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ABSTRACT 

A surview on systems of free magnetic suspension fo r  weighing in vacuum and 
cont ro l led  atmospheres is given. These devices are based on cont ro l led axia l  
a t t r a c t i o n ,  axia l  repulsion with radia l  s t a b i l i z a t i o n  and radial  repulsion with 
ax ia l  s t a b i l i z a t i o n .  I f  these systems contain induct ive sensors fo r  the posi- 
t ion  of suspended magne~energy can be supplied to a measuring c i r c u i t  inside 
the react ion chamber over the sensor. The signal for  the measured var iable 
can be transmitted back with the aid of analog to frequency conversion and de- 
modulation outside the rec ip ien t ,  using the sensor as signal path. 

SURVlEW OF SUSPENSION SYSTEMS DEVELOPED AS A COUPLING BETWEEN BALANCE PAN AND 

BALANCE 

Magnetic suspension can be used fo r  the complete separation of balance 

and object  in cases where the f i r s t  would be corroded or contaminated by the 

atmosphere in which the second is to be weighed. 

Modes of magnetic suspensions as device fo r  weighing 

As f i g .  i shows, magnetic suspension can be obtained by a t t r a c t i o n ,  axia l  

repulsion and radia l  repulsion. At least one degree of freedom has to be 

res t r i c ted  by a restor ing force or by a control loop. In the f i r s t  and th i rd  

case i t  is the ve r t i ca l  degree of freedom, whi le in the second case two hor i -  

zontal ones have to be res t r i c ted .  

Suspension by cont ro l led a t t r ac t i on  

The system shown in f i g .  2 consists of two bar magnets, the upper one 

provided with a control winding and a sensor c o i l ,  the lower one supporting 

a conducting plate or a co i l  as movable part  of a distance meter. Both magnets 

are also enclosed in iron cups in order to reduce the stray f i e l d  and increase 

the carrying force,  which amounts to 30 g. According to f i g .  3, the sensor 

co i l  is par t  of an o s c i l l a t o r  and i t s  inductance, which is influenced by the 

posi t ion of the lower magnet, determines the frequency. A d iscr iminator  

converts the deviat ion of the frequency from a set point  in to a voltage signal .  
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This s ignal  is fed to a P I D - c o n t r o l l e r  whose output  cur rent  f lows through the 

cont ro l  winding of the upper magnet. An a u x i l i a r y  cont ro l  loop whlch contains 

a varac to r  d iode,  var ies  the a l t i t u d e  se tpo in t  in such a way, tha t  the magnets 

carry  the load w i thou t  support  or counter ac t ion by the c o n t r o l l i n g  cur rent .  

This is essent ia l  f o r  sens i t i ve  weighing,  because the heat developed in the 

cont ro l  winding would otherwise generate convect ion and therewi th  cause 

spurious forces.  A step in weight may i l l u s t r a t e  the ac t ion .  

Fig. 4 presents the course of pos i t i on  and contro l  cur rent  as a func t ion  of  

t ime. Fig. 5 shows a model of the coupl ing.  

Suspension by a t t r a c t i o n  fo r  loads up to 3 g 

The magnetic coupl ing shown in f i g .  6 works wi th  a p h o t o e l e c t r i c  sensor. 

The cont ro l  winding surrounds the two bar magnets and is f i xed  to the casing. 

cur rent  f low ing  through the co i l  in f luences the mutual a t t r a c t i o n  of  the 

nagnets. Spurious forces onto the pa i r  of  magnets would cause weighing e r ro rs .  

Fhey are minimized by symmetrical arrangement of  magnets w i th  regard to the 

:Oli  and - moreover - by the a l ready mentioned a u x i l i a r y  loop which reduces 

:he mean cont ro l  cur rent  to zero. F ig.7 shows the fo rce  which is generated 

)y the co i l  and acts on the balance as a func t ion  of  supported weight  wi th  

l ev ia t l on  from symmetry as parameter . The system has to be shie lded aga inst  

~xternal magnetic f i e l d s .  

,uspension by ax ia l  repu ls ion  and cont ro l  in two coord inates 

Two a x i a l l y  magnetized r ings are used. The lower rests  on the balance pan 

f a top pan balance wh i le  the upper one is kept in suspension by repu ls ion  

nd cont ro l  in two hor i zon ta l  coord ina tes ,  as i t  can be seen in f i g .  8. A set 

f f l a t  co i l s  in the gap between the magnets produces the necessary hor i zon ta l  

orces. The pos i t i on  i n d i c a t o r  uses a d i f f u s e l y  r e f l e c t i n g  c i r c u l a r  spot on 

he lower surface of the balance pan. The spot is b r i g h t l y  i l l um ina ted  and 

ro jec ted  onto a plane, in which four  photodiodes are arranged. I f  the upper 

agnet is moved from the cent ra l  p o s i t i o n ,  the pa i rs  of  photodiodes produce 

r r o r  s igna ls .  These are converted in to  cont ro l  currents which are fed to 

he c o i l s .  

ig .9  is the photograph of a model of  such a suspension. 

