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SYMBOLS 

D 

Ib 

IO 

3 

JO 

K 

Kr 

Kt 

M 

P 

outputs from accelerometers Ill,, #2 and f3 
respectively, See Section 4 . 2 . 2 .  

height of the NPth peak of displacement or accelera- 
tion in a damped oscillatory response 

distance measured parallel to the Y'-axis from the 
center of the air platform to its center of mass, 
meters, See Section 4.2.2. 

gain of feedback amplifiers in magnetic suspension 
system 

gravitational acceleration = 9.80 m/sec 2 

moment of inertia, kgm2 

moment of inertia of the air platform about its center 
of geometry. 

moment of inertia of the air platform about its center 
of mass 

instantaneous current through magnetic suspension coil, 
amperes 

steady state current through magnetic suspension coil, 
amperes 

spring constant, newtons/meter. 
described in units of poundslinch for identification of 
the different springs used in the test.) 

(This parameter is also 

radial spring constant at suspension point 

tangential spring constant at suspension point 

mass kg 

ratio of amplitides of successive peaks for an oscilla- 
tory waveform. 

R radius of the air platform. Approximately 44.5 cms. 



T period of oscillation, seconds 

period of oscillation for zero damping T O  

ratio of platform displacement in the X-direction to 
shaker displacement 

ratio of platform rotation to shaker displacement 

arrangements of added weights. See Figure 3.4-1. 

rectangular Cartesian coordinates with axes set fixed 
to shaker frame. Shaker motion is along the X-axis. 

xf, Y' rectangular Cartesian coordinates with axes set fixed 
to air platform, See Section 4.2.2. 

coordinates of the geometric center of the platform in 
the X, Y system. 

coordinates of the platform center of mass in the X', Y' 
sys tern. 

shaker displacement, meters 

platform displacements and rotation 

'IN shaker acceleration, g's 
. e  .. . a  

Xout, Yout, eout platform accelerations in translation and rotation 

damping ratio, Z 

P damping constant, kg/sec 

BC 

Y 

critical damping constant, kg/sec 

B/M , sec -1 

6 logarithmic decrement 

inertial X-coordinate of the platform center, meters 

rotational displacement of the air platform 

angular frequency, radians/second w 

resonant angular frequency 



1.0 ABSTRACT 

Tests are performed to compare the isolation effectiveness of several candi- 
date suspension systems for space telescopes. 
systems are tested. 
telescope, is attached t o  a hydraulic shaker by means of the test suspension sys- 
tems. 
including sinusoidal, ramp and step functions, and the resultant acceleration 
and displacement of the air bearing are recorded. 
.01 to 1.0 Hz are used. The effective spring constants range from .175 to 8.76 
newtons /meter. 

Spring, hysteresis, and magnetic 
A 250-kilogram air bearing platform, which simulates the 

The shaker arm is moved in a straight Pine in several disturbance modes, 

Sinusoidal frequencies from 

All systems are tested to determine the effects of variations in platform 
moment of inertia and moment arm of the applied force. 

The spring suspension system consists of four pairs of springs spaced 
equally around the platform. Acceleration transfer ratios (air-bearing accele- 
ration/shaker acceleration) from .0001 to .001 are obtained at a driving fre- 
quency of 1 Hz. Resonance frequency for the system is approximately .01 to .03 
Hz, dependent on the value of spring constant for the particular system. 

A hysteresis damping suspension system with an effective spring constant 
equal to that of one of the spring suspension systems is tested to observe the 
effects of damping. For small amplitude disturbances the system perform as 
expected, with noticeable damping. However, at larger displacements, design 
problems in the instrument appear which preclude normal operation. 

A passive magnetic suspension system of effective spring constant compara- 
ble to that of the other systems is tested. This system also has the capability 
for electronic damping. The system response is non-linear with the damping 
applied. Damping ratios analogous to those of a linear system are obtained 
which range in value in value from 0 to 0.1. 



2 .o INTRODUCTION 

One of the space scientific programs proposed for post-Apollo applications 
is the large orbital telescope, or space observatory. Such a space observatory 
w i l l  carry out observations much as its earth-based counterpart, but above the 
obscuration of the earth's atmosphere. The advantages of space astronomy - an 
increased spectral range and higher resolution - are so attractive that the 
eventual deployment of such an observatory is a virtual certainty. 

However, to fully use the theoretical resolving power of a space telescope, 
perhaps as low as 0,Ol arc-sec, the telescope must be stabilized in attitude to 
a corresponding precision. To achieve this level of stability, the physical dis- 
turbances transmitted to the telescope during operation must be very small. For 
an unmanned telescope in synchronous orbit this is no problem; the natural space 
environment is practically disturbance free and the control system can handle the 
small internal disturbances. But for a manned telescope, the disturbance en- 
vironment caused by man's dynamic movements and increased spacecraft complexity 
creates a serious stabilization problem, even at synchronous orbit. 

The key to meeting the precise stabilization requirements is to isolate the 
telescope from the disturbances created by the manned spacecraft to which it is 
attached. 

The purpose of this study has been to perform comparative tests of three 
types of candidate suspension systems and to use the results of the tests to 
determine the characteristics and relative effectiveness of the systems, 

The analytical and experimental work described in this report was sponsored 
by the Langley Research Center of the National Aeronautical and Space Adminis- 
tration under contract NAS1-9674. 
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3 0 TEST DESCRIPTION 

3 1 MAJOR EQUIPMENT 

The f a c i l i t y  used t o  perform t h e  tes t s  c o n s i s t i n g  of t h e  following major 
appa ra tus ,  

(1) A 35" diameter a i r  bearing with self-contained a i r  supply. 

(2) A g r a n i t e  mic ro - f l a t  t a b l e  on which t h e  a i r  bearing moves e s s e n t i a l l y  
without f r i c t i o n .  

(3) An independent simulated spacec ra f t  s t r u c t u r e  mounted on s l i p  t a b l e s  
The s t r u c t u r e  i s  a l s o  r e f e r r e d  and connected t o  a hydrau l i c  shaker.  

t o  i n  t h e  r e p o r t  a s  t he  shaker frame. 

( 4 )  A hydrau l i c  shaker which can be programmed t o  follow an e l e c t r o n i c  
waveform w i t h  a frequency range from 0.01 Hz t o  20 Hz. 

( 5 )  A Systron-Donner Model 80 analogue computer which was used f o r  
s e v e r a l  d i f f e r e n t  a p p l i c a t i o n s  e 

The e n t i r e  f a c i l i t y  i s  shown i n  Figure 3.1-1. 
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3,2 INSTRUMENTATION 

The location of the sensors and accelerometers described in this section 
is shown in Figure 3,2-1. Figure 3.2-2 is a photograph of the three acceler- 
ometers, viewed toward the west. Accelerometer /,Z is in the foreground, with 
#l and #3 on the left and right-hend sides, respectively. 
sensors ‘are shown in Figure 3.1-1. 

The dfsplacement 

3.2.2 

The electrical disturbance signals and zero position signals to the hydrau- 
lic shaker were fed into a servo amplifier (one of the amplifiers in the analog 
computer). This amplifier operated a solenoid valve in the hydraulic line of 
the shaker mechanism, so that the shaker responded to a signal applied to the 
servo amplifier. 

The fidelity with which the shaker followed the electrical waveform was 
verified by applying square electrical impulses to the amplifier and recording 
the actual physical motion of the shaker. The rise times recorded from the 
shaker displacements were much shorter than the time constants of any of the 
accelerometer electronics or any time constant involved in the entire test. 
Therefore, the shaker movement is considered to be an exact reproduction of the 
electrical input signal. 

Sine wave signals for the transfer function curves were obtained from a 
Hewlett Packard model 202A Low Frequency Function Generator, 
the source of all sine and square wave disturbance inputs. 

This instrument was 

Step function inputs were obtained by simply switching a DC voltage across 
the input of the servo amplifier. No problems with contact bounce were observed. 

Ramp functions were obtained from one of the integrating amplifiers of the 
analog computer. 

A series of positive and negative going pulses was also used as a disturb- 
ance signal. The time line for these pulses is shown in Figure 3.2-3. 

These pulses were obtained by switching two DC voltages (one for each pulse) 
into the servo amplifier by means of two relays. The signals to the relays were 
obtained from the digital section of the computer by using the digital clock and 
a number of gating and flip-flop circuits to trigger the relays, 
pulse responses of the shaker were found to correspond exactly to the desired 
input signal. 

All step and 

No significant edge trailing, nor rise times were seen. 

3.2.3 Translation Sensor 

The position of the air bearing was measured by means of an optical system 
incorporating a United Detector Technology, 24/25 two axis position sensor. 
This solid state device produces two electrical signals proportional to the X 
and Y position of a light spot focused on the surface of the detector. 

5 



SHAKER 1 
COLLIMATED 

LIGHT SOURCE .., 

- 
r " 
C 
C 
0 
C 

u 
0 
b 
v 
s 
s 
c 
C 
0 
C 
0 
C 
0 
C 
0 
C 
C 

c. 

- 

WEIGHT SUPPORT 
BAR 

i 

'\ 
o o o o o ' ' ~ , o c o o  I 3  

\ --AIR BEARING 

DETECTOR 
PUTFORM 
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Figure 3.2-3 Pulse time l i n e  base 

A lens was mounted in front of the detector and the combination mounted on 
the ceiling of the test cell. A small light source was mounted near the center 
of the air bearing to indicate the horizontal location of the bearing. 
focusing this light on the detector surface, the translation of the bearing was 
presented on the detector, and electrical signals were obtained proportional to 
the X and Y positions of the bearing. These signals were amplified and fed 
into the Brown recorder. 

By 

Figures 3.2-4 and 3.2-5 show the translation detector system without the 
cardboard tube which enclosed the lamp and detector to minimize stray light 
effects. 

The translation sensors were calibrated directly against platform motion 
each day, so that their accuracy was limited only by the accuracy with which 
the measuring scale and the Brown recorder scale could be read, or approxi- 
mately 0.5 millimeters for translations of less than 1 centimeter, and up to 
1.5 millimeter at full range of approximately 5 centimeters. 

For relatively large displacements some cross talk was found between the 
X and Y channels, i.e., a large X displacement would produce a small signal in 
the Y channel. However, this was noted only for bearing displacements greater 
than a centimeter. 

3.2.4 Rotation Sensor 

4 

Rotational position of the bearing was determined in a manner similar to 
A collimated light source was mounted on the that for the X and Y positions. 



! 

bear ing .  On the  f l o o r  next  t o  the  bear ing  was mounted an o p t i c a l  t e lescope  
gunsight  (Edmund S c i e n t i f i c  No. 7 0 , 7 7 4 )  of approximately 5 .375  inches foca l  
length .  
was mounted i n  t h e  f o c a l  plane of t he  gunsight .  

A United Detec tor  Technology ( a l s o  Model S C / 2 5 )  X-Y p o s i t i o n  d e t e c t o r  

b P  

I 

Plat f o m  

b P  
8 I# 

I 

Plat f o m  

\ 

Table 

Figure 3*2-4 Translation sensor 

Collimated l i g h t  from t h e  bear ing  was d i r e c t e d  i n t o  the  te lescope .  Rota- 
t i o n  of t he  a i r  bear ing  changed the  inc iden t  angle  of the  co l l imated  beam wi th  
r e spec t  t o  t h e  axis of t he  gunsight ,  causing the spot  a t  t he  f o c a l  plane t o  
move ac ross  t h e  d e t e c t o r  and c r e a t i n g  an e l e c t r i c a l  s i g n a l  propor t iona l  t o  ro-  
t a t i o n a l  angle .  (Only one axis of t h e  X-Y d e t e c t o r  was  used.)  
and 3 .2 -7  show t h i s  system. 

F igures  3.2-6  
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I 
I I Mounted To Beari 

Figure 3.2-6 Rotation sensor 

Since the light bulb on the bearing was not a true point source, the 
incident beam on the telescope was not perfectly collimated, and there was 
some sensitivity of the detector to linear displacements greater than 0.5 
centimeter. That is, for platform displacements greater than 0.5 centimeter, 
the output from this detector is a function of bearing translation as well as 
rota tion. 

Accuracy of this sensor was approximately 2 minutes of arc for conditions 
of zero or small X-displacement of the platform. 

3.2.5 Accelerometer Computer Circuits, 

The acceleration of the air bearing was measured by means of three Accu- 
metric Corporation accelerometers mounted on the bearing as shown in Figures 
3.2-l.and 3.2-2. 
type. 
closeup view of accelerometer #2 is shown in Figure 3.3-2. 

These instruments are of the self-generating non-forcebalance 
Their frequency response is flat within 2 2% from 0.016 to 10 Hz. A 

1P I1 11 

Relationship of Accelerometer Readings to X ,  Y and 8. 
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With t h e  accelerometers  posi t ioned as shown i n  Figure 3.2-1, t h e r e  i s  an 
i n t e r a c t i o n  between t h e  t r a n s l a t i o n a l  and r o t a t i o n a l  measurements f o r  each 
accelerometer .  That i s ,  both r o t a t i o n a l  and t r a n s l a t i o n a l  a c c e l e r a t i o n s  w i l l  
be measured i t h o u t  s epa ra t ion .  I n  o rde r  t o  remove t h i s  ambiguity, t he  ou t -  
pu t s  of t he  t h r e e  i n d i v i d u a l  accelerometers were combined as descr ibed i n  t h e  
fol lowing paragraphs.  

Assigning a p o s i t i v e  X d i r e c t i o n  from West t o  East  and p o s i t i v e  Y d i r e c -  
t i o n  from South t o  North, t h e  accelerometers were posi t ioned s o  t h a t  i n s t r u -  
ments 1 and 3 measured a c c e l e r a t i o n  i n  t h e  p o s i t i v e  X d i r e c t i o n  and instrument 
2 measured a c c e l e r a t i o n  i n  the p o s i t i v e  Y d i r e c t i o n .  
t he  ou tpu t s  from accelerometers #19 82,  #3 r e s p e c t i v e l y ,  t he  following equa- 
t i o n s  apply: 

Then c a l l i n g  al, a2, a3 

1 1  1 1  

(1) al = X + RB 

(2) a2 = ? + ile 

(3) 
1 1  I 1  

a3 = X - Re 

where R i s  the d i s t a n c e  from the  axis of r o t a t i o n  of t h e  bear ing t o  the, ,accel-  
erometers ( t h i s  d i s t a n c e  i s  the  same f o r  a l l  t h r e e  accelerometers) and 0 i s  
t h e  angular  a c c e l e r a t i o n  of t h e  bear ing wi th  counterclockwise r o t a t i o n  assigned 
as p o s i t i v e .  

Then, adding equat ions (1) and (3) above, we obtain:  
1 1  

( 4 )  x = a1 + a3 
2 

Sub t rac t ing  equat ions (1) and (3), w e  obtain:  
I 1  

(5) e = - a3 
2R 

And s u b s t i t u t i n g  equat ion (5) i n  equat ion (2) 
1 1  

(6) Y = a2 - (a1 - a3) 
2 

The i n d i v i d u a l  outputs  from the  accelerometers were processed as des- 
c r i b e d  i n  the fol lowing s e c t i o n  and combined t o  provide, except f o r  cons t an t  
m u l t i p l i e r s ,  t h e  terms s p e c i f i e d  i n  equat ions ( 4 ) ,  (5) and ( 6 ) .  These f i n a l  
s i g n a l s  were app l i ed  t o  a Brush Company r eco rde r  and appear on the  f i r s t  t h r e e  
t r a c k s  of t h e  output  da t a  tape.  

Actual ly ,  t h e  i n p u t  s i g n a l s  t o  t h e  f i r s t  t h r e e  t r a c k s  are: 

43 



where k l ,  k2, k3 are  t h e  gains  f o r  t he  t h r e e  accelerometer f i l t e r  a m p l i f i e r s  
descr ibed i n  t h e  next s e c t i o n .  

