,  resul t ing in a current less  coil. 

T h e  differential capac i to r  t r ans fo rms  the  vertical d i sp lacemen t  o f  the  pan ,  
caused  by loading  o r  un loading ,  into  a p ropor t iona l  electrical signal. F o r  the  impro-  
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vemen t  o f  the  sensitivity o f  the  sensing capaci tor ,  the  surface o f  the  e lectrodes  is 
serrated.  T h e  character is t ic  o f  the  differential  capac i to r  is s h o w n  in Fig. 10. I t  is 
a l toge ther  non- l inear .  A l inear  par t  o f  this curve  was  chosen  as  a w o r k i n g  scope  
limit_~4 on  the  o n e  s ide by the  mechan ica l  buffer  ((2) a n d  O n  the  o the r  s ide by  the  
inner  pole  o f  the  po t - shaped  mamaet-  T h e  sensit ivity o f  the  variable differential  
capac i to r  is 100 p F  m m -  t a t  the  w o r k i n g  poin t .  

2.2 Description o f  the control circuit 
In  the  m a n n e r  o f  n o t a t i o n  o f  a u t o m a t i c  con t ro l  theory ,  the  contac t less  pa r t  o f  

the  load  cell, consis t ing  o f  the  pan  (L),  the  u p p e r  m a g n e t  (K) ,  the  m o v i n g  e lec t rode  
(E) o f  the  differential  c~pacitor ,  t he  col lar  o f  t he  a i r -suspension,  r~pec t ive ly ,  a n d  the  
coil (B) have  to  be regarded  as the  con t ro l led  system, s h o w n  in Fig. 11 as b lock  
d iagram.  I f  the  magne t s  (H,  K)  were no t  instal led a n d  the  Mr -damping  cou ld  be 
omi t ted ,  the  characteris t ic  o f  the  t ransfer  func t ion  wou ld  be  doub le  integrat ing.  T h a t  
is, the  con t ro l led  sys tem is unstable ,  the  c losed loop  c a n n o t  be stabil ized by a c o n t r o l l e r  
w i thou t  derivat ive act ion.  In add i t i on  to  this, the  con t ro l le r  mus t  have integral  ac t ion  
to  c o m p e n s a t e  comple te ly  a d i sp lacement  caused  by the  weight  o n  t o p  o f  the  pan ,  
resul t ing in a s t rong  p ropor t iona l i ty  between the  c o m p e n s a t i n g  force  via the  electro-  

d y n amic  sys tem and  the  u n k n o w n  weight- 
By add i t ion  o f  bo th  p e r m a n e n t  magne t s  (H,  K)  the  character is t ic  o f  the  

cont ro l led  sys tem changes.  T h e  uns tab le  sys tem becomes  statically s table  a n d  gets 
d y n a m i c  stahil i ty t h r o u g h  the  air  d a m p i n g .  T h e  d y n a m i c  stabili ty,  h o w e v e r ,  is n o t  
sufficient. T o  improve  the  d y n a m i c  stabili ty,  t he  con t ro l le r  m u s t  have  der ivat ive 

action.  

2.3 Description o f  the electronic circuit 
T h e  capac i to r  is par t  o f  a crystal-e.ontrolted carr ier  f requency br idge s h o w n  in 
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Fig. 12. The  f requency o f  the q , ~ r t z - s t : ~ h ~  oscill~rion is 622 ~ This is the first 
ha rmonic  o f  the quaxtz crystal. The  oscil lator has also to provide a $quar¢ wave for  the 
demodulator_ By use o f  a flip-flop in the oscil lation d r e u i t  instead o f  resistors, 
t empera ture  effects on  the symmet ry  o f  the square  wave caused  by drift  can  be 
avoided.  The  flip-flop changes its state only  by positive voltage va r i a t ions  thus 
bisecting the frequency. The  impulse t ime is exactly one  ha l f  period. A t  the ou tpu t  o f  
the flip-flop a square-wave signal between 0 and  5 V with a f requency o f  311 k I t z  is 
generated,  which controls  the phase-selective rectifier and  feeds the al ternat ing 
bridge via a capaci tor  balancing the voltage relative to ground-  