Jspension by rad ia l  repu ls ion  and ax ia l  s t a b i l i z a t i o n  

This mode of suspension is app l ied  in the device according to f i g .  I0. 

t cons is ts  of  two a x i a l l y  magnetized r ings of  coba l t  samariumwhich are 

ttached to a frame and of two a x i a l l y  magnetized cy l i nde rs  of  the same 

~ te r ia l  f i xed  to a v e r t i c a l  shaf t  which ca r r ies  the balance pan. The cy l inders  
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are centered wi th in  the rings by repulsion. A th i rd  one is attached to the 

shaft between the f i r s t  and second, which acts together with an iron clad 

d i f f e r e n t i a l  co i l  fastened to the frame as an actuator.  A d i f f e r e n t i a l  induc- 

t i ve  sensor, consist ing of two co i ls  f ixed at the frame and a nonmagnetic 

metal r ing attached to the shaft  acts as pos i t ion detector.  Actuator,  detector 

and a PID-contro l ler  form the control loop for  the axia l  posi t ion of the 

suspended system. Weights up to 20 g can be supported. The moving coi l  of an 

electromagnetic weighing ce l l  is cemented to the frame, the l a t t e r  being ver- 

t i c a l l y  movable and connected by f lexura l  pivots to a balance beam and a guide 

bar. A quartz tube, closed at the lower end, separates the react ion chamber 

from the balance. 

A system fo r  use in atmospheres up to 5 kbar is in construct ion /2 / .  

Simultaneous measurement of force and torque 

Two horseshoe magnets form the measuring system in f i g .  11, which can be 

f . i .  used to measure molecular weights a f te r  Knudsens method. The upper magnet 

carr ies control windings around i t s  legs. To the lower one, which carr ies 

the container for  the sample, a slab of insu la t ing mater ial  is attached, 

provided with square copper sheets at i t s  ends. The sheets act together with 

four sensors mounted in the nonmagnetic and highly res i s t i ve  cover of the 

react ion chamber. The sensor co i ls  are connected in a Wheatstone bridge shown 

in f i g .  12. While the to ta l  resistance of the bridge is a measure of the mean 

distance between the pole faces of the magnets, and is not much affected by 

ro ta t ion  or t i l t i n g ,  the diagonal voltage is a measure of ro ta t ion  and only 

weakly af fected by i nc l i na t i on .  

A closed loop, containing the Wheatstone br idge, a three mode con t ro l l e r  

and the control  windings, maintains the stable equi l ib r ium of the magnetic 

suspension. The current through the control winding is a measure fo r  the load 

applied to the lower magnet and is accordingly indicated,  see f i g .  1 3 /1 / .  

In th is  s ta te ,  an equ i l ib r ium posi t ion of the lower magnet ex is ts ,  where the 

poles of the magnets stand face to face. A torque appl ied to the lower magnet 

w i l l  cause an approximately proport ional angular de f lec t ion ,  a corresponding 

signal at  the diagonal of the Wheatstone bridge and a voltage at the output 

of  the to rs ion  measuring channel. Because the conversion constant depends on 

the force of  a t t rac t i on  which corresponds to the to ta l  weight,  the output of 

the load measurement is led to a m u l t i p l i c a t o r  inserted in the tors ion signal 

path. 

I f  the lower magnet is kept at  a set a l t i t u d e  and turned by a cer ta in angle, 

the length of  l ines of force increases. The current for  the a l t i t u d e  control  

is therefore higher than without tors ion.  
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This can be corrected by feeding the tors ion signal back to the a l t i t u d e  set- 

point.  

TRANSMISSION OF MEASURED VALUES FROM A FREELY SUSPENDED SAMPLE TO THE OUTSIDE 

OF THE REACTION CHAMBER 

Kind of measured values and reasons for  transmission over the magnetic gap 

Temperatures of the sample in thermogravimetry, but also temperature 

di f ferences for  DTA and even DSC are of in te res t  fo r  thermal analysis.  Other 

var iab les ,  as conduct iv i ty  and p e r m i t t i v i t y  could also be desired. 

In the f ree ly  suspended state,  transmission must of course be wire less.  To 

maintain the suspension, a d i e l e c t r i c  window between the upper and lower 

magnet is essent ia l .  Thus, a transmission across the magnetic gap presents 

i t s e l f  as a device with low addi t ional  expenditure. 