For i n p u t  s e t t i n g  of 0 .1  v o l t s / d i v i s i o n  on the  Brush recorder ,  t h e  follow- 
i n g  c a l i b r a t i o n  a p p l i e s :  

II 

(X) - 1 d i v i s i o n  = 2.22 X 10e6g 

(Y) - 1 d i v i s i o n  = 4 . 4 4  X 10-6g 

(0)  - 1 d i v i s i o n  = 10.8 S c / s e c  

I 1  

2 I 1  

A n c i l l a r y  E l e c t r o n i c  C i r c u i t r y  f o r  Accelerometers 

It was discovered t h a t  a ground v i b r a t i o n  of approximately 15 Hz was 
being t r a n s m i t t e d  through t h e  t a b l e  t o  t h e  accelerometers from o t h e r  equipment 
loca t ed  w i t h i n  t h e  p l a n t .  To s impl i fy  t h e  da t a  a n a l y s i s  a low pass f i l t e r  was 
i n s e r t e d  i n  the output  of each accelerometer .  The f i l t e r s  incorporated t h r e e  
ope ra t iona l  a m p l i f i e r s  i n  t h e  analog computer, and were designed f o r  c u t o f f  
frequency of 3 .2  Hz. The response of t h e  f i l t e r s  was e s s e n t i a l l y  f l a t  o u t  t o  
a frequency of 0 .3  Hz and w a s  down less than  10 percent  a t  1 .0  Hz. Correct ion 
f a c t o r s  f o r  t h e  response f a l l o f f  were app l i ed  t o  the  readings f o r  0.5, 0 .7  and 
1 . 0  Hz. With t h e  f i l t e r s  t h e  ground no i se  was reduced t o  the  level of t he  i n -  
t e r n a l  no i se  of t h e  accelerometers .  

The ou tpu t s  of t h e  acceXerfimeter3 were then  combined i n  the analog com- 
p u t e r  t o  give t h e  values  of X, Y and 8 on the  Brown Recorder. 
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3.3 SUSPENSION SYSTEMS 

The spr ings  used i n  t h i s  t e s t  were simple h e l i c a l  spr ings  arranged i n  p a i r s  
a t  each of four  suspension po in t s  a s  shown i n  Figures  3.3-1 and 3.3-2. I n  order  
t o  determine the  e f f e c t  of fo rce  cons tan t ,  t h ree  spr ing  systems were t e s t e d ,  
wi th  t h e  spr ings  having force  cons tan t  values  of 0.01, 0.005 and 0.001 pounds/ 
inch,  r e spec t ive ly ,  
mately 82 degrees.  

The included angle  between each p a i r  of spr ings  was approxi- 

Twelve spr ings  were wound i n  our labora tory  f o r  each spr ing  constant  va lue ,  
and from these,  e i g h t  were s e l e c t e d  whose spr ing  cons tan ts  were most nea r ly  
equal .  
average va lue  and the  average value was wi th in  two percent of t h e  se l ec t ed  spr ing  
cons tan t .  
Figure 3.3-2. The o the r  end of t he  spr ing  was t i e d  t o  a small  length of s t r i n g  
t h a t  passed through a hole  i n  a s t r i p  which was r i g i d l y  a t tached  t o  the  shaker 
frame. The s t r i n g  was then run under the  head of a small  b o l t ,  The tens ion  i n  
each sp r ing  could then be ad jus ted  by loosening t h i s  b o l t  and pu l l ing  the  s t r i n g  
u n t i l  t he  des i r ed  spr ing  tens ion  (or  length)  was obtained and then t igh ten ing  
the  b o l t  head over t he  s t r i n g .  

I n  a l l  cases  t h e  e igh t  s e l ec t ed  values  were wi th in  two percent of t he  

Each spr ing  was a t tached  t o  the  a i r  platform by c l i p s  a s  shown i n  

3.3.2 Hysteresis System. 

The t e s t  set-up f o r  t h e  h y s t e r e s i s  suspension system i s  shown i n  Figures  
3.3-3 and 3.3-4. 
t h e  h y s t e r e s i s  system i s  presented i n  Appendix A of t h i s  r epor t .  

A more d e t a i l e d  d e s c r i p t i o n  of t h e  cons t ruc t ion  and theory of 

The e f f e c t i v e  force  constant  of each h y s t e r e s i s  system was measured t o  be 
0.02 pounds per inch. The systems were placed a t  the  North and West suspension 
po in t s  of the  bear ing,  and were opposed by p a i r s  of 0.01 pounds per inch  spr ings  
a t  t h e  South and East  suspension p o i n t s .  The spr ings  were connected i n  p a r a l l e l .  

Each h y s t e r e s i s  system was a t tached  by a s t r i n g  which wrapped around the  
circumference of t h e  h y s t e r e s i s  d i s c  and connected t o  t h e  platform. 
ment po in t  on t h e  platform was r a i s e d  above t h e  spr ing  system attachment poin t  
t o  t h e  same he ight  a s  t he  plane of t h e  h y s t e r e s i s  d i sc .  

The a t t ach -  

Tension was ad jus ted  on t h e  spr ings  and h y s t e r e s i s  system t o  cen te r  t he  
bear ing wi th  respec t  t o  the  shaker ,  Care was taken t o  provide s u f f i c i e n t  t ens ion  
on t h e  s t r i n g  from t h e  h y s t e r e s i s  d i s c  so t h a t  t h e  s t r i n g  d id  not  go s l ack  when 
shaker motion was i n  t h e  d i r e c t i o n  of the  h y s t e r e s i s  system. 
l y  necessary f o r  t h e  system a t tached  along the a x i s  of shaker motion, Although 
t h i s  technique worked successfu l ly  f o r  gradual  motions, t he re  was s t r i n g  "slap" 
a s soc ia t ed  with r ap id  shaker motion such a s  the s t e p  func t ions  and the  higher  
frequency s i n e  waves, approximately 0,5 Hz and h igher ,  

This was p a r t i c u l a r -  

I n  a s epa ra t e  tes t  of t h e  h y s t e r e s i s  system c h a r a c t e r i s t i c s ,  t h e r e  appeared 
t o  be a f r i c t i o n a l  type of damping i n  add i t ion  t o  the  h y s t e r e s i s  damping from 
t h e  magnets. 
t h e  t e f l o n  i n s e r t ,  ' T s p  a s  shown i n  Appendix A ,  

This f r i c t i o n  i s  probably due t o  the  to r s ion  w i r e  rubbing aga ins t  
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A sepa ra t e  test  was made t o  test  the  e f f e c t i v e n e s s  of t he  h y s t e r e s i s  system 
wi th  the  magnets removed, i s e s 9  wi th  no h y s t e r e s i s  damping, 

3 , 3 , 3  

The bas i c  magnetic suspension system cons is ted  of two c o i l s ,  which were 
a t tached  t o  t h e  shaker ,  and two d i s c s  a t tached  t o  the  platform,  
ment i s  shown i n  F igures  3 .3 -5  and 3 , 3 - 6 ,  

This arrange- 

The c o i l s  were mounted coax ia l ly  and spaced approximately one inch  a p a r t ,  
The d i s c s  were pos i t ioned  so a s  t o  l i e  symmetrically wi th in  the  f i e l d  when the  
bearing was centered wi th  r e spec t  t o  the  shaker.  The d i s c  a r r a y  cons is ted  of a 
small  f l a t  c i r c u l a r  ceramic magnet of diameter 2.8 cent imeters  placed on a 5 
cent imeter  ferromagnetic d i s c .  The ceramic magnet was placed s o  t h a t  i t s  f i e l d  
was i n  the  same d i r e c t i o n  a s  those of t h e  c o i l s ,  
t he  magnetic suspension system i s  presented i n  Appendix B of t h i s  r e p o r t ,  

A more complete d e s c r i p t i o n  of 

The two c o i l s  form a Helmholtz c o i l  arrangement t o  provide a r e s t o r i n g  
fo rce  t o  the  d i s c s  which i s  dependent on t h e  r a d i a l  d i s t ance  of t he  d i s c s  from 
t h e  c o i l  axes.  Since each system will tend t o  r e s t r i c t  both X and Y d i sp lace-  
ment of the  d i s c s ,  t he  c o i l s  and d i s c s  could have been s e t  up a t  any two 
suspension po in t s ,  ( I f  a s i n g l e  suspension poin t  were used, t he  platform would 
tend t o  r o t a t e  about t h a t  po in t . )  
attachment were chosen t o  be on the  X a x i s .  

For convenience, t he  se l ec t ed  po in t s  of 

The bas i c  suspension system was a l s o  used wi th  a feedback c i r c u i t  t o  vary 
the  cu r ren t  i n  the  c o i l s .  The feedback system cons is ted  of a s epa ra t e  sensor 
c o i l ,  i s o l a t e d  from t h e  Helmholtz c o i l s  but coax ia l  wi th  them and a t tached  t o  
t h e  shaker ,  and a small  magnet a t tached  t o  the  a i r  bear ing.  The magnet i s  
extended from the  bearing so a s  t o  l i e  d i r e c t l y  below t h i s  c o i l  when the  bear ing 
i s  centered.  I f  t h e  platform i s  moving t o  take t h e  sensing magnet away from 
t h e  a x i s  of t h e  sensing c o i l ,  t h e  r e s u l t a n t  s i g n a l  a c t s  t o  inc rease  the  cu r ren t  
through t h e  suspension c o i l s  and thereby inc rease  the  p u l l  of the  suspension 
c o i l s  on t h e  d i s c s  and t h e  bear ing t o  which they a r e  a t tached .  

Tes ts  w e s e  run on t h e  feedback suspension system f o r  s eve ra l  values  of 
ampl i f i ca t ion  of t he  sensor  s i g n a l .  
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D I 

3 a 4 SYSTEM GEOMETRY AND MASS CJARACTERISTICS 

The weight and c e n t e r  of g r a v i t y  of t he  a i r  platform were determined by 
t h r e e  load c e l l s  which were pos i t ioned  so  a s  t o  support  t he  platform.  
work was performed p r i o r  t o  i n s t a l l a t i o n  of t he  weight support  bar  and asso- 
c i a t e d  weights  descr ibed  l a t e r  i n  t h i s  s e c t i o n ,  s o  t h e i r  e f f e c t  was not  
included i n  t h i s  d a t a ,  

This  

The load c e l l s  were pos i t ioned  a t  known po in t s  near  t he  circumference of 
t he  p la t form and readings taken f o r  s e v e r a l  va lues  of pressure(and hence weight) 
f o r  t he  compressed a i r  system used t o  f l o a t  t h e  platform.  From t h i s  da t a  the  
coord ina tes  of t he  c e n t e r  of mass and t h e  t o t a l  weight of t h e  p l a t f o m  were ob- 
t a i n e d .  
smal l ,  and the  va lues  obtained f o r  1000 p s i  were used throughout t he  s tudy.  

Var ia t ions  due t o  changes i n  a i r  p ressure  were found t o  be r e l a t i v e l y  

The moment of i n e r t i a  of t he  platform (again without t he  weights o r  
support  arm) was  measured by suppor t ing  t h e  f l o a t i n g  bear ing wi th  a v e r t i c a l  
t o r s i o n  s h a f t  which w a s  a t t ached  t o  t h e  c e i l i n g ,  and applying torques t o  the  
bear ing.  The e f f e c t i v e  s p r i n g  cons tan t  of the  o v e r a l l  system was measured and 
t h e  per iod  of o s c i l l a t i o n  of the  bear ing  w a s  measured f o r  s e v e r a l  va lues  of 
compressed a i r  p ressure .  From t h i s  d a t a ,  the  moment of i n e r t i a ,  I ,  of t he  
p la t form was determined. The moment of i n e r t i a  was a l s o  r e l a t i v e l y  i n s e n s i t i v e  
over  t h e  range of a i r  pressures  and a value of 19.1 k g m e t e r 2  was used f o r  t h e  
moment of i n e r t i a  f o r  a l l  tests.  

I n  order  t o  a s s e s s  t h e  e f f e c t s  of changes i n  moment of i n e r t i a  and f o r c e  

By pos i t i on ing  weights a t  d i f f e r -  
moment arm on system c h a r a c t e r i s t i c s ,  a s l o t t e d  angle  bar  was a t t ached  t o  the  
a i r  p la t form s o  a s  t o  l i e  a long t h e  Ys -ax i s .  
e n t  p o s i t i o n s  along t h i s  b a r ,  t he  moment of i n e r t i a  and t h e  c e n t e r  of g r a v i t y  
a long the  Y'-axis could be changed. Since t h e  d i s t u r b i n g  fo rces  a r e  appl ied  
a long  t h e  X'-axis,  t h e  appl ied  moment arm i s  the  d i s t ance  k', and t h e r e f o r e ,  
only v a r i a t i o n s  i n  P' were e f f e c t e d .  

Three weight conf igura t ions  were se l ec t ed :  

o Both weights a t  the c e n t e r  of t h e  ba r .  Because of t h e  v e r t i c a l  c e n t e r  rod 
through t h e  bar ,  t h e  weights could not  be placed a t  t he  exac t  c e n t e r ,  bu t  
r a t h e r  were pos i t ioned  about each ann of t he  ba r  5 .1  cms. from t h e  c e n t e r .  
The arrangement i s  r e f e r r e d  t o  as W1. 

o A weight on each arm of the  b a r ,  .92 meters  from the  c e n t e r ,  This  a r range-  
ment is  Wg. 

o Both weights on t h e  same ann of t h e  ba r  - one weight 1.14 meters from the 
c e n t e r  and t h e  o t h e r  .731 meters  from the  cen te r .  Tinis arrangement i s  W3. 

These weight arrangements a r e  diagrammed i n  Figure 3.4-1. 

With weight arrangements W 1  and W2 t h e  platform has a common c e n t e r  of 
g r a v i t y ,  but  d i f f e r e n t  moments of i n e r t i a  about t he  v e r t i c a l  axis.  With 
arrangements W2 and W3 t h e  p la t form moments of i n e r t i a  about t he  v e r t i c a l  
a x i s  a r e  equal  but  t h e  c e n t e r s  of g r a v i t y  are d i f f e r e n t .  Since the  l i n e  of 
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w1 

w2 

w3 

Figure 3,4-1 e i g h t  conf igura t ions  
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a c t i o n  of t h e  app l i ed  d i s t u r b i n g  f o r c e  was cons t an t  f o r  a l l  tests on each type 
of suspension system, v a r i a t i o n s  i n  t h e  l o c a t i o n  of t he  c e n t e r  of g r a v i t y  re- 
s u l t e d  i n  corresponding v a r i a t i o n s  of t h e  app l i ed  moment arm of an app l i ed  
f o r c e .  Thus, f o r  a given suspension system (except f o r  l abora to ry  e r r o r s ) ,  
v a r i a t i o n s  i n  r e s u l t s  between da ta  obtained f o r  arrangements W and W are 
a t t r i b u t a b l e  t o  t h e  e f f e c t s  of change i n  the  value of moment o$ i n e r t i a  of 
t h e  suspended system, v a r i a t i o n s  f o r  da t a  obtained f o r  arrangements W2 and W 3  
are a t t r i b u t a b l e  t o  t h e  e f f e c t  of changes i n  app l i ed  d i s t u r b i n g  torque.  

2 

Weight 
Configuration 

Wl 

w2 

w3 

A g r e a t e r  change i n  app l i ed  moment arm could have been obtained by p o s i t i o n -  
i n g  t h e  weights f o r  arrangement W3 on the n o r t h  s i d e  of t he  support  ba r ,  so  
t h a t  t h e  c e n t e r  of g r a v i t y  f o r  t h e  system was on the  same s i d e  of t h e  X '  a x i s  
as f o r  W 1  and W p ,  b u t  d i sp l aced  f u r t h e r  from t h e  c e n t e r .  
examined, but produced an i n t o l e r a b l e  i n s t a b i l i t y  i n  t h e  system, poss ib ly  due 
t o  a s m a l l  tilt of t h e  platform w i t h  respect t o  t h e  t a b l e .  

This arrangement was 

Mass (kg)  Moment of  Inertia Center of Gravi ty  
(ke-m2) Offset ( cm) 

250 22.5 1.78 

250 30,2 1.78 

250 30.? 1 .L f  

The s i g n i f i c a n t  geometry and mass c h a r a c t e r i s t i c s  of t he  t o t a l  platform 
system are presented i n  Table 3.4-1 f o r  t h e  t h r e e  weight conf igu ra t ions .  

Table 3.4-1 Physical  c h a r a c t e r i s t i c s  of the a i r  rl.atform 



3.5 DISTURBANCE PROGRAM? 

The major dis turbance programs app l i ed  a s  i npu t  t o  the  suspension systems 
included t h e  following: 

1. II-- Sine Waves 
1 .0  Hz a t  an amplitude of 1.11 c m  peak-to-peak. 
d a t a  was taken f o r  amplitudes of .635 c m  peak-to-peak. 

