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ABSTRACT 

A new wind tunnel  fo rce  measurement technique was 

neoess i t a t ed  by the in t roduct ion  of hypersonic wind tunne l s  

and small, heavy t e s t  models. A new techniaue is presented 

which uses a gas bearing t o  support  t h e  model and a c o n t r o l  

sys tem whiah comprises three separate con t ro l  loops t o  

p o s i t i o n  the  model. 

l i f t ,  and pi.toh - are determined by sensing t h e  servo motor 

c u r r e n t s  and oombining i n  a way t o  g ive  the desired reading. 

The th ree  f o r c e s  of i n t e r e s t  - drag, 

The servo loops are  composed of sensors,  amplifiers, 

and motors; eaah of which i s  described i n  de ta i l .  The 

theory f o r  the  design of t h e  motors i s  presented, 

The oompensation of t h e  servo loops i s  described where- 

i n  t h e  open-loop data is obtained w i t h  t h e  system running 

closed-loop. 

A readout preparat ion u n i t  is described which senses  

t h e  c u r r e n t s  and performs the  appropr i a t e  a d d i t l o n  and 

subt rac t ion .  

i V  
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CHAPTER I 

INTRODUCTION 

GENERAL 

A system is described i n  t h i s  thes i s  which is used t o  

measure t h e  fo roes  on wind tunnel  models. There are many 

o t h e r  possible app l i ca t ions  for t h i s  technique such as i o n  

engine t h r u s t  measurement. 

thmur;r;h t h e  prototype stage has been oompleted, and a c t u a l  

wind tunnel  ope ra t ion  should take place soon. The prototype 

I s  a n  ope ra t iona l  system t h a t  oan be effectively U s e d  I n  wind 

tunnels  t o  measure l i f t ,  draq, and p i t c h  force magnitudes 

f r o m  0.005 pound t o  0.5 pound i n  two ranges, 

Analy t ica l  and experimental  work 

The development (1) of a new measurement teohnlque was 

necess i t a t ed  by wind tunnel model changes f o r  hypersonic 

t e s t i n q .  A t  hypersonic v e l o c i t i e s ,  wind tunnel  models a re  

r e l a t i v e l y  heavy and small because t h e  models must be made 

of heat r e s f s t a n t  materials and beoause of s i z e  l i m i t a t i o n s  

imposed on t h e  tunnels. The r a t i o  of model weight t o  aero- 

dynamic fo rce  is t h e  primary factor which n e c e s s i t a t e d  the 

development of a new foroe measurement method. 

range for the  values of t h e  r a t i o  of model weight t o  ae2.o- 

dynamic f o r c e  is 10011 t o  l t l ,  For i o n  engines t h i s  r a t i o  

may be one o r  two orders of  magnitude more. 

1% o r  bet ter  of f u l l  soale  is desired. 

A t y p i c a l  

An accuracy of 

1 



2 

Obviously, any system t h a t  must ope ra t e  under these 

oondi t ions should provide fo r  t h e  support  of t h e  model weight 

In  such a way t h a t  the  data does not  need t o  be recovered 

from a reading t h a t  inaludes the model weight ,  I n  add i t ion ,  

t h e  f r i c t i o n  i n  t h e  supports of e x i s t i n g  sys t em would be a 

problem If they were used for t h i s  type appl ioa t ion .  The 

system t h a t  is t o  be described supports  t h e  model so t h a t  t h e  

s teady-s ta te  bata is independent of t h e  model weight. 

SYSTPl GENERAL DESCRIPTION 

The balance system is shown sohematical ly  f r o m  t h e  top  

i n  Fig .  (1-1). 

servos an8 t h e  readout equipment have been omitted f o r  

c l a r i t y ,  Brief ly ,  t h e  sys tem operates i n  t h e  following 

manner: the aerodynamic forue d i sp laoes  the  model in the  

d i r e c t i o n  of t h e  foroe,  This displaoement is sensed by t h e  

displaoement 8en8or. The sensor  output  is amplified by t h e  

power amplifiers and applied to  the semo motors. 

motors drive the displacement toward zero,  The motor 

ourrent, being proport ional  t o  t h e  force, is measured and 

calibration appl ied f o r  t h e  f o r c e  reading, 

The cont ro l  loop f o r  one of t h e  y-direot ion 

These 

The system may be divided I n t o  three main parts accord- 

i ng  t o  iunc t ion :  

1. Gas Bearing - The gas bearing serves  two purposes. 

The first is the support of t h e  model weight, and 

the  second is t o  provide a p r a c t i o a l l y  f r l o t i o n l e s s  



l- x 
I Coordinate  Axes 
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Figure 1-1  

Schematic of Balance Servos 



I '  
I- ' 

1 
I 
1 
1 
D 
1 
I 
I 
D 
I 
I 
I 
I 
1 
I 
1 
I 

2. 