The  bridge, consisting o f  two paral lel-resonant  circuits with series resistances, 
one  in each atu, ,  is tuned  to the frequency o f  the oscillator. In  ease o f  load  variat ions,  
the inner  electrode o f  the capaci tor  will deviate,  thus generat ing a voltage in  the 
diagonal  o f  the bridge which is dephased to the input  voltage.  Via two emit ter-  
followers act ing as impedance  transformers,  the bridge simaal gets to a t ransformer ,  
separat ing al ternat ing f rom d-e. voltage a n d  fixing the signal to g round .  I t  is then  
amplified by means  o f  two frequency-compensated amplifiers and  demodu la t ed  by the 
phase-selective rectifier via ano ther  t ransformer.  The  ou tpu t  voltage Of the rectifier 
passes an  integrator  and  a low-pass filter which suppresses frequencies above  I0  kHz .  
The  sensitivity o f  the  whole  signal modu la to r  is 3.4 m V / t m -  t in the  l inear  par t  o f  the 
characteristic.  

The  filtered signal is led to the input  o f  a control ler  with proport ional-plus-  
integral-plus-derivative act ion which  compensates  the  disp ~lacement caused by the  
u n k n o w n  weight via a power  amplifier by means  o f  the e lec t rodynamie  system. 

Usually the potential  difference at  a precision resistance parallel o r  in series to 
the compensa t ing  coil is chosen as equivalent  to  the weight. In  the ease a t  hand,  the 
control ler  ou tpu t  voltage corresponds  l inearly to the  mass on the balance pan  because 
o f  cur rent  feed back  o f  the power  amplifier. 

2.4 Experimental result and characteristic data 
The  sensitivity o f  the load cell is 10 mV g -x ,  the m a x i m u m  load  1000 ~ the  

limit o f  sensitivity better  than  10 m~. T h e  building-up t ime cor responding  to the  load 
is 0.1 see maximum.  The  air-suspension requires 0.15 m 3 h -  l and  a pressure o f  1.5 × 
10 s N m -2. There  is no  zero e r ro r  within the effective range.  

The  load cell described is a balance wi thout  any  bearing clearance_ I t  is a 
contr ibut ion to the development  o f  top  pan  balances. The  pan however  is no t  com-  
pletely freely-suspended because there are  three connect ions  f rom the coil to  the 
control ler  ou tpu t  and  f rom g round  to the inner  electrode and  the coil, respectively. 
These  connect ions  could  influence the  weighing result  eventn~lly. Therefore,  a load  
cell with freely-suspended pan  would  be advantageous.  

A L O A D  C L 1 L  W I T H  F I ~ s : L ' L Y - S U S P L - - - ~ D E D P A N  . . .  " ~ - 

÷ 

A load  cell wi th  m~.gnetostatic bearings and  a freely-suspended pan  is-shown in 



2.38 

A 
_--.y--- 

- I i !  - 

~ J 
t 
! 
[ 
I - C 
i ! 

~ e 
i 

F-W,- 13. A l o a d  c¢11 w i t h  f r e g l y - s u s p c m d e d  p a n .  A ~ p a n ;  B ,  G -~  p e r m a n e n t  m a g n e t ;  C = case ;  
D = p o t - s h a p e d  m a g n e t ;  E -~ co i l ;  F = o p t o - e ! e c t r o n i c  s ensor .  

.!/ ! 
j m  ~ 

/ 
/ 

N../ 

- t  x 

X 

L 
i 

F i g .  14. ~ o f a  m a g n e t ~  bear ing-  

F i ~  13. The pan (A),  two magnets ((3) and the pot-shaped magnet (D)  are the 
~;S~l~ti:~l elements o f  the moving part o f  the cell. They are not  connected with any o f  
t h e  s t a t i o n a r y  p a r t s  o f  t h e  l o a d  c e l l  t h a t  a r e  t h e  t w o  a n n u l a r  m a g n e t s  (13) ,  t h e  c a s e  ( C ) ,  

the coil OE) and the opto-electronic sensor,, which is placed within the coil. The 



239 

sensing element is a foto-transistor which reacts on a light-emitting diode. The beam 
of  the light is influenced by a metallic nose fixed in the middle of  the inner pole of  the 
pot-shaped magnet. The axially -nagnetized magnets (B, G) act as radial bearing, thus 
providing for radial stability of  the freely-suspended part o f  the load celL By skillful 
use of  ferrofluid to support the pot-shaped magnet, the lower magnetic bearing could 
be removed, the pan being still freely-suspendecL The characteristic o f  the magnetic 
bearing is shovm in F i g  14. The linear part  of  the characteristic nearby the zero-point 
is chosen as working scope. The magnets consist o f  samarium-cobalt .  Axial stability 
is obtained by automatic control o f the  vertical position o f the  pan.  The sensor acts on 
a controller, which generates a current signal. This enters the coil and causes a 
stabilizing force. The transfer function of  the controlling element (D, E) is linear. 
Therefore, the current corresponds linearly to the weight on top Of the pan. At the 
time the load cell is tested. Results will be published in a later paper. 