These were generated over a frequency range from 0.01 Hz t o  
Occasionally,  a d d i t i o n a l  

2 .  Step  Functions Displacements of ,635 cm were used f o r  a l l  systems, and 
an a d d i t i o n a l  s t e p  of .32 c m  displacement was used i n  some cases .  

3. Square Wave_s_ Square pulses  of . 3 2  cm displacement and 10 seconds dura- 
t i o n ,  80 seconds a p a r t ,  were app l i ed .  The pulses  a l t e r n a t e d  i n  d i r e c -  
t i o n .  Only one p a i r  of pulses  w a s  app l i ed  f o r  each t e s t .  

4 .  Ramp Functions Shaker displacement was l i n e a r l y  increased from zero t o  
.635 c m  i n  approximately 100 seconds. 

The e lec t r ica l  inpu t  wave forms and the  corresponding shaker d i sp l ace -  
ments were both presented on the  c h a r t  s t r i p .  The displacements f a i t h f u l l y  
followed t h e  inpu t  wave forms except i n  the  case of very slow displacement 
v e l o c i t i e s ,  where the  shaker occas iona l ly  hung up momentarily and then re- 
l eased .  However, t hese  were of  very s h o r t  t i m e  du ra t ion  and d id  no t  s i g n i f i -  
c a n t l y  a f f e c t  t h e  platform motion. 

2 t; 



3 , 6  TEST PROCEDURE 

The technique for testing any suspension system was as follows: 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8, 

9. 

If this was the first system to be tested that day, level the table. 
This was normally done manually, with the criteria for levelness being 
that point at which the floated bearing remained motionless. 

Set the weights in the desired arrangement. 

Attach (or energize) the suspension system. 

Turn on shaker and team table pumps, 

Adjust the suspension system to position the bearing at a location on the 
table such that the line of action of the suspension acts through a known 
point of the bearing. This point was nominally the center of geometry of 
the system, 

Turn on all instrumentation and ancillary devices. This includes accelero- 
meters, lights for displacement and rotation sensors, power supplies for 
shaker electronic input, recorders and power supply for suspension coils 
if that system was to be tested. Allow 15 minutes warm-up time, Adjust 
rotation detector and light source to be aligned coaxially. 

Float the bearing and allow it to become as stationary as possible. 

Apply disturbance waveform to shaker input. Normally the first waveforms 
were sine waves in the higher frequency decade, i.e., 0.1 Hz to 1.0 Hz. 
If, as in most cases, there was no discernible motion of the platform due 
to this disturbance, the frequency was changed to a new value without 
waiting for the platform to completely cease all natural modes of motion 
which may have begun, provided these motions were not excessive. It was 
felt that the smooth variation in the value of applied voltage accomplished 
by this technique was preferable to the initial step-type application 
caused in bringing the sine wave amplitude from zero to the final value. 

The platform was stopped prior to application of a given frequency dis- 
turbance if the platform was moving at, or near, that frequency. 

For the lower frequency sine waves, where resonance or near-resonance 
frequently occurred, a close watch was maintained to prevent any direct 
contact between the platform and the shaker which could cause damage to 
the accelerometers. 

After the sine wave tests were completed, the step, ramp and square wave 
functions were applied to the shaker. For these tests, the shaker motion 
was always minimized prior to application of the disturbance. 

Turn off the accelerometers and move weights to next arrangement, or if 
this was the final weight arrangement for the system being tested, set up 
next suspension system, Accelerometers were turned off to prevent excessive 
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s i g n a l  while the platform was being manually adjusted a 

10. A t  t h e  end of each day ' s  t e s t i n g ,  t he  p o s i t i o n  d e t e c t o r  systems were c a l i -  
b ra t ed .  
manually along each d i r e c t i o n  and marking the  p o s i t i o n  of the d e t e c t o r  
t r a c e  on the  recorder  f o r  each cent imeter  of a c t u a l  platform t r a v e l  i n  t h a t  
d i r e c t i o n  a 

The t r a n s l a t i o n  d e t e c t o r s  were c a l i b r a t e d  by moving the  d e t e c t o r  

The r o t a t i o n  d e t e c t o r  was c a l i b r a t e d  by moving the d e t e c t o r  r e l a t i v e  t o  the  
platform r a t h e r  than t h e  platform r e l a t i v e  t o  t h e  d e t e c t o r .  This was done 
a s  a ma t t e r  of convenience s i n c e  the  d e t e c t o r  could e a s i l y  and accu ra t e ly  
be r o t a t e d  about a f ixed  a x i s ,  while r o t a t i n g  and r e s t r a i n i n g  t h e  platform 
about small  angles  was d i f f i c u l t  and t i m e  consuming. The d e t e c t o r  housing 
was r o t a t e d  i n  s t e p s  of a r c  l eng th  of t r a v e l  of 1 mm and the corresponding 
p o s i t i o n  of t he  r o t a t i o n  d e t e c t o r  t r a c e  on the  recorder  was noted. Since 
the  r ad ius  of r o t a t i o n  of t he  d e t e c t o r  housing was known, the a r c  length o f  
t r a v e l  could be converted t o  angular  measurement i n  radians.  
through which t h e  d e t e c t o r  must be r o t a t e d  t o  move the i n c i d e n t  l i g h t  from 
a f ixed  source over a c e r t a i n  region of t h e  d e t e c t o r  i s  t h e  same angle a s  
t h a t  through'which the  source would have t o  be r o t a t e d  t o  move the  l i g h t  
over t he  same region of a f ixed  d e t e c t o r .  

The angle 

Typical c a l i b r a t i o n  da ta  f o r  t h e  p o s i t i o n  sensors  a r e  shown i n  Figure 3,6-1, 
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-.--_ 

X-calibration----Each s t ep  
represents one cm. displacement 
i n  the X-direction 

Y-calibration---- Each s t e p  
represents one cm. displacement 
i n  the Y-direction 

8-calibration---- Each s t e p  
represents one mm. of displacement 
of the gunsight along an arc, and 
is  equivalent t o  11.6 minutes of 
bearing rotat ion 

Figure 3.6-1 Sensor Calibration Data 
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4 .O TEST RESULTS 

4,1 GENERAL DISCUSSION 

4.1.1 Measured Parameters 

For a l l  tes ts ,  s i x  major parameters were measured t o  de f ine  the  suspension/ 
platform c h a r a c t e r i s t i c s .  

These parameters were: 

(1) Accelerat ion i n  the  l i n e  of shaker motion (2) 
( 2 )  Accelerat ion t r ansve r se  t o  the l i n e  of shaker mot,&on ($) 
(3) Ro ta t iona l  a c c e l e r a t i o n  i n  the h o r i z o n t a l  plane (8) 
( 4 )  Trans la t ion  i n  t h e  l i n e  of shaker motion (X) 
(5) T rans l a t ion  t r ansve r se  t o  the l i n e  of shaker motion (Y) 
(6)  Rotat ion i n  t h e  h o r i z o n t a l  plane (63) 

The parameters were recorded a s  a funct ion of t i m e  f o r  a l l  d is turbances 
and suspension systems s p e c i f i e d  i n  t h i s  r e p o r t ,  

For s i n u s o i d a l  d i s tu rbances ,  only the  displacement o r  a c c e l e r a t i o n  a t ,  
o r  n e a r ,  t he  d r i v i n g  frequency was measured. That i s ,  any motion a t  t he  
n a t u r a l  frequency was no t  considered i f  t h a t  frequency was s i g n i f i c a n t l y  (*20%) 
d i f f e r e n t  from the d r i v i n g  frequency. 

A s  d iscussed previously i n  Sect ion 3.2, d i f f i c u l t i e s  were encountered i n  
t h e  measurement of bearing r o t a t i o n  displacement,  p r imar i ly  due t o  the  e f f e c t  
of t r a n s l a t i o n a l  p o s i t i o n  on t h e  r o t a t i o n  d e t e c t o r  system. This s i t u a t i o n  
g radua l ly  worsened t o  t h e  ex ten t  t h a t  f o r  one suspension system - t he  0.01 
sp r ings  - t he  angular  displacement da t a  w a s  not  considered s u f f i c i e n t l y  accu ra t e  
t o  be included i n  t h i s  s e c t i o n .  This s i t u a t i o n  developed too l a t e  f o r  the pur- 
chase and i n s t a l l a t i o n  of t h e  new equipment necessary t o  c o r r e c t  t h e  problem. 

Two i t e m s  i n  regard t o  system response a r e  worth mentioning a t  t h i s  po in t .  
None of t h e  suspension systems t e s t e d  showed any response i n  displacement o r  
a c c e l e r a t i o n  t o  t h e  app l i ed  ramp funct ions,  except f o r  a gradual  displacement i n  
the  x -d i r ec t ion  t o  t h e  f i n a l  value.  Also, t h e  0,001 spring suspension system 
showed no response t o  any of  the d i s tu rbances ,  except a t  a d r iv ing  frequency of 
0.01 Hz f o r  which i s o l a t e d  values  of t he  s i x  measured parameters were noted. 
This system can be thought of a s  a t ,  o r  beyond, t h e  l i m i t s  of measurement f o r  
t h i s  f a c i l i t y .  

4.1.2 Recorded Data 

Se lec t ed  measured da ta  and da ta  r a t i o s  have been i d e n t i f i e d  a s  most 
c l e a r l y  de f in ing  the  e f f e c t i v e n e s s  and l imits  of t h e  t e s t e d  suspension systems 
and a r e  recorded i n  t h i s  s e c t i o n  i n  e i t h e r  g raph ica l  o r  t a b u l a r  form, Gener- 
a l l y ,  da t a  was p l o t t e d  i f  t h r e e  o r  more data  p o i n t s  were known. I n  some cases ,  
p a r t i c u l a r l y  those involving resonance cond i t ions ,  very gross  i n t e r p o l a t i o n  was 
performed. 
no t  a s  a method t o  o b t a i n  non-plotted da t a  po in t s .  

These curves should be considered only a s  i n d i c a t i n g  a t r end ,  and 
Because of the d i f f e r e n c e  i n  
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4.2 SPRING SUSPENSION SYSTEMS 

4,2.1 General 

There was not  s u f f i c i e n t  motion o r  a c c e l e r a t i o n  of the platform t o  provide 
s i g n i f i c a n t  readable  da t a  f o r  any of the measured parameters with the  .001 
sp r ing  suspension system. 

4.2.2 Equations of Motion 

I n  o rde r  t o  compare the da t a  wi th  a n a l y t i c a l  va lues ,  t he  equations of 
motion f o r  platform motion have been determined and some parameters have been 
c a l c u l a t e d  f o r  t h e  case  where K=.O1 pounds/inch. 

Equations of Motion of A i r  Bearing with Linear Suspension System 

Shaker 

y... 

... .‘.., 

,Center of Mass 
of A i r  Bearing 

2 Ib = I, + Mc 

Lerbmeter # 2 

Space frame 
/- 

/ 
, /’ 

,,’ 
b’ 

X,Y - Axes set f i x e d  t o  space frame. The four  i s o l a t i o n  system attachment 
p o i n t s  on t h e  space frame a r e  assumed t o  be located on these  axes.  

X 8 , Y 4  - Axes se t  f ixed  t o  a i r  bearing. 
(2) end (3)  a s  shown i n  t h e  sketch.  

Aligned r e l a t i v e  t o  accelerometers (l), 
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a 

Xb9yb - Coordinate of t he  geometric c e n t e r  of t he  bearing i n  the x,y system. 
xb i s  not  an i n e r t i a l  coo rd ina te ,  

L e t  pb = xb+ X19 yb r ep resen t  t he  i n e r t i a l  coordinates  of t h e  bearing c e n t e r ,  
= shaker displacement 

The equat ions of motion a re :  

X - Direc t ion  

KRs  $ = r a d i a l  and t a n g e n t i a l  sp r ing  
cons t an t s  a t  each suspension 
po in t  

(2) M(ftb+ :I) + 8 + 2 (KR $. KT) xb = 0 %ft2 = r o t a t i o n a l  spr ing 
constant  a t  each sus- - Direc t ion  pension po in t  

( 3 )  I b 8  + M(!b -k 51) C -k ~ K T R ~ @  = 0 

Notes: 

1, Equation (1) i s  uncoupled from equations (2) and (3)  because acce le ra -  
t i o n  i n  d i r e c t i o n  Y does no t  induce r g t a t i o n  i n  8 and v i ce  v e r s a D  Actual ly ,  
a very small  coupling term, Mc cos 8 8 has been dropped from,,equation (1) 
because i t  i s  of second o rde r  magnitude. 
i s  a c t u a l l y  Me cos 8 8 

Also, t he  term, Me@, i n  equat ion (2) 

2. The e x t e r n a l  fo rce  a p p l i c a t i o n  i s  contained i n  the term ~ ( K R  + KT)Xb 
i n  equat ion (2). That i s ,  motion of t he  space frame o r  of t h e  bearing causes 
sp r ing  d e f l e c t i o n ,  equal  t o  r e l a t i v e  motion Xb of t he  bearing with r e spec t  t o  
t h e  frame, and hence, a r e s t o r i n g  f o r c e  - ~ ( K R  + KT)Xb. I n  o rde r  t o  have a l l  
displacements measured r e l a t i v e  t o  an i n e r t i a l  frame of reference,  express 
equat ion (2) a s  

(4) M(ib {I) M C i  2 (KR + KT) (xb + XI) = 2(KR KT)XI 

Now rewrite t h e  equat ions i n  t h e  ,following way: 

(5) yb +a: Yb = 0 

11 

(7) p i b  + c e  +a2 (e 2 

2 where a1 =  KT + KR) 
M 

2 - 
I 



S p e c i a l  Cases 

1. I n i t i a l  cond i t ions  a l l  zero,  system f r e e .  
I . 

a )  Pb(0 )  = Ce(0) = ~ ~ ( 0 )  = c @ ( O )  = 0 

b )  xI = 0 i.e.,  shaker not  moving 

Then t h e  s o l u t i o n  f o r  c0 and I.( i s  given by: 

= (1 - P ) s 4  + (q + 022)s2 + q a 2 2  = 0 

I f  t h e  included angle  between the sp r ings  i s  90° (as  i s  the approximate 
case f o r  our  system), then KR = KT = 2(Ks) (cos2 4 5 O )  = Ks2 where Ks i s  the  sp r ing  
constant  of t h e  i n d i v i d u a l  sp r ings .  

For t h e  systems t e s t e d  i n  t h i s  s tudy,  01 i s  the n a t u r a l  frequency i n  the  
Y-direct ion.  
C O G .  o f f s e t  did no t  induce r o t a t i o n .  

It  would a l s o  be the  n a t u r a l  frequency i n  the X-direction i f  t he  



I * 

The uncoupled natural frequency in rotation isW2. 

The characteristic equation (Eq 15) is solved by setting s2 = - Q 2  and 
4 s4 = 52 ,, Then Eq 15 becomes 

The values of R 1  and 522 represent the angular frequencies for the sys- 
tem in translation and rotation. 

The amplitude ratios for this system are obtained by using the Laplace 

fib(()) = Cd(0) = 0 .  

transformation for Eq. 9 with - 
XI = Pb(0) = C@ ( 0 )  = Then Eq. 6 can be written 

.- 
2 2 -  as ( 0  R +ai2) Pb- 52 (c~) = 0, and 

can be more accurately 
Cii 

For cases where 01 e 5 2 ,  the expression for - 
k b  determined by using the solution obtained in Eq. 7. 

(18) c6 = a2P 
L T 52L-022 

2. System Forced with Unit Step 

a) Initial conditions are all zero. 

The solution for y will be the same as expressed in Equation 11; that is, 
for free motion. 

2 1  S 

s2 +0,2 
A 2 

Using the solution of Eq, 16 for the denominator of Eq. 19, we obtain 
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The s o l u t i o n  f o r  Eq, 20 i s  of the type: 

(22) p .b( t )  = 1.0 - C l C O S  It  c2 C O S  fi 2 t  

where Cl and c2 a r e  cons t an t s .  