3. 

4 

platform so t ha t  small s teady-s ta te  motions are 

ef feo ted  only by aerodynamic foroes  and the  restor- 

i n q  forces of t h e  con t ro l  ~ y s t e m .  The ana lys i s ,  

design, and operat ion of t h i s  part of the system 

has been f u l l y  covered elsewhere (2 ,  3 )  and w i l l  no t  

be considered here. 

Control System - The con t ro l  system I8  t h e  prlmarg 

subject of concern here. The purpose of  t he  c o n t r o l  

system is the  accura te  pos i t lon inq  of t h e  model i n  

t h e  plane of the  forces .  A complete d e s c r i p t i o n  

w i l l  be qiven l a t e r .  

Readout Equipment - The readout equipment senses  

t h e  motor our ren ts  required to  n u l l  t h e  con t ro l  

system and processes these measurements t o  provide 

readings of the three forces (4, 5 )  of I n t e r e s t -  

lift, drag,  and p i tch .  This w i l l  a l s o  be f u l l y  

desaribed later. 

The opera t ion  of the  balance system can be explained i n  

detai l  by consider ing each of the three des i r ed  f o r c e s  sepa- 

r a t e l y ,  keeping in mind t h a t  t h e  $as bear ing ls constrained 

i n  the xy-plane only by t he  servos. 

In t h e  x-direot lon,  t h e  displacement I s  detected by sensor  1 

which produces a vol tage  t h a t  is propor t iona l  t o  displacement. 

This vol tage  is appl ied to  t h e  two power a m p l i f i e r s  which 

are e s s e n t i a l l y  voltage cont ro l led  cu r ren t  sources. 

ou r ren t  through t h e  grad ien t  c o i l s  produces a force on the  

If a fo roe  is a p p l i e d  

The 
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magnets whioh d r i v e s  the  displacement toward zero. 

motor fo rce  i s  propor t iona l  to  t h e  cu r ren t  through 

t h e  g rad ien t  coils, t he  aemdymmic: force on the model oan 

be determined by measuring t h e  cu r ren t  through t he  motors 

and applying s u i t a b l e  ca l ib ra t ion ,  
f 

The opera t ion  of t h e  system when a force is app l i ed  I n  

the  y-direotlon is e s s e n t i a l l y  t h e  same as I n  t h e  x-direction 

except t h a t  there a re  two sebarate servos,  

servo responds t o  a force I n  t h e  y-direct ion,  and t h e  f o r c e  

exer ted  by eaah Is t h e o r e t i c a l l y  t h e  same, 1.8.  each servo 

i s  requlred t o  balance h a l f  t h e  appl ied  force .  

namic fame i n  t h i s  d i r ec t ion  Is determined by measuring t h e  

cu r ren t  i n  each motor separa te ly ,  summlng, and applying 

suitable e a l l b m t i o n .  

Each y-dlreet ion 

The aerody- 

The t h l r d  aerodynamic f o r c e  t h a t  must be measured is 

pitah.  This is, i n  r e a l i t y ,  a torque exerted i n  the xy- 

plane. If a t o m u e  Is  apb l l ed ,  one y-direct ion sensor  #Ill 

detect displacement I n  t h e  n o s i t l v e  y-direct ion w h i l e  t he  

o t h e r  w i l l  d e t e o t  a displacement I n  t h e  nega t ive  y-direction. 

Thus, t h e  y-dlreat ion motors w i l l  be exe r t inq  forces w i t h  

oppos i te  senses  t o  accommodate the t o m u e  component, The 

maqnltude of t h e  t o m u e  is determined by measuring t h e  motor 

cu r ren t s ,  subt rao t ing ,  and apply ins  suitable calibration. 