Both construction principles reported parallel spring joint  suspended load 
cell with electrodynamic system and magnetic coupfing--are applied to the freely- 
suspended top pan balance described in the following chapter. 

4 A L O A D  C E L L  F O R  H I G H  PRESSURE INVESTIGATIO N S 

The load cell is developed for thermogravimetric investigations under  very high 
pressure. The principle is shown in Fig. 15. The pan is mounted on a vertically 
arranged pipe (K) which leads through three axially magnetized annular  samaxium- 
cobalt magnets. The pipe ends in a specially shaped short circuit r i ng  The vertical 
motion of  this ring influences the inductive reactance of  a coil (D) which transmits a 
signal to a controller via a carrier frequency bridge and a phase-selectlve rectifier. The 
controller outpat  affects an electroma~net (F) which acts on the middle annu!ar 
magnet on the pipe thus stabilizing the vertical position of  the pan. Horizontal 
stability is obtained by combining two annular  axially magnetized permanent magnets 
(E, G) with the magnets on top and bottom of  the pipe. They act as magnetostatic 
bearings. The freely-suspended part of  the load cell is completely separated from the 
remaining by a quartz container (I). 

The electromagnet is attached to the w~all of  a cylindrical container which is held 
by a fork-shaped parallel spring joint  (L)-fixed by straps to the outer-case (H). 
Fastened to the bottom of  thi~ container is a cylindrical skeleton which carries the 
moving coil (B). The coi lplunges into the pot-shaped magnet (A). The skeleton acts 
as a short-circuit ring which influences the inductivity of  a differential t r ans former(c ) .  

Forces are  transmitted from the suspended top pan via the perwanent  magnets 
to the electromagnet and vice versa. The latter which is part o f  the movifig electro- 
dynamic system will deviate because o f  these transmitted forces. The vertical position 
of  the electromagnet, however, must be stable because o t h e r w i s e s t a b i l i t y o f  the 
pan-controlling circuit cannot  be obtained. Therefore, another  regulator controls the  
vertical: position: o f  the electromagnet automatically by means-of,  the: differential 
transformer. Displacements are c o m p e ~ t e d  by the moving CoiL.The output  signal Of 
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Fig.  15. A load  cel l  f o r  ~ ~ m e t r i c  i n v e s 6 ~ t i o n s  u n d e r  h igh  pressure  (schemat ic  d iagram) .  
A = p o t - ~ t a p e d , ~ o ~ t ;  B,  D = co i l ;  C = differential  t r a n ~ o r m e r ;  E ,  G = p e n n a m ~ t  r ~ e t ;  
F = ~ r o m a g n e t ;  H = ,":,<,-; I = con ta ine r ;  K = pipe;  L = paral le l  sp r ing  j o i n L  

this controller corresponds linearly to the sample on top of  the pan whereas there is a 
non-linear relation between the sample and the output voltage o f  the controller 
mentioned before because of  the non-linear behavior of  the magnetic suspension. 
On the rear o f  the joint, there is a device not  drawn in Fig. IS- - to  allocate wright 
pieces taring the weight of  the moving electrodynamic part o f  the load cell. As a 
result, the plunging coil is currentless when the pan is unloaded. To avoid the risk of  a 
dynamic unstablc load cell because of  both force-coupled control circuits, they must 
have a different behavior in time. This is accomplished by adequate choice of  the time 
constants o f  the controllers. _ 

The load oeH is filled with silicone oil except.the gas-filled q-~r tz  container and 
is itself placed in a silicone-oil-filled tank. The ~ vol -me which is under very-high 
pressure is in contact with the oil via a diaphragm which acts as a pressure compen~ tn r  
w'aen the pressure ch:~nges in the quartz container . .  --... " 
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The  pan o f  the load cell is enclosed in a small oven,  not  drawn in F I ~  15. 
In connect ion with very high pressure, the buoyancy which acts o n  the mass 

influences the weighing result. Thi~ error is el iminated by a special computer-aided 
and computer-controlled measuring process. The  microcomputer  e n d u d e s  a micro- 
processor type 8080. F'L~st results have been reported by Mahrnhmacli 6. 
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