The magnitude of  t h e  coupling between t r a n s l a t - m a l  and r o t a t i o n a l  modes 
i s  i n d i c a t e d  by t h e  r e l a t i v e  values  of C 1  and C2,, I f  t he re  were no r o t a t i o n a l  
coupling, i . e . ,  o f f s e t  d i s t a n c e ,  c=O, then Eq. 22 would be of the form. 

(23) f r b ( t )  = l e 0  mm 1.0 c o s o l t  

Solving Eq. 21 f o r  t he  angular response,  we o b t a i n  

(24) Q ( t )  = D (COS R1-t m COS R 2 t )  

Where D i s  a cons t an t .  

Sinusoidal  Forcing Function 

I n i t i a l  cond i t ions  a r e  a l l  ze ro .  

X I ( t )  = s i n o t  

X,(S) = Of , where f f  = fo rc ing  frequency 
sz + o f 2  

Then 

- 
pb 

2 
S 

s 2 +up 

--s 

The complete t ransformation of P b i n t o  a t i m e  domain i s  a complex and 

e j o f t  w i l l  remain, and 
lengthy expression which i s  not presented here.  
response i s  considered,  then terms involving 

I f  only the  s teady s t a t e  
P b  ( t )  

can be w r i t t e n  a s  
I 

The t r a n s m i s s i b i l i t y  r a t i o  i s  def ined here  a s  1 2 1 and i s  given by 



.e.- 

2 2 
s + 0 1  

In the time domain, 

Then the transmissibility ratio for rotation is given by 

4.2.3 Sinusoidal Disturbances 

The response of the spring suspension system is described by plotting or 
listing certain parameters as a function of applied disturbance frequency, The 
parameters are: 

E (  1 .  

Xout Xout 9 ?out , Yout 9 €lout , eout 
ifin Xin 33;.;_7- Xin -KT Xin 

In all cases, the shaker displacement was 1.11 centimeter P-P ,, The 
graphs and tables for these parameters are presented on the following pages. 

The upper curves in Figures 4.2-4 through 4 . 2 - 6  represent the analytical 
No clear expla- values obtained for the .01 #/inch spring suspension system. 

nation is known for the discrepancy between the experimental and the actual 
transfer functions in these figures. An examination of the associated data 
shows that the values of resonant frequency for the two methods differ by less 
than three percent. Also, the experimental curve follows the expected rolloff 
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Figure - 4.2-1 Transfer function for spring suspension system (K=.005 #/inch) 
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Figure 4.2-5 Transfer function for spring suspension system (K=.O1 #/inch) 
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Figure 4.2-7 Displacement transmissibility of 0.005 #/inch spring suspension 
system for sinusoidal disturbance of 1.11 cm p-p 
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Table 4.2-1 Values of YouT/XIN for spring suspension systems with sinusoidal 
driving force of 1.11 cm p p  

Trace 

0 *74 

0.74 

ble reading 

_*_- --e- 

Trace --- 
0.33 --- 

1.1 I ---- 
0.55 I ---- 

I 0.45 -I-- 



able 4,242 Values of YouT/Xw fo r  spr ing  suspmsion systems with  s inuso ida l  

d r i v i n g  force  of 1,11 cm p-p 

Spring 
Constant 
(#/inch) 

K=.005 

K=.O1 

Weight 
Configuration 

w1 

w2 

w3 

w 1  

w2 

w3 

Frequency( Hz ) 

-so_ 

0.18 

0.90 

1.94 

0.80 

0.57 



10 L I  

Table 4.2-3 Values of eoUT/XIN f o r  sp r ing  suspension systems wi th  s inuso ida l  

d r i v i n g  fo rce  of 1.11' cm p-p 

Spring Weight Frequency (Hz ) 
Constant I Configurat ion 
(#/inch) 1 

I 
- 

K=.OOl 

K=.005 ; 

. .- .. 

K=,O1 i 

W l  

w2 

w3 

. . . - 

w 1  
w2 

w3 

-1 

-. L -_- 

No d i s c e r n i b l e  reading 
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f o r  d r i v i n g  frequencies  much g r e a t e r  t han  the  resonant frequency of t h e  system. 
It appears t h a t  t h e  recorded value f o r  platform a c c e l e r a t i o n  i s  simply less 
than t h e  p red ic t ed  value by a cons t an t  f a c t o r  of approximately two. Among t h e  
f a c t o r s  which have been considered as p o s s i b l e  causes f o r  low readings of ou t -  
pu t  a c c e l e r a t i o n  are c a b l e  drag, drag between the platform and the  t a b l e ,  and 
f a u l t y  accelerometer c a l i b r a t i o n .  Since an examination of t h e  platform i n  t h e  
f r e e  f l o a t i n g  cond i t ion  does no t  show any appreciable  damping, t he  response of 
t h e  accelerometers f o r  t h e  tes t  range and frequency i s  being i n v e s t i g a t e d .  

4.2.4 Non-sinusoidal Disturbances 

As previously mentioned, t he  ramp d i s tu rbances  provided no measurable 
amount of platform motion, except f o r  a s teady v a r i a t i o n  i n  the X-direction t o  
t h e  f i n a l  displacement ~ 

Data f o r  t h e  square wave pulses  and t h e  s t e p  funct ion a r e  presented i n  
A comparison of t he  a n a l y t i c a l  and laboratory Table 4,2-5 and Table 4.2-6, 

values  obtained f o r  t he  0.01 spr ings i s  presented i n  Table 4.2-7 f o r  t h e  s t e p  
func t ion  

The recorded da ta  f o r  t h e  square wave pulses  i s  the  maximum value during 
and immediately a f t e r  a p p l i c a t i o n  of t h e  pu l ses .  The response of t he  system f o r  
t h i s  d i s tu rbance  was dependent on t h e  phase of t he  response a t  t h e  t i m e  the  sec- 
ond pulse  was app l i ed .  N o  a n a l y t i c a l  s tudy was made f o r  t h i s  response. 

4.2.5 Discussion 

Generally,  t h e  s p r i n g  suspension system showed no s u r p r i s e s ,  and behaved 
a s  the  equat ions of motion p red ic t ed .  

Excluding those tests where a fo rc ing  funct ion near  t he  resonant frequency 
was app l i ed ,  t h e  only parameters which could be c o n s i s t e n t l y  measured were t h e  
X-acceleration and, t o  a lesser e x t e n t ,  t h e  angular a c c e l e r a t i o n  and X-displace- 
ment, Cases where no d a t a  i s  recorded f o r  a parameter means t h a t  t he  value of 
t h a t  parameter was below t h e  r e s o l u t i o n  c a p a b i l i t i e s  of i t s  o v e r a l l  d e t e c t o r  
system. The r e s o l u t i o n s  of  t h e  var ious d e t e c t o r  systems a r e  given below. A l l  
va lues  a r e  approximate s i n c e  they depend on the a b i l i t y  of t he  laboratory 
personnel t o  read small  v a r i a t i o n s  on the  recorder  s t r i p ,  

e I 4 min., but dependent on X-displacement 

Since,  v i r t u a l l y  no d a t a  was recorded f o r  t he  .001 spr ing system, i t  ce r -  
t a i n l y  i s  a lower boundary f o r  t he  fo rce  constant  of a system t o  be operated 
w i t h i n  c o n s t r a i n t s  equal  t o  t h e  r e s o l u t i o n  values  c i t e d  above f o r  t h e  i n s t r u -  
mentation, 

It  i s  apparent t h a t  f u t u r e  q u a n t i t a t i v e  tes ts  of t h i s  n a t u r e  w i l l  r e q u i r e  
more s e n s i t i v e  instrumentat ion and/or some modif icat ion of t he  suspension 
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Table 4*2-5 Response of s system (K=,Ol #/inch) to: 

square wave 

Configuration 

w2 
Square wave 2.1 46.5 2 .o 

Step l e 2  e--- 

Square wave 1.7 16,2 0,8 

0.7 
w3 

’ 



Table 4,241 Response of spring suspension system (K=.005 #/inch) to:  
(a) 0,635 cm s t ep  function 
(b) 1,27 cm p-p square wave 

0.9 

1.1 

I i 

1.3 11.6 

Weight 
Configuration 

I 

0.67 I j 0.5 
t 

I 

I 
! 

j 

1 0.67 21.7 i 0.48 

w1 

--- 
- 

uoo 

j s t e p  
I 1 Square wave 

I 0.9 
* _ _ _  

w2 

38 0.72 1900 I . . ..-.. - .- 

I 
i I 

I 

f Step 

I Square wave 
__ __. . 

----- 



Table 4.2-7 Values f o r  measured and ca l cu la t ed  responses of spr ing  suspension 
system (K=,Ol #/inch) t o  0,635 cm s t e p  func t ion  

Parameter 

X Period ( sec)  

0 Period (sec)  

X ( c d  

x (10-5,) 

6 (Zc/sec')  

x Period (sec)  

8 Period (sec)  

X ( c d  

Measured 
Value 

38 

u, 
0.24 

1.5 

13.5 

39 

26 

0 . a  

1.4 

17.1, 

39 

26 

O,l7 

1.2 

10 -8 

Calculated 
Value 

37*6 

24.4 

0.25 

1,8 

12.8 

37.4 

28,5 

0.25 

1,8 

12.6 

37e6 

28.5 

0,25 

l e 8  

10.5 
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systems, t h e  p la t form mass c h a r a c t e r i s t i c s  o r  t h e  shaker s t roke .  

One o t h e r  po in t  i s  worthy of mention t h a t  does not  appear i n  the  recorded 
da ta  of t h i s  s ec t ion .  I n  s e v e r a l  ca ses  where a ramp func t ion  was appl ied  t o  
a f r e e  f l o a t i n g  system which had some small  t r a n s l a t i o n a l  and r o t a t i o n a l  motion 
p r i o r  t o  t h e  a p p l i c a t i o n  of t h e  ramp, t h e r e  was a no t i ceab le  dimunition of  t h i s  
motion whi le  t h e  ramp was being app l i ed ,  
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4 . 3  L_ HYSTERESIS SYSTEM 

4.3.1 General 

Tes t s  were made w i t h  the  h y s t e r e s i s  system f o r  t he  th ree  weight arrangements 
and f o r  weight arrangement W2 wi th  the  magnets removed from the  suspension sys -  
t e m .  This  last  tes t ,  t h e r e f o r e ,  has no h y s t e r e s i s  damping and was made a s  a 
c o n t r o l  case  t o  b e t t e r  a s s e s s  the  e f f e c t s  of t h i s  type of damping. 

4.3.2 S inusoida l  Disturbances 

The response of t h e  systems t o  s inuso ida l  d i s turbances  i s  presented i n  
F igures  4.3-1 through 4.3-10 and i n  Tables 4.3-1 and 4.3-2. 

1. 

The t r a n s f e r  func t ion  curves f o r  X i n  Figures  4.3-1 through 4.3-4 behave 
a s  expected. Since t h e  curves a r e  r e l a t i v e l y  smooth with the  chosen da ta  points ,  
no break has been drawn t o  i n d i c a t e  any resonance condi t ions  except  a t  t he  lower 
resonant  frequency, where i t  i s  ev iden t ,  The response a s  a func t ion  of weight 
arrangement v a r i e s  less than the  same func t ion  f o r  t he  sp r ing  systems. A c m -  
par i son  of F igures  4.2-2 and 4.2-4 shown that the  t r a n s m i s s i b i l i t y  i s  reduced 
when t h e  magnets a r e  removed, o r ,  s t a t e d  another  way, t h a t  t he  damping inc reases  
the  t r a n s m i s s i b i l i t y .  This i s  t o  be expected. 

The reverse  i n  s lope  a t  the  h igher  f requencies  i n  Figures  4 .3-1 through 
4.3-4 i s  due t o  a "slap" i n  the  s t r i n g  which i s  used t o  a t t a c h  the  h y s t e r e s i s  
system t o  the  platform.  A t  t hese  f requencies  the  h y s t e r e s i s  d i s c  cannot respond 
a s  f a s t  as the  shaker  i s  moving, and some s l a c k  occurs .  When t h i s  s l a c k  i s  
taken  up i t  causes  an impulse motion t o  be app l i ed  t o  the  platform,  

F igures  4.3-8 through 4.3-10 show a marked inc rease  i n  the  r a t i o s  of 0/X-in 
over those  f o r  t h e  s p r i n g  suspension system. To some ex ten t  t h i s  was due t o  the  
h igher  value of e f f e c t i v e  sp r ing  cons t an t ,  but  pr imar i ly  i t  i s  due t o  the  loss  
of t a n g e n t i a l  r e s t o r i n g  fo rce  caused by the  suspension arrangement, i n  which a l l  
r e s t r a i n i n g  f o r c e s  a r e  i n i t i a l l y  a l igned  along the  X and Y axes .  Again, F igure  
4.3-10 shows a reduct ion  i n  t r a n s m i s s i b i l i t y  over  t h a t  of t he  damped systems. 

4.3.3 Non-sinusoidal d i s turbances  

The ramp func t ion  d id  no t  produce any de tec t ab le  motion except  f o r  a con- 
s t a n t  displacement t o  t h e  f i n a l  pos i t i on  along t h e  X-axis. 

Data f o r  t h e  square wave pulses  was s i g n i f i c a n t l y  a f f e c t e d  by the  s t r i n g  
s l a p .  By pre- tens ioning  the  s t r i n g  i t  was poss ib le  t o  ob ta in  r e l i a b l e  i n i t i a l  
d a t a  i n  one d i r e c t i o n  of shaker  motion, i . e . ,  when the  shaker ac t ed  t o  p u l l  on 
t h e  s t r i n g .  However, when the shaker  re turned  suddenly t o  i t s  o r i g i n a l  pos i t ion ,  
s l a c k  appeared i n  t h e  s t r i n g .  An at tempt  was made t o  overcome t h i s  problem by 
reducing the  he ight  of t he  pu l ses ,  bu t  t he  response was too  small  t o  be measured. 

Data for: t h e  s t e p  func t ion  i s  shown i n  Figures  4 ,3-11 through 4.3-14 and 
Table 4.3-3. Apparently t h e r e  i s  some f r i c t i o n a l  damping occurr ing ,  s ince  the  
peak amplitudes f o r  t h e  system wi th  no magnets show a decrease i n  peak amplitude 
a s  a func t ion  of t he  number of cyc le s ,  a s  represented  i n  Figure 4.3-14. 
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Table 4.3-1 Values of YouT/XIN for hysteresis suspension system 

with sinusoidal dis turbance  of 1.11 cm p-p 



Table 4*3-2 Values of YovT/XI and eOrn/XIN for. h y s t e r e s i s  suspension system 

wi th  s inuso ida l  dis turbance of 1,11 an p p  

Frequency (Hz ) Weight 

Configuration 

w1 

w2 

w3 

I 

e 0 2  

W i t h  magnets I Oe9 0.63 

0.59 

el- 

0.18 

0.14 

-I- 

_-- 
e-9 

0.63 1 0.1.0 

eOUT/xIN ( S C  /cm) 

Weight 

Configuration 

Frequency ( Hz) 

0 02 

w 1  

w2 

w3 

With magnets 

w/o magnets w2 --- -e- 

?Cut off by sen so^" 



I 

= Height of first response peak after a p p l i c a t i o n  of d is turbance  1 
AN = Height of N'th response peak after <%pFl ica t ion  of d i s turbance  

1.0' 

0.8 

o*t  

AN 

A1 

- 

0 .A 

0,; 

( 

Weight conf igura t ion  - W1 

Figure 4,3-U Peak he ight  r a t i o s  f o r  response of h y s t e r e s i s  system 
t o  .635 cm s t e p  func t ion  
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81 = b i g h t  of first response peak a f t e r  a p p l i c a t i o n  of distuPbance 

AN = Height of N'th response peak after a p p l i c a t i o n  of  d i s turbance  

Weieht conf igura t ion  - W3 

Peak Number (N) 

Figure 4*3-13 Peak he ight  r a t i o s  f o r  resnon e of h y s t e r e s i s  system 
t o  .635 c m  s t e n  func t ion  
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Table 4*3-3 Percent  overshoot of h y s t e r e s i s  system 
fo r  0,635 cm step func t ion  inpu t  

I 

w/o magnets 

__ 

w1 100 

w2 100 

w3 50 

-1 
w2 I 90 

vershoot  
2nd Peak 

33 

k4 

17 

70 

4 . 3 . 4  Discussion 

This system d id  no t  behave as we l l  as had been expected, but t o  a l a r g e  
e x t e n t ,  th i s  appears t o  be a problem of design r a t h e r  than theory.  
s l a p  e f f e c t ,  f o r  example, could be g r e a t l y  reduced o r  e l iminated by having a 
h y s t e r e s i s  system on each s i d e  o f  t h e  bear ing along an axis .  Also, a system 
needs t o  be devised, poss ib ly  with an a n c i l l a r y  system, such as spr ings,  t o  
provide increased t a n g e n t i a l  r e s t r a i n t .  