The sense of t h e  toraue I s  obtained by not ing  t h e  s ign  of 

t h e  d i f fe rence ,  

It o8n be seen f r o m  t h i s  d iscuss ion  that an  e a s i l y  
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measured quan t i ty ,  current ,  i s  used t o  o b t a i n  the  desired 

fo roe  readings.  Furthermore, t h e  sense of t h e  f o r c e  i s  i n d l -  

Gated by the po la r i ty  of t h e  readinrg. *These two facts  make 

readout instrumentat ion r e l a t i v e l y  s imple ,  

It should be stated a t  t h i s  po in t  t h a t  t he  d i r e c t i o n  of  

a i r  ( o r  plasma) flow through t h e  tunnel  i s  i n  t h e  x- 

d i rec t ion .  The gas bearing, motors, and sensors  are 

mounted ou t s ide  t h e  tunnel i n  t h e  top. The tes t  model I s  

a t taohed  i n s i d e  t h e  tunnel t o  t h e  model support  arm ( s t i n g )  

which is, In t u r n ,  a t tached  t o  t h e  gas  bearinq. I n  o rde r  t o  

measure l i f t  and p i t c h  i n  t h e  chosen xy-plane, t h e  model i s  

r o t a t e d  90 degrees about t h e  f o r e  and a f t  axis. I n  other  

words, oonsidering a model of a conventional winged aircraft ,  

t h e  w i n g s  are v e r t i o a l  r a t h e r  than ho r i zon ta l .  I n  t h i s  wag 

l if t  is a fo rce  toward  one s i d e  of the  tunnel  and p i t c h  is 

a torque I n  the xy-plane. With t h i s  conf igura t ion  of model, 

motors, and sensors,  the  model we iqh t  is I n  t h e  z-direct ion.  

Thus, the  ob jeo t ive  of making the  s teady-s ta te  data Indepen- 

dent  of t h e  model weight i s  aooomplished, Figure (1-2) i s  a 

schematic of t he  side view showing the gas bearim, model, 

and model support arm. 

To t h i s  po in t  t h e  major emphasis has been on making 

t he  measurements independent of the  model weiqht,  but ano the r  

facttor t h a t  makes da ta  reduct ion d i f f i a u l t  i s  t h e  effect that 

a foroe i n  one direot ion h a s  on the  reading of o t h e r  f o r o e s  

beinq measured. This e f f e a t  i s  o a l l  cross-ooupling, and i ts  
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minimizr t ion i s  one of t h e  v r fmary  considerntlons In t h e  

desl-n of t h e  systet?. fie min imiza t ion  of cross-coupling 

w i l l  he scnsliered 12 C,q;i;ters III a n d  IV. 
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CHAPTER I1 

SYSTEN ANALYSIS 

AXALYSIS ASSUMING NO VISCOUS FRICTION 

The development of  t h e  t r a n s f e r  func t ion  and block 

diaqram f o r  t he  system, disregarding vlscous f r i c t i o n  I n  

t h e  qas bearin.?, fol lows t h a t  given by Moore and McVey (1). 

This s l rnpl l f ied  a n a l y s i s  Is presented because It w i l l  a id  

In understandinq t h e  design of t h i s  type of system. 

analysis is slso use fu l  f o r  ob ta in inq  Information about t h e  

s t eady- s t s t e  condi t ions of t he  system. 

The 

For the  purDoses of t h i s  development, t he  servos f o r  

l i f t  and  drag ( y  and x-direct ions r e s p e c t i v e l y )  w i l l  be con- 

s idered  indeDendent of each o t h e r .  The v a l i d i t y  of t h i s  

assumDtlon h e s  been v e r i f i e d  by Mason ( 4 ,  5 )  where  I t  I s  

shown t h t  the I n t e r a c t i o n  of the  servos ( c ros s -coud inq)  is 

of t h e  o rde r  of only 1%. 

t h e o r e t i c s l l y  t o  both d i r ec t ions .  

servo w i l l  be considered. 

The same a n a l y s i s  w i l l  apply 

Only t h e  x-direct ion 

The fo rce  balance eauatlon f o r  t h e  x-d i rec t ion  is 

where F I s  the  aerodynamic f o r c e  on the  model (draq i n  t h i s  

c a s e ) ,  F 

Is t h e  combined mass of the model, s t i n g ,  gas bear inq,  and 

motor arm (1.e. the mass supported by t h e  gas bear ing) .  

Is t h e  f o r c e  exerted b y  the  servo motors, and M m 

9 
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The force exerted by t h e  servo motors i s  prooor t iona l  

t o  t h e  cu r ren t ,  so 

F = K f i  m 
(2 -2)  

where K i s  t h e  constant  of Dropor t iona l l ty  r e l a t i n q  c u r r e n t  

t o  fo rce ,  
f 

assumlnq zero i n i t i a l  condi t ions,  and comblnlnq t h e  r e s u l t s  

y i e l d s  
a 

where 8 Is t h e  Laplace transform var iab le .  