In order to convert the quant i t ies  to be measured into t ransmissib le s ignals,  

energy has to be supplied to the measuring c i r c u i t .  This can be done with the 

aid of the secondary winding around the lower magnet, see f i g .  14. The 

winding is tuned and connected to a r e c t i f i e r  and f i l t e r  ard to a voltage 

regulator .  In the case of thermogravimetry, thetemDerature is converted into 

a frequency with the aid of a Wheatstone bridge and a voltage cont ro l led  

o s c i l l a t o r .  The signal from the o s c i l l a t o r  actuates a switch, which shortens 

the secondary winding for  very small time in te rva ls .  This corresponds to 

amplitude modulation of the o s c i l l a t o r  outside the react ion chamber. The 

signal of the o s c i l l a t o r  is demodulated f i r s t  with regard to amplitude and 

then with regard to frequency. 

Because d i f f e r e n t i a l  integrated ampl i f ie rs  with very low energy consumption 

and very small o f fse t  d r i f t  are ava i lab le ,  d i f f e r e n t i a l  thermal analysis 

data can be transmitted in the same manner. This is shown in f i g .15 .  

A pair  of PT i00 thermometers is used to convert the d i f ference of temperatures 

of sample and dummy into a voltage with the aid of a Wheatstone bridge. 

In order to obtain a good l i n e a r i t y  of the transmission, the same type of 

voltage cont ro l led  o s c i l l a t o r  serves fo r  the i n t i a l  voltage to frequency con- 

version and fo r  the f ina l  stage of reconversion into voltage, The scheme of a 

coupled TG, DTA-system is shown in f i g .  16 . I t  is to be seen, that  the magne- 

t i c  suspension system is enclosed in a thermostat which is provided with a 

d i e l e c t r i c  cover and attached to the casing of the balance. 

From the control  c i r c u i t  of the magnetic suspension, the demodulated signal 

of the o s c i l l a t o r  is ~ed to a data processing un i t .  

Here, the frequencies fo r  the temperature and temperature d i f ference are 

converted into voltages and indicated.  From the control c i r c u i t  fo r  the 
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balance beam, the compensating current is obtained, which can be converted 

into a d l g i t a l  ind ica t ion  of mass. 

The other types of magnetic suspenslons lend themselves to s im i la r  transmis- 

sion of measured data from the sample. 

As an example, the magnetlc coupling fo r  a hlgh pressure balance is chosen, 

as i t  is shown in f i g .  10. 

The d i f f e r e n t i a l  choke D is replaced by a d i f f e r e n t i a l  system shown in the 

schematic diagram of f i g .  17. This system consists of a primary co i l  Lp with 

two adjacent pos i t ion detector co i ls  LpD, the three co i ls  attached to the 

frame which is supported by the force coi l  E. Instead of the metal r ing C, a 

secondary coi l  L S is f ixed to the shaft whlch carr ies the balance pan A. 

The coi l  L s is displaceable inside the co i ls  Lp, LpD, LpD, varying the respec- 

t l ve  mutual inductances in a s im i la r  way as the metal r ing has influenced the 

inductances in the d i f f e r e n t i a l  choke. The co i ls  LpD are connected a n t i p a r a l l e l ,  

resu l t ing  in an a l te rna t ing  voltage signal proport ional  to ve r t i ca l  de f lec t ion .  

The signal is ampl i f ied and r e c t i f i e d  sensi t ive to phase. A d i rec t  current 

signal resu l ts ,  which can be used fo r  the posi t ion control of the magnetic 

suspension. 

In the secondary col l  a voltage is induced, which can be used for  the power supply 

of the measuring c i r c u i t  in the suspended subsystem of the balance. 

By means of the platlnum res i s to r  Pt i00, the sample temperature and the 

reference temperature are converted into voltages. A d i f f e r e n t i a l  amp l l f i e r  

forms the d i f ference U of the s ignals,  which is converted into a frequency fL" 

Actuated by the output of the l l / f ~conver te r ,a  FET switch connects a small 

capacitance across L s, thereby modulating the frequency of the o s c i l l a t o r .  

Whlle the per iodlcal  change in frequency has no bearing on the pos i t ion 

con t ro l ,  the frequency demodulated signal of the o s c i l l a t o r  serves for  the 

ind icat ion of the temperature d i f ference.  Using the same type of VCO in 

the signal path of the temperature d i f ference as in the closed loop of the 

demodulator , a very good l l n e a r i t y  is obtained. 

A second channel can be provided which is reserved for  the temperature of the 

sample. The voltage signal corresponding to th is  temperature generates a 

frequency, which determines the act ion of a second switch. Instead of a 

capac i tor ,  a res i s to r  is connected in pa ra l l e l  to the coi l  L s, thereby 

modulating the amplitude of the ca r r i e r .  The temperature signal is extracted 

from the o s c i l l a t o r  by amplitude demodulation. In th is  manner, weight,  

sample temperature and DTA-signal can be transmit ted from the f ree ly  

suspended balance pan. 
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