The s t r i n g  

There a l s o  appears t o  be a s i g n i f i c a n t  amount of f r i c t i o n  between the  w i r e  
support ing t h e  d i s c  and the  t e f l o n  i n s e r t s  through which t h i s  w i r e  passes.  
These i n s e r t s  a r e  necessary t o  prevent t h e  d i s c  from cocking up o r  down toward 
one of t h e  magnets pos i t i oned  above o r  below i t .  I n i t i a l  alignment of t hese  
magnets w i th  r e spec t  t o  t h e  d i s c  i s  a t ed ious  job,  s i n c e  they must be p o s i -  
t i oned  as c l o s e  t o  t h e  d i s c  as poss ib l e  t o  maximize t h e  magnetic f i e l d .  I f  t h i s  
f r i c t i o n  can be maintained w i t h i n  a minimum l e v e l ,  it could be used t o  provide 
a d d i t i o n a l  damping without  d e l e t e r i o u s  e f f e c t s .  

Even i n  i t s  p resen t  s e tup ,  t he  system proved i t s  a b i l i t y  t o  provide d e s i r -  
a b l e  damping f o r  impulse types of dis turbances.  
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4 4 MAGMETIC SUSPENSION 

The response of the magnetic suspension system was measured for sinusoidal 
input disturbances of frequencies from 0.01 Hz to 1.0 Hz. 
data is shown in Figures 4.4.1 to 4.4.1-3. 
instantaneous voltage across the two suspension coils. It will be noticed that 
for the higher values of damping (high amplifier gain) the control signal be- 
comes large enough to saturate the voltage controlled power supply, i.e. the 
signal tried to increase the suspension current beyond the capability of the 
power supply. This introduced further nonlinearities in the system, but damping 
was still obtained, and the response of the system was recorded for this addi- 
tional case. The suspension characteristics were not drastically altered and 
damping was still obtained when the amplifiers in the feedback loop saturated 
as the air bearing passed through equilibrium with a high velocity. This occurs 
at high disturbance amplitudes or high disturbance frequencies at smaller ampli- 
tudes. This is considered an advantage for this type of system. In other words 
the control signal circuits affect only the damping and not the suspension 
characteristics. The suspension can be considered "passive" in that it does not 
require a control signal or feedback loop for stability, and a malfunction in 
the amplifier systems will not affect the suspension, only the damping, 

Some typical output 
Also shown in the figures is the 

Figure 4.4.1-1 shows the response of the system (Wl) to a sinusoidal input 
of 0,635 centimeter peak to peak amplitude at a frequency of 0.1 Hz. In this 
setup there is no damping and the accelerometer output is sinusoidal. 
angular acceleration is below the noise level of the accelerometers. The angu- 
lar rotation record is essentially unchanged after the application of the driv- 
ing functions, but some rotation at the natural frequency is present. 

The 

The second figure, Figure 4.4.1-2 is the same system with dhping applied, 
Three different values of damping are shown in the figure. The first third of 
the chart represents a damping ration of ~=.0275. (Damping ratio is the ratio 
of the actual damping coefficient to the coefficient for critical damping, see 
section 4.4.2). 
larger damping ratios some angular acceleration does appear, However, this be- 
comes smaller as the damping is decreased. A classical damped system behaves 
in the same way. The transmissibility is inversely proportional to the amount 
of damping. However, an increase in damping does tend to reduce the amplitude 
of the motion at the natural frequency. This can be seen from the X-displace- 
ment recording. A decrease in damping also decreased the transmissibility in 
the X-direction, but the decrease allowe 
natural frequency. In time this natural frequency component will damp out, but 
the damping is much more rapid for higher damping ratios, even though the trans- 
missibility is greater for high 2 .  

This is reduced to Z=i00168and finally to Z=.0095. For the 

a larger oscillatory motion at the 

In this system the 
ication a very high 

amping ratio is easily controlled, and in an actual 
amping could be switched into the control system to 

An interesting modification of 
reduce the initial disturbance at the low natural frequency. 
then be reduced as the transients died down, 
this system would be the insertion of a band pass filter in the control system 

The damping would 
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Figure 4.4.1-3, j i n u s o i d a l  Xesponse, ,:ere Ilamping 
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Figure 1-2, Sinusoida l  iiesponse, D30, D 1 0 ,  D’j 
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electronics to provide large damping only at the natural frequency and rela- 
tively small amounts at the disburbance frequencies. 

Figure 4.4.1-3 shows the effect of further increases in damping ratio. 
The first half of the recording corresponds to a damping ratio of z=.:1333 and 
the second half corresponds to Z=,0674 It is again seen that an increase in 
damping creates a decrease in the transmissibility. A small amount of motion 
is also seen in the Y-direction although it is believed that this can be elimi- 
nated by a more careful design of the suspension coils. The waveforms are 
highly non-sinusoidal, but some of this is due to the saturation of the control 
signal electronics for the highest value of Z. 
waveform of the control signal. 

This is the cause of the clipped 

Transfer functions 

Since the magnetic suspension is definitely nonlinear when damping is 
introduced, it is not possible to obtain transfer function curves for sinusoidal 
inputs as was the case in the linear spring system, 
purposes, it seemed instructive to define a transfer ratio as the peak to p e s  
output disturbance to the peak to peak amplitude of the sinusoidal input, even 
though the output in most cases is extremely nonsinusoidal and not at the same 
frequency as the driving force. Only in the case of zero damping is the trans- 
fer function a true transfer function as normally defined. 

However, for comparison 

However, the present definition does represent the peak accelerations 
introduced to the system, and shows that aside from the detailed waveshape of 
the output function the system has many similarities to a linear spring system. 
It is seen that for driving frequencies above resonance an increase in the 
value of damping reduces the isolation. This is identical to the behavior of a 
spring system. 

The curves on the following pages show the transmissibility of the magnetic 
suspension as a function of driving frequency and damping ratio, 
frequencies were sinusoidal disturbances of 0,635 csnthe ter  amplitude amlied 
along the X-axis. 
cm, were also tried but were found to be t o o  Parge a disturbance at the higher 
frequencies, 
in the following pages. 

The driving 

During the course of the investigation amplitudes of 9 . 1 1  

However, some of the data taken at the larger amplitude is shown 
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T R A M S E B  FLJiKTIONb f o r  IAGNXTIC SUSP1;NSION 

Weight Configur2tion W 1 
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TRANSFER FUNCTIONS f c\r 14AGIJETIC SUSPEI?SION 
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ob ta in  enough poin ts  f o r  a curve.  The i s o l a t i o n  i n  the  Y-direct ion,  Y out l f i  i n  
i n  Table 4.4.1-2 enever it appeared. 



1 Table 4048 1-1 Transfer iiatios f o r  Iiagrletic :hspei,r,i ,  n 
( d i s t u r b a x e  m p l i t u d e  = .635 cIi!* peak t o  pe&) 

Damping 

D = O  
3 

10 
30 

1 LO 
360 

1000 

C 
3 

10 
30 

100 
309 

1 ( ‘109 

0 
3 

10 
30 

1 69 
300 

1 0clo 

0 
3 

10 
30 

100 
300 

1000 

0 
3 

10 
30 

1 GO 
300 

1 OOG 

0 
3 

40 
30 

f 00 
300 

id1 

4 3 5  10-4 
4.85 
5.33 
8.68 
1.06 x loe3 
1.11 
1.26 

3.37 x I<>-4 
9837 
1.31 x 
1.68 
7 097 
2,06 
2.43 

I .42 
1042 
1.96 
3.57 
4,213 
3.93 
40413 

6.75 
6.75 
7.73 
7673 
1.16 x 
1,21 
1035 

4,58 
1.90 
1 058 
1.90 
2,85 
3 e79 
3 079 

4.34 
4e34 
4e34 
5.22 
6,OG 
1.13 x tu-’ 

2.384 
2,48 
2.84 

4.26 
3.55 

6,76 
6,76 
1,05 x 
1005 
1,16 
1 *45 

1 *42 
1.58 
1.58 
l e 5 8  
2,52 
3.31 

5*23 
6.96 
6,96 
7,84 
8,67 
1,22 x 10-1 

h3 
2,90 x 
3.87 
5,80 
5 * 80 
7.73 
8,23 
8.?C 

x 1 3 +  
7018 
9035 

4 .bcj 
1.87 
1 . 50 

1.31 x lo--j 

1.339 
1.33 
1 e74 
2@76 
3 048 
3.4.8 
3 e48 

4.35 
3.87 
3.67 
4*83 
7.74 
8.70 
8.70 

1.26 
1.26 
1.58 
1.90 
2.20 
3895 
3 e47 

4.35 
3 846 
3 *48 
4835 
5.65 
8.70 



Table 4.4* 1-1 Continued 

Frequency 

0*1  

0,07 

0.05 

oeo3 

0001 

Damping 

1060 

3 
10 
39 
100 
300 
1000 

0 
3 

10 
30 

100 
300 

1000 

0 
3 

10 
30 

1 Gi) 
300 

1000 

0 to 300 

1000 

1,22 x 10‘’ 

7,03 x 
700% 
1.07 x 10’’ 
1.07 
1 - 5 1  
2,48 
3.15 

2-79 
2.79 
2.79 
2.79 
3.49 
8.72 
9.75 

off scale 
11 

II 

11 

1.64 
1.55 
0.77 

too  sma 
t o  measure 

11 

1 .a7 

1.60 
1.42 
2*49 
3.90 

1-60 

3.79 

3.48 
5,22 
5.22 
7.66 

off scale 

2.42 
1 .oo 
1.64 
1055 

11 

t o o  small 
t o  measure 

11 

1.00 x 10” 

of f  scale 
I t  

I t  

1 e74 
1.64 
1 .GO 
2.u 

too small 
t o  measure 
10.4 



Table 4@hSD 1-2$ Transfer  Rat ios  for ilagiietic Luspwision (Y-axis, 
(dis turbai icc  m p l i t u d e  = * i j 5  Ciiis peak t o  peak) 

4 06 

Damping 

D = 0-1000 

0-3 
10 
30 

1 00- 1000 

0-10 
30 

1 OG 
1 00- 1 O(JG 

0-10 
30 

1 GO 
360 

1 0co 

0-3 0 
7 00 
300 

1000 

0-30 
106 
300 

1 000 

0-9 00 
360 

1000 

0-1 0 
30 

100 
300 

1000 

0-3 
10 
30 

100 
300 

1 CiGO 

You t /%in 
IJ1 w2 w3 

oeo 

000 
000 
0,O 
0,o 

0,O 
0,o 
0.0 
0,O 

0,o 
000 
0.0 
G.0  
0.0 

0.0 
0.0 
Ct-0 
0.0 

L O  
0.0 
0,O 
0.0 

0,o 
C.0 
1,4 x 10”’ 

0,o 
0,o 
’7e98 x 
0,o 
’7.98 

0,CI 
oeo 
0,o 
0,o 
0,o 
0,c; 

0,o 

000 
0,o 
0.0 
0.0 

o*o  
0.0 
0.0 
0,0 

0,o 
0,o 
0,O 
0,O 
0.0 

0.0 
0.0 
0.0 
0.3 

0.0 
1*73 X 
3 e 4 6  
4.34 

000 

0.0 
7.4 x ?o-2 

0.0 
0.0 
6-0 
4.2 x 10’’ 
u * o  

0.0 

1.3 
L+*8 
3.9 

&,Ei x 10-4 

0.0 

G.C 

1.87 
0.3 

0.0 

3 e4b 
G.0 

G O O  

L E 7  10-4 

3.48 x 10-4 

-4 9.66 x 10 

1 .Y3 
0,O 

000 

7.3 
c*o 

0.0 
(3.70 x 101; 
1.74 x 10 
0.c‘ 

0.0 
3-56 x 
G,O 

0.0 
1.4 x IO-’ 
2,8 
3 84 
304 

0.0 
0,o 

j.8 
3 .& 
7.8 

1 3 3  10-3 

7.3 10-3 

5.8 x 10-1 



Table 4eL+0 1 -3$ iiiigular Accelerations f o r  Xagnetic Susperisiori 

Damping 

D = O  
3 

10 
30 

100 
300 

1000 

0 
3 

13 
30 

100 

1000 
3 ~ 0  

0 
3 

10 
30 

100 
300 

1000 

0 
3 

10 
30 

100 
300 

1000 

0 
3 

10 
30 

100 
300 

1000 

0 
20 
20 
20 
10 
10 
10 

0 
0 

20 
40 
20 
0 
0 

0 
0 

20 
50 
30 
10 

0 
0 

10 
49 
20 
0 

10 

0 
0 
0 

20 
20 
30 
30 

0 
1'3 
2G 
30 

60 

0 
5 

10 
110: 
50 

0 
5 

10 
6C 
70 
60 

G 
0 
5 

10 
60 
50 

" I O  

10 
20 
3c 
30 
15. 
10 
5 

10 
1c: 
10 
30 
30 
20 
0 

0 
5 
5 

'QO 
40 
40 

5 

0 
0 
0 
20 
40 
5 (j 

20 



Table 4 4 1-3 Contir,ued 

Frequency 

6.07 Hz 

0,05 

0,03 

Ilamping 

0 
3 

10 
30 

1 OG 
300 

9’300 

0 
3 

10 
3 3 

’io0 

1000 
3 ~ 0  

w 1 

0 
0 
5 

17 
40 

110 

3c 
20 
?C 
60 

200 
30 
50 

o f f  -scale 
I !  

I t  

I I  

11 

50- 1 GO 
50-60 

w; 

0 
0 
0 

10 
40 

1 20 

20 
20 
15 
30 

18C 
440 

of f-scale 

of f-scale 
I 1  

I ’  

I I  

11 

90 

0 
0 
0 
20 
2C-33 
50 
50 

75 
1c 
1C 

1 oc 
200 
3C0 

off -sc;Lle 

of f-sczle 
, I  

I! 

50 
50 
75 

200 

9 08 



4.4.2 Step response 

Figures 4.4.2-1 through 4.4.2-4 are typical system responses for input step 
disturbances of Oe635 e 
undamped magnetic Suspension system, D=O 
accelerations are approximately sinusoidal., indicating a linear system. 
significant decrease in amplitude with time (damping) is seen. 
angular acceleration can be seen, although it is close to the noise level of the 
accelerometer and amplifiers. 

R". The first figure shows the response of the 
The X-position displacements and 

No 
A very slight 

The second figure, Figure 4.4.2-2 corresponds to D=100, or in this case a 
damping ratio s shown in a later discussion) of .0333. The X-acceleration is 
less than in case with no damping and is slightly non-sinusoidal, A 
slightly larg angular acceleration can be seen but no Y-acceleration. The two 
curves at the bottom of the figure are the instantaneous voltages across each 
set of suspension coils. These curves are proportional to the vel 
magnet arms attached to the air bearing and hence they are proport 
air bearing velocity (with respect to the shaker) for small rotations. A sharp 
initial impulse is seen as the step is applied. After this initial impulse the 
velocity (or control signal) is seen to decrease with decreasing X-displacement 
and acceleration. The freq cy of the control signal is approximately twice 
that of the X-displacements. 
velocity being measured is velocity toward or away from equilibrium, and motion 
toward (or away) from equilibrium occurs twice each cycle. (If there is a small 
amount of rotation in the system, the frequency will tend to be somewhat differ- 
ent). 

This is characteristic of the system since the 

Figure 4.4.2-3 is for the same system but with a damping ratio of .0674 .1 

Greater non-linearities are seen in all of the outputs except that of position, 
since at the scale shown the position resolution is nut great enough to record 
the finer movements. 
this higher damping but some of this is believed to be due to the fact that the 
amplifier in the control signal loop saturated with the large initial velocity 
signals. 
clipped due to the saturation. 