The motor Inductance and servo amplifier ou tput  imped- 

anoe w i l l  be assumed neq l lg ib l e  i n  t h i s  f i rs t  s i m p l i f i e d  

ana lys i s .  This assumption will, of course, have to  be 

v e r i f i e d  for t h e  motors and amplifiers t h a t  are used. Wlth 

these assumptions, t he  r e l a t i o n s h i p  between t h e  inpu t  vo l tage  

t o  t h e  motor and t h e  motor a u r r e n t  Is 

e = l R + K %  m V 

where K Is t h e  baak emf constant  of' t h e  motor, and R is t h e  

r e s i s t a n c e  of t h e  motor winding. Taking t h e  Laplace t r ans -  

form of Eq, (2-4) ( aga in  assuming zero i n i t i a l  cond i t ions ) ,  

and so lv ing  fo r  t h e  motor cur ren t  y i e l d s  

V 

e ( 8 )  - sK X(S) 
l ( s )  = 

R 
( 2 - 5  1 
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The time aons tan t s  of t h e  servo amplifier can easily be 

much smaller than t h e  t i m e  aons t an t s  of t h e  mechanical 

of t he  system so they can be Ignored, Therefore t h e  

motor i npu t  voltage, %I, is t h e  servo error vol tage  times 

t h e  ga in  t o n s t a n t ,  K, of the  servo amplifier, 

A s a u m i n g  zero i n p u t  voltage (any inpu t  vo l tage  would 

simply be a do pos i t ion ing  voltage), t h e  servo e r r o r  s i g n a l  

is t h e  sensor  output  s i g n a l ,  Thus 

em = K es(s )  ( 2-6 1 

where t h e  phase r e v e r s a l  I s  int roduaed to  produce negat ive  

f eedbaok. 

The final element i n  t h e  loop is the  p o s i t i o n  sensor ,  

Any one of several types t h a t  are commercially a v a i l a b l e  can 
be used If t h e  largest time cons tan t  of t h e  sensor  chosen is 
much smaller than t h e  s i g n i f i c a n t  time cons tan t s  of the  

meahanfoal part of t h e  system. Because t h e  time cons tan t s  
of t h e  sensor  are no t  considered s i g n i f i c a n t ,  the  r e l a t i o n  

between sensor  output  and p o s i t i o n  is 

es(s) = KSx(s) ( 2-7 1 
where Ks is the  sensor  constant,  

The block diagram of Fig. (2-1) can now be drawn, This 

is the blook diagram for the system i n  which t h e  v~scous  
f r i c t i o n  of the  gas bearing has been assumed neg l ig ib l e .  

previously stated,  the Input  vol tage,  el, is simply a dc 

pos i t i on ing  voltage and does no t  e n t e r  i n t o  any of' the  . 

fol lowing oa lou la t ions  except t h e  c a l c u l a t i o n  of t h e  

As 
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Block Diagram o f  System N e g l e c t i n g  Viscous Friction 



I 
I ’  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 3  

s teady-s ta te  p o s i t i o n  I n  t h e  absence of a model force.  

The open loop t r a n s f e r  f i n c t i o n  w i t h  respect t o  inpu t  

pos i t i on  i s  

- MR 

Since t h i s  t r a n s f e r  funct ion conta ins  an i n t e e r a t i o n ,  t h e  

zero fo rce  pos i t i on  corresponds t o  t h e  pos i t i on ing  vol tage  

because t h e  s teady-s ta te  e r r o r  of a type 1 system i s  zero 

for a step input .  a 

A r e l a t i o n  between motor cu r ren t  and model aerodynamic 

f o r c e  can be derived by combining Eqs. (2-31,  (2-61, and 

(2-7). Thus, 

Under steady-state condi t ions an aerodynamic f o r c e  can be 

represented by a s tep  funct ion of magnitude F. Using t h i s  

f o r c e  and applying t h e  f i n a l  value theorem t o  I%. ( 2 - 9 )  

r e s u l t s  i n  
i =,F (2-10 1 

Kf 
ss 

wherg t h e  s t ep  of fame wa8 considered neqative.  

EQ. (2 -2 ) ,  we see that 

Recalling 

F = - F  m 
(2-11 1 



I .  
I- ' 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

14  

Thus the  model fo rce  is equal and oppos i te  t o  t h e  motor 

force ,  and t h e  aerodynamic fo rce  is propor t iona l  to  t h e  

s teady-s ta te  motor ourrent  w i t h  t h e  motor fo rce  constant  

being t h e  constant  of propor t iona l i ty .  

Another very important r e l a t i o n  t h a t  i s  e s s e n t i a l  t o  

t h e  design of  t he  system is t h e  equation r e l a t i n g  the  steady- 

s t a t e  displacement t o  t h e  system parameters. 

s t a t e  displacement must be known i n  o r d e r  t o  choose t h e  

sensors  and because the  cross-coupling of t he  f o r c e s  w i l l  be 

r e l a t e d  t o  displacement. 