Larger angular accelerations and rotations are seen at 

It can be seen that the first two peaks of the control signals are 

In the next figure, Figure 4.4.2-4, the damping constant is .0784. Larger 

The control system satura- 
deviations from sinusoidal response are seen, although even in this case very 
little acceleration was transferred to the Y-axis. 
ted a number of times in the first few cycles after the occurrence of the step. 
The gain in the control system amplifier (K=lOOO) was actually too gn tat for 
the components in this system. A great deal of noise as well as amplifier satu- 
ration can be seen in one of the control signals. This data was taken to show 
the versatility of the magnetic damping system and the independence of the sus- 
pension characteristics on the detailed properties of the control signal elec- 
tronics, Since system stability is not dependent on a control signa 
in some types of magnetic suspension systems) the system remained operational 
even though the amplifiers occasionally saturated and the noise in one circuit 
was greater.than the signal for most of the observation time. Even under such 
conditions, suspension and isolation were maintained and a damping ratio of 
s0784was obtained. 



Figure 4 4 e 2- 1 Step Response No Damping 



Figure 4.4.2-2, Step Ilesponse, DlOO 
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Figure ~c.4~2-4, Step 2esponse, ll70Oci 



It should be possible to eliminate this noise by means of low pass filters, 
since the frequency of the noise is much higher than that of the system. Most 
of the noise is believed to be picked up from the overhead lights and other 
electrical: circuits adjacent to the velocity sensing coils. It was also found 
that at the higher gains for the control signal loop, the output voltages were 
a, more sensitive indication of air bearing movement than the accelerometers. 

Calculation of damping ratio 

nse of the magnetic system to the application of approximately 
sinusoidal:, and by comparing this response in the X direction to a one dimen- 
sional classical oscillator, one can obtain a rough approximation to a damping 
ratio, 

The differential equation for a one dimensional classical oscillator is 

n 

or 

where 
w 0 =JW 

The damped vibration is at a lower frequency than the undamped vibration, 
as noted in the equation below. 

Y2 a; = 

Critical damping occurs when 

2 Pc= l b h  
OT 

i.e. 



The d i f f e r e n t i a l  equat ion can then be w r i t t e n  

where 

2 = Y/Yc = damping r a t i o  

z = o  no damping 

z < l  damping 

z = 1  c r i t i c a l  damping 

2 > 1  over  damping 

The r a t i o ,  p , of two maximum d e f l e c t i o n s  separa ted  i n  time by n cyc les  
i s  given by 

The logar i thmic  decrement, 6 , i s  def ined a s  

6,= In p = 4nYT 
o r  

where l o g  p s i g n i f i e s  base ten logarilhm 

Therefore ,  i f  t h e  success ive  amplitudes on a l i ga r i thmic  s c a l e  are p l o t t e d  
as a func t ion  of time ( o r  t h e  number of cyc le s ) ,  t he  r e s u l t  i s  a s t r a i g h t  l i n e  
whose s lope ,  m, i s  r e l a t e d  t o  the  damping r a t i o ,  z, by: 

rn = e3665 1 a : =  
2lT log 



where To i s  t h e  n a t u r a l  period of t he  undamped system and T i s  the  period of 
t h e  damped system. 

The graphs on t h e  fol lowing pages show the  decreasing successive ampli- 
tudes a s  a func t ion  of time (n c y c l e s ) .  From t h e  s lopes  of these  curves,  t he  
damping r a t i o s  a r e  obtained according t o  t h e  preceding equat ion.  

The graphs a r e  t i t l e d  according t o  the  gain of t he  1st ampl i f i e r  i n  the  
v e l o c i t y  feedback loop, i . e .  r e f e r r i n g  t o  f i g u r e  B5 i n  appendix B, D3 s i g n i f i e s  
t h a t  K = 3.  
i ng ,  t he  l i n e s  i n  these  graphs do no t  always f a l l  midway between t h e  da t a  points. 
Where a s t r a i g h t  l i n e  could no t  be drawn through a l l  of t he  da t a  po in t s ,  only 
t h e  f i r s t  3 o r  4 poin ts  were used ( f o r  example D 300) a s  these  were considered 
t h e  most accu ra t e .  For l a r g e  damping the  amplitude became very small a f t e r  3 
o r  4 cycles  and hence t h e  accuracy of t he  measurements suf fered .  Also, a t  t he  
s m a l l  amplitudes e x t e r n a l  d i s turbances  have a g r e a t e r  e f f e c t  on the  accuracy of 
t h e  success ive  r a t i o s  than a t  l a r g e r  amplitudes.  

It w i l l  be not iced  t h a t  e s p e c i a l l y  f o r  t h e  l a r g e r  values  of damp- 

Because the  system i s  non- l inear ,  t he  damping r a t i o s  obtained by the  above 
procedure a r e  only approximate. The r a t i o s  a r e  used only as a comparison t o  a 
classical one dimensional o s c i l l a t i o n .  
p a r t i a l l y  j u s t i f i e d  by the  f a c t  t h a t  t he  d is turbance  t ransmi t ted  i n  the  Y d i r e c -  
t i o n  i s  r e l a t i v e l y  s m a l l  (approximately 1:lO). 

The one dimensional assumption i s  
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Overshoot 

A major d i f f e r e n c e  between the  behavior of t he  magnetic damping system and 
a c l a s s i c a l  l i n e a r  damper appears i n  the  graph of per cent  overshoot a s  a func- 
t i o n  of damping. The overshoot i s  a measure of the  output  rise above the  f i n a l  
s teady  s t a t e  value f o r  a s t e p  func t ion .  It i s  def ined by (see  f i g u r e  4 . 4 . 2 - 2 3 )  

time 

Figure 4,4.2-23 Overshoot 

X l O O  max value reached i n  f i r s t  overshoot - steadJ s t a t e  value 
s teady  s t a t e  value 

Also of i n t e r e s t  i s  t h e  second overshoot,  def ined by 

X l O O  m s v a l u e  reached i n  second overshoot - s teady  s t a t e  value 
s teady  s t a t e  value 

I n  the  c l a s s i c a l  damper the  per cen t  overshoot decreases  wi th  inc reas ing  
damping, u n t i l  f i n a l l y  a t  c r i t i c a l  damping, Z = Ip both f i r s t  and second over-  
shoots  are z e r o . .  

For a simple classieal spring-damper combination the  percent  f i r s t  over-  
shoot i s  given by 
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where z i s  t h e  damping r a t i o .  
determined values  of overshoot a r e  shown i n  the  following f igu res  (Figures 
4,4.2-24 t o  4.4.2-26). 

This expression a s  w e l l  a s  the  experimentally 

For the  magnetic damper the  f i r s t  overshoot remains high and i s  r e l a t i v e l y  
independent of the  damping r a t i o  f o r  small  z .  This i s  probably due t o  t h e  
physical  na ture  of the  damper. 
t i a l l y  motionless  wi th  t h e  magnet c o i l  cu r ren t  a t  some s teady s t a t e  value,  Io .  
With the  a p p l i c a t i o n  of a s t e p  the  v e l o c i t y  sensor app l i e s  a sharp impulse t o  
t h e  magnet suspension c o i l s  and hence an impulse force  t o  the  bear ing.  
impulse force  a c t s  i n  the  d i r e c t i o n  of t he  new equi l ibr ium pos i t i on  of the sha-  
ke r .  Immediately a f t e r  t he  impulse, t h e  ve loc i ty  of t h e  bear ing is  r e l a t i v e l y  
small  and the  cu r ren t  i n  the  c o i l s  r e tu rns  t o  the  s teady  s t a t e  value o r  s l i g h t -  
l y  lower i f  t he  gain of t he  feedback ampl i f i e r  i s  l a r g e  (high 2). The r e s u l t  
i s  t h a t  a s  t he  bear ing r e tu rns  t o  the  new equi l ibr ium pos i t i on ,  the  e f f e c t i v e  

and t h e r e  i s  no force  opposing the motion of the  bear ing,  i .e .  no damping. The 
bear ing does not  experience a t r u e  darrping force  ( ac t ing  i n  a d i r e c t i o n  opposite 
t o  the  d i r e c t i o n  of t h e  ve loc i ty )  u n t i l  i t  crosses  the  new equi l ibr ium pos i t i on .  
A s  t he  bear ing c rosses  t h e  equi l ibr ium pos i t i on ,  i t  experiences a r e s t o r i n g  
f o r c e ,  corresponding t o  Io ,  plus  an a d d i t i o n a l  force  propor t iona l  t o  i t s  ve lo-  
c i t y  away from equi l ibr ium. For t h i s  reason the  fo rces  a c t i n g  on t h e  bear ing 
imnediately a f t e r  t he  a p p l i c a t i o n  of the  s t e p  ( f o r  t cycle)  a r e  nea r ly  the  same 
f o r  a l l  values  of z .  Unlike the  c l a s s i c a l  damped o s c i l l a t o r ,  t he  per  cent  over- 
shoot (analogus t o  "ringing" i n  an e l e c t r i c a l  c i r c u i t )  of the  magnet suspension 
i s  r e l a t i v e l y  independent of t he  t o t a l  damping cons tan t  when the  damping i s  small  
However, t he  second overshoot does depend s i g n i f i c a n t l y  on the  o v e r a l l  damping 
r a t i o ,  a s  shown i n  t h e  graphs i n  Figures  4.4.2-24, 4.4.2-25 and 4.4.2-26. 

Before the  s t e p  i s  appl ied  t h e  bear ing i s  essen-  

This 

sp r ing  cons tan t  i s  equal  t o  o r  l e s s  than the  s teady  s t a t e  value ( 1 

Configurat ion comparison 

Table 4.4.2-1 i s  a t a b u l a t i o n  of t h e  maximum peak t o  peak values  of t h e  
l i n e a r  and angular  displacements and acce le ra t ions  of t h e  a i r  bear ing immedi- 
a t e l y  a f t e r  t h e  a p p l i c a t i o n  of a 0.635 cent imeter  s t e p .  
r a t i o n  peak occurr ing  simultaneously wi th  the  s t e p  i s  not  considered i n  t h i s  
l i s t i n g  s ince  it i s  of very sho r t  du ra t ion  having l i t t l e  o v e r a l l  e f f e c t  on the  
system. 
g r a v i t y  and moment of i n e r t i a  conf igura t ion ,  W l ,  W2 and W3. 
damping r a t i o s  a s  obtained by the  method previously descr ibed.  Due t o  t h e  
i n t e r a c t i o n  of t he  l i n e a r  and angular  p o s i t i o n  i n  t h e  r o t a t i o n  sensor ,  t he  
maximum values  of angular  pos i t i on ,  0 ,  a r e  not  i n d i c a t i v e  of t r u e  angular  swing, 
but a r e  shown i n  the  t a b l e  f o r  t h e  sake of r e l a t i v e  comparisons only,  i .e . ,  p a r t  
of t he  l a r g e  angular  r o t a t i o n  s i g n a l  shown i n  t h e  t a b l e  i s  due t o  an a d d i t i o n a l  
s i g n a l  caused by the  l a rge  x-displacement. 

The usual  sharp acce le -  

The maximum values  of the  parameters a r e  l i s t e d  f o r  each cen te r  of 
Also shown a r e  the  



Table 4,4.2-1, S tep  hesponses 02 ;b.grletic Ihspension 
(step a q l l i t u d e  = .b35 cm,) 

I .  x 1c-5, 

8 arcsec/sec 2 

Damping ! J1  ;,v 2 I.  
D = C  1o.y OG.0 

3 I 0c.o I 60.0 
16.3 

21.8 
21.8 21.8 

300 74.2 65.3 
1000 87.1 87.1 

x cril 

3 1.27 
10 I 1.34 

1.27 
1.27 

ti3 

21,8 
16.3 
1b03  
21.8 
21.8 
43.6 

109.0 

1.59 1.37 
1.38 1.27 
1.36 1.27 
1.15 1.25 
1.15 1.22 
1.27 I * G j  
1.3s , 1.16 

8 arcmin 

Y x  -6 
' 0  g 

33 

G.00 
0.GG 
0,GG 
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4.45 
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11.1 
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smaller 

nc - no change, 

Y c c  
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The amount of acceleration and displacement transmitted in the x-direction is 
significantly less than for the other two cases. At the same time, the amount 
of rotation and angular acceleration is greatest for this configuration. 

This large center of mass offset allowed some of the energy imparted by the 
step to be translated into a rotational mode. This is to be expected since the 
offset allows a torque to be applied to the air bearing on the application of an 
input disturbance in the x-direction. The damping constants are also higher for 
this case since some of the energy isbeing transmitted to rotational modes and 
vibrations in the. Y-direction. The damping ratios are actually one dimensional 
(x-direction) approximations. Any energy transferred to any other mode except 
the one along the x-direction will have the same effect as an increased damping 
ratio in the x-direction. Hence, higher values of Z (for the same value of D) 
represent greater amounts of energy being transferred to other vibrationalmodes. 

Only a very small difference is seen between configurations W1 and W2. 
(W2 has the same center of gravity, but a larger moment of inertia). The con- 
figurationwith the higher moment of inertia experiences less rotation and rota- ,, 
tional acceleration which is to be expected. . One would also expect the X dis- 
placements and accelerations to be less for Wl. Such a trend can possibly be 
seen, but the difference in moment of inertia is actually too small to make a 
significant effect on the system response. 

One significant difference in the behavior of W3 was noted for the two 
highest values of damping D=300 and D=1000. With these values for the damping 
and with zero input disturbance, it was not possible to reduce the rotational 
motion to the same low value as was done with the other configurations, W1 and 
W2. 
ances. 

The system became extremely sensitive to random and accidental disturb- 



4.4.3 Ramp responses 

Very little response was obtained when the system was subjected to ramp 
disturbances of 0,635 
seconds. In all cases the angular rotation was equal to or less than the 
residual value before the ramp was applied. 
from the accelerometers. 

P amplitude and ramp durations of from 30 to 120 

No significant output was,obtained 

Figure 4.4.3-1 is the response of the system with zero damping to a one- 
quarter inch ramp of approximately 250 seconds duration. 
response of the system to the same disturbance function, but for a damping ratio 
of 210.324. 
there were no recordable accelerations. However, it was consistently noticed 
that when the damping electronics were in operation, the introduction of a ramp 
disturbance tended to reduce the oscillatory angular movement and sometimes the 
X-motion that the air bearing had before the application of the ramp. No signi- 
ficant output was obtained for the control signal and hence these two curves are 
not shown. 

Figure 4.4.3-2 is the 

In both cases, aside from the expected motion in the X-direction, 
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4.4.4 m u l s e  response 

The system was subjec ted  t o  the  following impulse dis turbance:  

Time (seconds) 

Figure k04.4-1,  Pulse Disturbance 

Each pulse  had an amplitude ofO.635 c e n t i m e t e r a s  measured from the  equi l ibr ium 
p o s i t  ion .  

Figures  4.4.4-2 and 4.4.4-3 a r e  t y p i c a l  responses of t he  system wi th  damp- 
i n g  r a t i o s  of 0.0 and 0.324 ( D =  0 and D = 100) r e spec t ive ly .  
response i n  both cases  i s  cons iderable .  For zero damping the  amplitude of t he  
bear ing  a c c e l e r a t i o n  and displacement i s  s inuso ida l  and remains h igh  a f t e r  t h e  
Bast pu l se .  
ences a sharp peak of a c c e l e r a t i o n  about one cyc le  a f t e r  t he  l a s t  pulse .  Then 
the  motion resembles a damped s inuso ida l  response. 
b =  0 t o n -  1000 had the  e f f e c t  of reducing the  t o t a l  l i n e a r  displacement by 
about f i f t y  percent .  However, t he  increased  damping d id  no t  reduce t h e  peak 
a c c e l e r a t i o n  but  d id  reduce t h e  width of t he  peak. 
duced t h e  amount of time t h a t  t he  bear ing  was sub jec t  t o  high acce le ra t ions  but 
d i d  not  reduce the  maximum value of t he  acce le ra t ion .  

The system 

With damping the  response i s  not  s inuso ida l  and the  system exper i -  

An inc rease  i n  damping from 

I n  o the r  words damping re- 

Table 4.4.4-1 shows t h e  maximum values  maximum pos i t i ve  peak t o  maximum 
negat ive  peak) of t h e  a c c e l e r a t i o n s  2, Y ,  and 6 immediately a f t e r  t he  end of 
t h e  second pulse .  
pulse  was not  considered.  The maximum values  are shown f o r  each of t h e  t h r e e  
weight conf igu ra t ions .  

The sharp  peak a c c e l e r a t i o n  a t  t h e  t r a i l i n g  edge of the  las t  

A s  expected the  maximum value of t he  X-accelerat ion i s  not  s i g n i f i c a n t l y  
a f f e c t e d  by the  conf igu ra t ion .  Also no s i g n i f i c a n t  d i f f e rence  i s  seen i n  the  
Y-acce lera t ion ,  but t h i s  a c c e l e r a t i o n  was too small  i n  a l l  t h r e e  cases  t o  make 
a v a l i d  comparison. 

From t h e  mechanics of t he  conf igura t ion  and from t h e  r e s u l t s  of t h e  s i n e  
and s t e p  d is turbances  i t  was expected t h a t  conf igura t ion  W3 would have the  
l a r g e s t  angular  response wi th  W 1  and W2 having decreasing responses.  
t he  measured parameters a r e  almost t he  same f o r  each conf igura t ion .  Within the  
accuracy of t h e  measurements a l l  t h r e e  conf igura t ions  behave i d e n t i c a l l y .  

However, 



. .  

I .  

I 
i 

149 



I . .  

I .  

I .  

i 
I 

I 
- 1  

. I  

. . .  

?+ 
i 
I 



Damping 

D = O  
3 

10 
36 

100 
300 

1000 

i i  i 

65.0 
43.4 
32.6 
27.1 
590 7 
97.7 

i i2 h3 

5.0 65.0 
32.6 
32.6 

21 07 32.6 
10.9 16.3 
66.8 h5.C 

157.3 151.9 

1 5 1  



5.0 CONCLUDING EXARKS 

5.1 EXTRANEOUS FORCES 

During the  course of t he  inves t iga t ion ,  two sources of unwanted torques 
were found t o  be operat ing on the a i r  bearing. They w e r e :  

1) Table torques due t o  a s h i f t i n g  of t he  t a b l e  surface from hor i zon ta l .  

2) Cable torques excerted by the  accelerometer cables .  

Table torques were eliminated by c a r e f u l l y  l eve l ing  the  t a b l e  u n t i l  t h e  a i r  
bearing remained motionless when released near  t he  c e n t e r  of the t a b l e .  
A l l  suspension systems were disconnected during t h i s  operation. The t a b l e  
was  found t o  remain level f o r  f a i r l y  long periods of time compared t o  a 
test run. However, s l i g h t  readjustments were necessary every morning, s ince  
over a twenty-four hour period the  weight of t he  a i r  bearing was enough t o  
cause one s i d e  of the t a b l e t o  s h i f t  s l i g h t l y  i f  i t  were not r e s t i n g  exac t ly  
i n  the  cen te r  of t he  t a b l e .  
instrumentat ion cables  from t h e  c e i l i n g  of t he  t es t  cel l ,  such t h a t  over 
t he  normal region of t r a v e l  of the a i r  bearing during a tes t  run, the cables  
exer ted no measurable torque o r  de t ec t ab le  inf luence.  The absence of t a b l e  
and cable torques i s  the re fo re  defined as t h a t  condi t ion i n  which the  a i r  
bearing experiences no de tec t ab le  forces  o r  torques when placed anywhere 
near t he  c e n t e r  of the t a b l e .  

Cable torques were eliminated by hanging the  

Before each dis turbance program was appl ied t o  the  shaker, t he  a i r  bear- 
i n g  was physical ly  stopped and then c a r e f u l l y  re leased so as t o  impart as 
l i t t l e  i n i t i a l  motion a s  possible .  
a i r  bearing was below the noise  l e v e l s  of t he  accelerometers.  The noise  
levels were: 

I n  a l l  cases the  i n i t i a l  motion of the 

9 1  x = 2 x 10-6 g 
I 1  
Y = 2 x 10-6 g 

2 @I.  

8 = 5 arcsec/sec 

I n  the sp r ing  suspension systems the  angular pos i t i on  sensor indicated peak 
t o  peak i n i t i a l  amplitudes of about 10 arcminutes. However, t h i s  reading 
was found t o  be due t o  an i n t e r a c t i o n  between the  r o t a t i o n  sensor and the 
X-position sensor.  This reading represents  an upper l i m i t .  It was easier 
t o  reduce the  i n i t i a l  motion of t he  magnetic suspension system, due t o  the 
a b i l i t y  t o  introduce damping. The i n t e r a c t i o n  between t h e  two sensors was 
reduced, giving an upper l i m i t  of 1 .0  arcminute f o r  t h e  peak t o  peak ro t a -  
t i on .  

It i s  estimated t h a t  f o r  the magnetic suspension system with weight 
configurat ions W 1  and W2, the  i n i t i a l  r o t a t i o n  before the  app l i ca t ion  of 
a disturbance was between 0.5 and 1.0 arcminutes peak t o  peak. However, 
f o r  weight configurat ion W3 ( l a r g e s t  moment of i n e r t i a  and l a r g e s t  c e n t e r  
of g rav i ty  o f f s e t )  i t  became impossible t o  reduce the i n i t i a l  angular 

1 j 2  



rotation for the two highest values of damping constants, D300 and D1000. 
In fact when the control amplifiers were switched to D300 and D1000, the 
angular rotation increased to approximately 35 arcminutes peak to peak 
(there was still some interaction between sensors so that this is an upper 
limit). 
arcsec/sec2. 
bearing motion was due to an unusual combination of large center of gravity 
offset, high amplifier gain, and the saturation of the amplifiers over most 
of a cycle. The damping signals fed to the suspension magnets did not 
exactly follow the velocity of the air bearing, resulting in an amplifi- 
cation of bearing motion below a certain amplitude. 
were rapidly damped to this minimum amplitude. 

The angular acceleration also increased to approximately 4-8 
It is believed that this increase in the minimum achievable 

However, larger motions 

In most cases, except for the .001 springs which represent the limit of 
the present equipment configuration, the response of the systems to the 
applied disturbance programs were at least 10 to 20 times the initial motion 
before the application of the disturbances. Uncertainties in the initial 1 

conditions were kept small enough so as to have a negligible effect on the 
experimentially derived values of transfer function, step response, and 
damping constant. 



5.2 COHPARPSON OF SYSTENS 

Any comparison o r  r e l a t i v e  r a t i n g  of t he  t e s t e d  systems a t  t h i s  t i m e  w i l l  
have t o  be l a rge ly  sub jec t ive ,  s ince the evaluat ion c r i t e r i a  a r e  not w e l l  de- 
f ined * 

The .001 springs undoubtedly showed the g r e a t e s t  i s o l a t i o n  e f f ec t iveness  
f o r  these p a r t i c u l a r  tes ts .  But how w e l l  would t h i s  system have reacted t o  a 
shaker displacement l a rge  enough t o  make contact with the  platform i f  the p l a t -  
form remained s t a t i o n a r y ?  A l l  t h r ee  systems displayed approximately the same 
t r a n s f e r  c h a r a c t e r i s t i c s  t o  X-acceleration. The h y s t e r e s i s  and magnetic systems 
showed a c h a r a c t e r i s t i c  i nc rease  i n  t r a n s m i s s i b i l i t y  of a damped system t o  the 
applied s inuso ida l  d r iv ing  function. Although the  s inusoidal  disturbance i s  not 
a s  re levant  t o  space app l i ca t ion  a s  the other  dis turbances applied i n  t h i s  study, 
i t  does provide a b a s i s  f o r  f u r t h e r  design work and t e s t i n g .  

None of t he  systems t e s t e d  showed any appreciable response t o  t h e  applied 
ramp funct ion,  except f o r  a possible  dimunition of i n i t i a l  o s c i l l a t o r y  motion. 

The response of t he  systems t o  the square wave impulses was d i f f i c u l t  t o  
evaluate  because of t h e  e f f e c t  of t he  r e l a t i v e  phasing between the applied i m -  
pulse  and the pos i t i on  of t he  bearing a t  the t i m e  of appl icat ion.  

The response of t he  various systems t o  the  s t e p  function was probably the 
g r e a t e s t  s i n g l e  i n d i c a t i o n  of the r e l a t i v e  e f f ec t iveness  of the various systems 
t o  space app l i ca t ions ,  I n  t h i s  respect  t he  magnetic suspension system i s  c l ea r -  
l y  superior  t o  the  h y s t e r e s i s  system and both, of course,  a r e  superior  t o  the 
non-damped system f o r  t h i s  purpose., Although the  magnetic and h y s t e r e s i s  sys- 
t e m s  exhibi ted approximately the same overshoot c h a r a c t e r i s t i c s ,  the magnetic 
system damped down much more rapidly.  I n  the  simplest  d e f i n i t i o n  of i s o l a t i o n  
system e f fec t iveness ,  t h i s  would be the major f a c t o r  t o  be considered f o r  t h i s  
function. 

Several  other  f a c t o r s  must be considered i n  giving a f i n a l  ranking t o  
these systems. 
t i o n  of the magnetic system than e i t h e r  of the other  two systems. One reason 
f o r  t h i s  was t h e  r e l a t i v e  ease with which t h e  system could be modified. The 
e f f e c t i v e  "spring constant" can be changed i n  r e a l  t i m e  by merely ad jus t ing  a 
potentiometer 

More e f f o r t  during the  program went i n t o  the study and optimiza- 

There i s  some question a s  t o  whether o r  not  t he  magnetic system should be 
termined a c t i v e  o r  passive.  Since suspension o r  i s o l a t i o n  i s  achieved by means 
of a magnetic f i e l d  produced i n  a solenoid,  the system i s  "active" i n  the sense 
t h a t  i t  r equ i r e s  a cu r ren t  source o r  power supply t o  a c t i v a t e  the solenoid. I f  
t he  cu r ren t  source should f a i l  so would the  suspension, However, unl ike most 
o the r  types of magnetic suspension systems, the present system i s  "passive" i n  
t h a t  i t  r equ i r e s  no a d d i t i o n a l  components o r  con t ro l  loops f o r  s t a b i l i t y .  The 
o the r  common forms of magnetic suspension systems cons i s t  b a s i c a l l y  of an object  
suspended between two electromagnets,  
i n  t h a t  an i n f i n i t e s i m a l  displacement t o  one s i d e  o r  t he  other  causes an 

This configurat ion i s  b a s i c a l l y  unstable  



unbalance in the forces which in turn increases the movement away from equilib- 
rium, i.e., the system is in unstable equilibrium. A position sensing device 
and control system are needed to create a stable equilibrium. A control system 
malfunction therefore results in a catastrophic failure of the entire suspen- 
sion. 

In the present magnetic system the control system is used only to provide 
damping, and the suspension characteristics are only indirectly affected. In 
this respect the present magnetic suspension system could be termed passive, 
in that the suspension is independent of any control loop, and a failure in such 
a loop would only affect the damping characteristics of the system. (Actually 
the magnetic suspension coils could be replaced in two dimensions by a set of 
permanent magnets, in which case the system would draw no power and would be 
entirely passive .) 

Based on results of the tests conducted under the present contract and 
using response to expected space disturbances as a criteria, the magnetic sus- 
pension system is the most effective of the systems, followed by the hysteresis 
system (if slightly modified), and the spring suspension system. 



5.3 RECOMMENDATIONS FOR FUTURE STUDY 

There a r e  a number of improvements which can be made on the magnetic sus- 
pension system. Of primary importance i s  a redesign of the suspension magnet 
c o i l  geometry. Due t o  the  l imited t i m e  a v a i l a b l e  f o r  d e t a i l e d  design i n  the 
present study, l i t t l e  optimization was done i n  the  c o i l  design. By properly 
ad jus t ing  such parameters a s  c o i l  s i z e ,  number of t u rns ,  current  densi ty  d i s t r i -  
but ion,  and s i z e  and shape of the ferromagnetic d i s c ,  the magnetic f i e l d  
d i s t r i b u t i o n  can be modified t o  provide d i f f e r e n t  shaped p o t e n t i a l  w e l l s  f o r  the 
suspended ob jec t .  For example, i t  may be des i r ab le  t o  have a spr ing constant 
very c lose  t o  zero near t he  equilibrium pos i t i on  and extending a small dis tance 
away from equilibrium. Such a system would possess very high i s o l a t i o n  charac- 
t e r i s t i c s  a s  long a s  the  ob jec t  remained i n  the ' ' f l a t  region'' of the p o t e n t i a l  
w e l l .  It i s  a l s o  d e s i r a b l e  t o  choose the optimum c o i l  design i n  order  t o  mini- 
mize power consumption, The present system, i n  which no attempt was made t o  
reduce power consumption, d i s s ipa t ed  approximately seven watts i n  the  d.c. 
r e s i s t a n c e  of t he  suspension c o i l s .  This provided an e f f e c t i v e  spring of 0.05 
l b f / i n  f o r  an a i r  bearing weight of 560 l b f .  

A second area f o r  improvement i s  the  combining of the suspension and velo- 
c i t y  pickup c o i l s  i n t o  one c o i l  o r  i n t o  two concentr ic  c o i l s .  Some d i f f i c u l t y  
was encountered i n  the  present  study i n  posi t ioning the  center  of t he  pickup 
c o i l  over t he  equilibrium pos i t i on  of the permanent magnet. An er ror  i n  this 
posi t ioning would tend t o  decrease the e f f ec t iveness  of the damping and i n  some 
cases  cause a d d i t i o n a l  dis turbances.  This problem would be eliminated i f  t he  
same c o i l  could be used f o r  both suspension and ve loc i ty  sensing. 
s p e c i a l  e l e c t r o n i c  modifications w i l l  be  necessary t o  prevent d i r e c t  i n t e r a c t i o n  
between the two functions due t o  induced vol tages  caused by changing magnetic 
f i e l d s  

However, 

The arms on which the  ferromagnetic d i s c  and the  permanent magnet a r e  
mounted should be a s  long a s  possible  s ince  r o t a t i o n a l  con t ro l  w i l l  i nc rease  i n  
d i r e c t  proportion t o  these lengths.  I n  o t h e r  words, i f  the arm holding the 
permanent magnet i s  made twice a s  long, a given angular r o t a t i o n  would cause 
the  magnet t o  move twice the normal d i s t ance  with respect  t o  the pickup c o i l .  
This would r e s u l t  i n  a g r e a t e r  damping s i g n a l ,  The minimum value of r o t a t i o n a l  
angle t h a t  could be obtained i n  the present  i nves t iga t ion  can be t raced t o  the  
length of t h i s  arm and the  s e n s i t i v i t y  of the pickup c o i l .  

A t h i r d ,  and perhaps the  most s i g n i f i c a n t ,  area f o r  improvement i s  the modi- 
f i c a t i o n  of t he  frequency response of t he  con t ro l  system, I n  t h i s  system one 
has the unique opportunity of studying the response of a system i n  which the  
damping i s  highly frequency dependent. For in s t ance ,  a bandpass f i l t e r  could be 
i n s e r t e d  i n  t h e  con t ro l  loop t o  provide damping only a t  the resonant frequency. 
This would be an advantage over other  types of damped systems, s ince damping 
while reducing n a t u r a l  frequency motion a l s o  has a detr imental  e f f e c t  on t h e  
i s o l a t i o n  a t  t he  higher f requencies ,  It i s  a l s o  believed t h a t  the present sys- 
t e m  could have been made much more e f f e c t i v e  by simply adding a low pass f i l t e r  
t o  remove some of t he  high frequency responses. 

The f i n a l  recommendation i s  the development of a two dimensional mathe- 
ma t i ca l  model of t h e  system t o  f u r t h e r  de f ine  c a p a b i l i t i e s  and optimization 
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p o s s i b i l i t i e s .  An analog computer s imulat ion would a l s o  be p r o f i t a b l e .  



APPENDIX A 

Hysteresis Damping System 
% 

Continuing studies by Chrysler Corporation Space Division into the suspen- 
sion/isolation requirements of manned space telescopes have indicated the 
requirements for some type of damping to be associated with the basic telescope 
suspension system. The required isolation frequency, however, is of the order 
of 0.01 rad/sec, which prevents the use of rate dependent damper. 
an in-house study was performed to investigate the feasibility of a magnetic 
hysteresis damper, which is rate-independent, can be constructed to operate 
under a wide range of conditions and may be easily adjusted to the rate of 
damping required. 
Chrysler laboratory in 1967, and it is this system which was used in the present 
study . 

Therefore, 

Such a system was designed, constructed and tested in the 

The damper configuration is shown in Figure A-1. It consists of a vane of 
magnetic material suspended by a torsion wire with magnet assemblies set facing 
the surfaces of the disc. 
spaced N-S-N-S sequence. This construction provides closely spaced regions of 
magnetic flux reversal so that a small rotation of the disc will move material 
in the disc from one magnetic region to an opposing region, and thus provide 
hysteresis loss in that part of the disc. 
cally and fixed to a metal frame which was bolted to the shaker for the tests. 

The poles of the magnets are arranged in a closely 

The torsion wire is positioned verti- 

The magnet cores and the disc are made of Armco Ingot forged steel, 99.9% 
Pe, Cold Rolled 50%. The magnets are Indox wafers, one inch diameter by 0.25 
inches thick. There are two magnets per assembly, separated by thin iron plates 
and positioned with opposing poles facing. 
disc, torsion wire and pole plates, the structure is aluminum. Teflon tips are 
placed at either end of the guide tubes to help minimize lateral cocking of the 
disc due to any unbalanced force from the magnet assemblies. 

With the exception of the magnets, 

Laboratory tests prior to an during this study indicate the effects of 
damping other than that due to hysteresis loss in the disc. The primary cause 
is felt to be due to friction between the torsion wire and the teflon guide 
tips, with material hysteresis in the torsion wire also a contributing factor. 
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NOT E : 

DISC PREWOUND ON TORSION 
WIRE TO KEEP CONNECTING 
WIRE STRAIGHT. 

ONNECTING WIRE 
0 TELESCOPE MASS 

. MAGN ET ASSEMBLI ES 
DAMPER FRAME 

TORSION WIRE 

IRON CORE 

NOTE : 

MAGNET ASSEMBLIES ATTACHED TO 

TOUCH DISC. 

PERMANENT MAGNETS 
(ARROWS SHOW DIRECTION 
OF FIELD) DAWER FRAME. TH EY DO NOT 

1 

MAGN ET ASSEMBLY 
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APPENDIX B 

The magnetic suspension systems investigated were based on the fact that a 
ferromagnetic or paramagnetic material will experience a force in a non-uniform 
magnetic field. 
highest magnetic field. 

The force will tend to move the material toward the region of 

Two coils were used to obtain the magnetic field for the suspension system. 
The two coils were connected in parallel across a power supply and oriented so 
that the fields added. See figure below. 

i c  

2.54 cm , 

Each coil consisted of 3,910 turns of 1/28 AWG enamel covered copper wire. 
sketch is shown in Figure B-2. The resistance of each coil was approximately 
190 ohnls. 

A 

The ferroinagnetic disk consisted of a soft iron disk 0.7 cm thick and 5 cm 
in diameter. The disk was attached to the bearing by means of a small aluminum 
rod. An identical suspension system was placed on each side of the air bearing 
to prevent rotation. This provided a two axis suspension system. 

Power to the two magnetic systems was initially furnished by means of a 
This provided stabilization or "suspension" with 0-130 (3 60 Hz volt variac. 

oscillation periods down to 45 seconds. However, at this time no quantitative 
data was taken due to a delay in the shipment of the accelerometers. 

A disadvantage of this a.c. suspension was the relatively high voltage 
needed due to the inductance of the coils. The variac was replaced by two 
Kepco Model CK-36 d.c. power supplied (0-50 volts @ 1.5 amps). Each supply 
provided current to one of the suspension coil systems. Theoretically, the 
suspension system should function almost the same with a.c. or d.c. coil excita- 
tion, if the same average current is flowing in both cases. However, with d.c. 
excitation, the necessary current for a given "spring constant" can be reduced 
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t op  view s i d e  view 

Figure B-2, Suspension C o i l  

f.6 cm 

1-1 

top view s i d e  view 

-7 3.4 cn; 

Figure €3-3, Velocity Pick-up Coil 
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by magnetizing the ferromagnetic disk or placing a permanent magnet on the disk. 
The magnetic field of the magnet should lie in the same direction as the field 
of the suspension coils. In the present case a small ceramic disk magnet 0.65 
cm in diameter was placed on top of each ferromagnetic disk. 

With the ceramic magnets and an air bearing weight of 565 pounds an effec- 
tive "spring constant" of approximately 0.05 lbf/in was obtained with a pawer 
supply voltage of approximately 18 volts and 0.1 amperes through each coil. 
(Since the two coils are connected in parallel, the current drain from each 
supply is 0.2 amperes.) 

Damping is introduced into the system by means of a velocity sensor which 
changes the current through the suspension coils with changes in the velocity 
of the air bearing. 

The velocity is sensed by means of two pickup coils fastened to the shaker 
frame. The coils were obtained from a commercial solenoid valve. The dimen- 
sions are shown in Figure B - 3 .  

A permanent magnet was then mounted on an arm whose other end was fastened 
to the air bearing. An identical magnet and arm was fastened to the other side 
of the bearing. See Figure B-4. The magnets and pickup coils were positioned 
so that with current going through the suspensions coils and the bearing in its 
equilibrium position, the small magnets in each of the arms were directly be- 
neath the center of the pickup coils. The separation between the coils and the 
magnet was approximately 0.635 centimeter- 

ferromagnetic d i s k  

pickup c o i l  

Figure 29 Suspension Geometry 
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With the  magnets and pickup c o i l s  posit ioned a s  described, the movement of 
The magnitude any magnet would induce a voltage i n  i t s  respect ive pickup c o i l .  

of t he  vol tage i s  proportional t o  the  ve loc i ty  of the magnet (and hence t o  the 
v e l o c i t y  of t h a t  arm of the  bearing).  The induced voltage would have one 
p o l a r i t y  f o r  v e l o c i t i e s  away from equilibrium and the opposite p o l a r i t y  f o r  
v e l o c i t i e s  toward equilibrium. 

The induced vol tage from each pickup c o i l  was amplified and used as a con- 
t r o l  s i g n a l  t o  vary the cu r ren t  i n  the suspension c o i l s .  
was motionless,  t he  con t ro l  s i g n a l  was zero,  and cu r ren t  i n  the suspension c o i l s  
was a t  i t s  s t eady- s t a t e  value, I o .  The p o l a r i t y  of the con t ro l  s i g n a l  was such 
t h a t  when one arm of t h e  a i r  bearing was moving away from i t s  equilibrium posi-  
t i o n ,  t he  con t ro l  s i g n a l  would cause the cu r ren t  i n  the  suspension c o i l s  t o  i n -  
crease i n  proportion t o  bearing ve loc i ty  away from equilibrium. This increase 
i n  cu r ren t  c r e a t e s  an add i t iona l  force (over and above t h a t  due t o  Io )  tending 
t o  r e t u r n  the  bearing t o  i t s  equilibrium posi t ion.  
toward equilibrium the  cu r ren t  i n  the suspension c o i l s  was reduced below i t s  
s t eady- s t a t e  value,  I o ,  c r e a t i n g  less r e s t o r i n g  fo rce .  The n e t  r e s u l t  i s  a 
damping e f f e c t  which removed energy from each o s c i l l a t i o n ,  causing the  ampli- 
tude t o  decrease with each cycle .  

When the a i r  bearing 

When the  bearing w a s  moving 

Figure B-5 i s  a schematic diagram of the  damping e l e c t r o n i c s .  The amount 
of damping i s  con t ro l l ed  by changing the gain,  K, of t he  f i r s t  ampl i f i e r  o r  by 
varying t h e  output potentiometer. 

s teady-state  current  ad j., I, 

!f k-7 high curren t  op-amp 
(aperationii l  power 

. .  supp ly  ) 
pickup 

c o i l  

damping adj .  

Endevco 462 1 suspension coils 

Figure 39 Damping Elec t ronics  



For a c t u a l  da t a  taking the potentiometer was l e f t  a t  i t s  highest  s e t t i n g ,  and 
the  damping was changed by ad jus t ing  the  ampl i f i e r  gain (a provision on the 
Endevo 4621). 
the  data  labeled D30 corresponds t o  an ampl i f i e r  gain of 3 0 .  

This gain s e t t i n g  i s  denoted on a l l  of the data .  For example 

Figure B-6 shows some t y p i c a l  output vol tages  across  the suspension c o i l s  
These curves were obtained by pro- f o r  various v e l o c i t i e s  and damping r a t i o s .  

gramming the  shaker t o  move with a constant ve loc i ty  through equilibrium and 
recording the vol tage across  the suspension c o i l s .  

These curves i n d i c a t e  a l a rge  amount of noise  introduced by the f i r s t  
s t ages  of amplif icat ion and s t r a y  f i e l d  pickup from t h e  sensing c o i l s .  These 
s i g n a l s  were not  recorded and the  noise  not  discovered u n t i l  l a te  i n  the  pro- 
gram. 
e f f e c t  on the  a i r  bearing motion. F i r s t ,  the  bearing i t s e l f  would not  respond 
t o  high frequency noise  and secondly, t h i s  high frequency voltage appearing 
ac ross  the suspension wauld not  produce a proport ionately high noise cu r ren t  i n  
the  solenoids,  due t o  the damping e f f e c t  of the high inductance of the c o i l s ,  
i . e .  the power supply and Suspension c o i l  inductance would i t s e l f  a c t  a s  a low 
pass f i l t e r .  
i n s e r t i n g  a low pass  f i l t e r  i n  the ampl i f i e r  c i r c u i t  with a cut-off frequency 
of approximately th ree  cycles .  

Since t h e  noise  i s  of a high frequency i t  i s  doubtful t h a t  i t  had any 

However, it i s  believed t h a t  b e t t e r  response could be obtained by 

One advantage of t h i s  configurat ion i s  the c a p a b i l i t y  of i n s e r t i n g  f r e -  
quency compensation networks o r  f i l t e r s  i n  the con t ro l  s igna l  ampl i f i e r s  t o  
modify the  damping f o r  d i f f e r e n t  frequencies.  
increased o r  decreased a t  a se l ec t ed  frequency. 

I n  t h i s  way the damping can be 

I n  the  present  case it  would have been des i r ab le  t o  reduce the amplitude 
of t he  con t ro l  s i g n a l  f o r  t he  higher frequencies,  s ince these high frequency 
motions of t he  shaker induced a very l a rge  con t ro l  s i g n a l  which sometimes s a t u -  
r a t e d  the  ampl i f i e r s .  

I n  many app l i ca t ions  a tendency i s  found t o  avoid the  use of induction type 
However, i n  v e l o c i t y  sensors ,  because of t h e i r  s u s c e p t i b i l i t y  t o  s t r a y  pickups. 

t he  present type of suspension system, with the  highest  frequency of i n t e r e s t  
being one o r  two Hz, t h i s  s t r a y  pickup can be completely eliminated with low 
pass  f i l t e r s .  
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APPENDIX C 

Table Level Sensor 

It w a s  o r i g i n a l l y  intended t o  inves t iga t e  the i s o l a t i o n  system f o r  various 
values of t a b l e  tilt (from horizontal)  t o  simulate s i m p l e  o r b i t a l  fo rces .  It 
was la te r  decided not  t o  pursue t h i s  l i n e  of i nves t iga t ion  but a prototype 
o p t i c a l  l e v e l  sensor was p a r t i a l l y  designed and t e s t e d  i n  another laboratory.  

The device consis ted of an i l luminated set  of c ros s  h a i r s  placed a t  the 
focus of a col l imat ing l ens  as shown i n  Figure C - 1 .  
through a ha l f  s i l v e r e d  mirror,  M 1 ,  and f e l l  on a pool  of mercury. 
mercury i s  placed on t h e  t a b l e  whose tilt i s  t o  be measured. 
surface of the mercury was used as an absolute  horizontal  reference.  

The coll imated beam passed 
The p301 of 

The mirror  l i k e  

A clear g l a s s  p l a t e  was placed on the  d i s h  containing the mercury, and on 
The small t op  of t h e  g l a s s  p l a t e  was placed a small f r o n t  s i l v e r e d  mirror,  M 2 .  

m i r ro r  r e f l e c t e d  ha l f  of t h e  l i g h t  from the  coll imated beam back toward t h e  
ha l f  s i l v e r e d  mi r ro r ,  M 1 .  The o the r  ha l f  of t he  coll imated beam s t ruck  the  su r -  
f ace  of t h e  mercury and was a l s o  r e f l e c t e d  back toward mirror M1. The r e s u l t  
was two collimated beams r e f l e c t e d  from M 1 .  
twice the  angular d i f f e rence  betwaen t h e  surface of M 2  and the su r face  of t he  
mercury. 
t he  ob jec t ive  lens .  The seaprat ion of these two images was measured by means 
of t h e  t r a v e l l i n g  micrometer eyepiece. 

The two beams are separated by 

These beams formed two images of t he  c ros sha i r s  a t  t he  f o c a l  plane of 

From t h e  separat ion dis tance and the foca l  length of t he  l ens ,  the angular 
separat ion of t he  two beams can be determined. 

T i l t  angle = Distance measured by micrometer 
2 x f o c a l  length of object ive 

For t h e  a c t u a l  app l i ca t ion  i t  was intended t o  machine a f i x t u r e  t o  hold t h e  pool 
of mercury and mirror  M2 so t h a t  the surface of M 2  w a s  p a r a l l e l  t o  the t a b l e  
surface.  However, t he  decis ion not t o  use t h i s  sensor was made before th i s  com- 
ponent could be f ab r i ca t ed .  
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APPENDIX D 

Scaling Studies 

A non-dimensional analysis was performed for a linear, undamped suspension 
system in order to evaluate scaling techniques. 
free motion, two degree of freedom system are: 

The equations of motion for a 

(1) M ? + K ~ x + M I ~  = o (2) Me? + J e +K, e = o 

Where 1 = the distance from the center of mass to a reference point 
on the system - in this case, the geometric center 

X = displacement of the reference point in an inertial reference 
frame 

J = moment of inertia of the system about the mass reference 
point 

Define W = %  and W2' =% and further, define a dimensionless dis- 
1 - K  J - 

tance, X = X 
I -  - 

and a dimensionless time t = w, t l  

2 Then e d = - -  d and d = 1  d = D  
d m  w'-;2 -zJ dE w dt 1 

Using these substitutions and dividing Eq. 1 by M and Eq. 2 by J, we 
obtain ; (3) D 2 -  X + % + D 2 8 = 0  

Thus, mechanical systems coupled in translation and by equations 
(1) and (2), and with the same parametric ratios of M& 

- 
described by the same set of equations (3) and ( 4 ) .  J 

is equal to Ke/J  = MK, . Normally, - Ke dan be represented 

- 3 G  K* 

by CR2$ where CR2, where C is a constant which depends solely upon the spring 
configuration geometry. Then 



Since the condition previously cited for the use of the scaling equations 
is that Mf2 and (W2/W1)* be equal for both systems, then the values of CR2 

I_ 

must also J be equal. 7 
As an example of the application of this analysis, consider the space tele- 

scope described by F. R. Morrell in "IEEE Transactions on Aerospace and Elec- 
tronic Systems", March 1969. 
is given by: 

The value of Ke for the telescope in t h e  article 

K, = S;r = 3KR2 cosqb 
80 

and 

and 

The telescope in the referenced article has the following parameters: 

5 2 M = 674 slugs = 9836 Kg 
J =: 1.58 x lo5 slug - ft2 
R - (d3) = 7 ft. = 2.U rn ,! = 0.5 ft. = 0.152 m 

= 2 . a  x 10 Kg-m 

and - CR2 = (4) ( Ti;)2 = 99.12 e2 
The system tested in the laboratory has the following parameters: 

c =  4 
M x 250 Kg 

R = .46m 
J x 2.5 Kg-m 

Substituting in the laboratory value for the term CR2, the value of k! 
necessary for scaling is 3.26 centimeters. This value could be attained, but 
would require some laboratory modification. With this value for E, the re- 
quired ratio of M / J  to scale with the subject space telescope is approximately 
1, as compared with the actual ratio of approximately 10 for the air bearing 
platform. 
significantly, the moment of inertia would have to be increased. This could 
be achieved by moving the air bottles to the perimeter of the platform and in- 
creasing the amounts of the added weights on the support arm, and possibly 
extending the length of the arm. 

Since it would be difficult to reduce the mass of the air platform 