The steady- 

Piyure (2-1) shows t h a t  t h e  t r a n s f e r  func t ion  r e l a t i n g  

p o s i t i o n  and inpu t  f o r c e  is 

1 

MR MR 
sz + KfKv, + KsKKf 

(2-12 ) 

Again t h e  fo rce  input  is assumed t o  be a s t e p  of magnitude' 

F, and applying t h e  f i n a l  value theorem y i e l d s  

=u 
xss KKsKf 

Referring again t o  F i g .  (2-1) w e  see t h a t  t h e  s teady-s ta te  

displacement i s  inve r se ly  Proport ional  t o  t h e  loop g a i n  

constant .  Since ga in  I s  r e l a t i v e l y  easy  t o  o b t a i n  (wi th in  

l i m i t s  imposed by s t a b i l i t y  cons ide ra t ions ) ,  t h e  displaaement 

i s  under t h e  designer 's  control .  

Preliminary ca loula t ions  of t h e  s teady-s ta te  
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displaeement can be made by assuming va lues  for t h e  system 

parameters. The approximate dosed  loop resonant frequency 

of the system can be obtained from Ea. (2-12) as 

2 = KKEIKf 
wn MR 

and t h e  loop  g a i n  aonstant  is 

K W f  Gain = - R 

Therefore 

2 
Gain = Mun 

(2-14) 

(2-15) 

(2-16 1 

By oombinlng E q S .  (2-13) and (2-16) t h e  steady-state dls-  

placement oan be expressed as 

(2-17 F 
xss = 

n 

If the  d o s e d  loop resonant frequency Is 30 Hz and t h e  

supported mass i s  estimated t o  be 8 pounds (mass) o r  0.25 

s lug ,  a model f o r c e  of 0.5 pound produces a displacement of 

0.000675 inoh or 0.675 m i l .  

of i n t e r e s t  is 0.5 pound t h i s  is the  maximum displacement 

if t h e  assumptions are cor rec t .  As the  reader 1s aware, 

these are Just  preliminary ca l cu la t ions .  A des igner  may 

simultaneously a o n t r o l  loop gain and bandwidth wi th in  practi- 

cal l i m i t s  through Gozapensation t o  meet development specifi-  

oat ions.  

Since t h e  maximum model f o r c e  
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I n  t h e  de r iva t ion  of t h e  previous block diagram, force 
was considered an  output  dis turbanoe w h i l e  t h e  input  w a s  the  

positioning; voltage, 

t h e  input  seems more l o g i c a l  than us ing  t h e  bearing pos i t ion-  

i n g  vol tage,  Fig. (2-1)  can be rearranged a s  shown i n  

Fig, (2-2). This block diagram has the aerodynamic fo roe  

as t h e  input  and displacement as t h e  output ,  If the 

pos i t i on ing  vol taqe  i s  disregarded (assumed t o  be ze ro ) ,  the  

block diagram can be reduced t o  t h a t  of Fig, (2-3). 

Since using t h e  aerodynamic fo roe  as 

ANALYSIS INCLUDING VISCOUS FRICTION 

I n  the  previous a n a l y s i s  any viscous f r i c t i o n  due t o  

t h e  gas bearing was considered t o  be neg l ig ib l e ,  bu t  a 

complete a n a l y s i s  f o r  dynamic cons idera t ions  must cons ider  

t h e  p o s s i b i l i t y  of an appreciable amount of vlscous f r i c t i o n  

(data supports  t h e  conclusion (2, 3 ) ) .  
Tr, der ive  t h e  appropriate r e l a t i o n s h i p s ,  B4. (2-1) i s  

modified t o  include t h e  e f f e c t  of  vlscous f r i c t i o n  which i s  

a funot lon  of t h e  time rate of change of pos i t ion .  Thus, 

0 0 .  

F + Fm - K,OX = MX (2-18 

where 5 is t h e  c o e f f i c i e n t  of viscous  f r i c t i o n .  

Laplacre transform and solving f o r  t h e  displacement y i e l d s  

Taking the  

(2-19 



n 

F i g u r e  2 - 2  

Block Ciagram Showing Aerodynamic F o r c e  a s  t h e  I n p u t  

F i g u r e  12-3 
S i m p l i f i e d  Block Diagram w i t h  Aerodynamic Force  I n p u t  
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Applying Es . (2-2 y i e l d s  

(2-20 ) 

The o t h e r  elements of t h e  block diagram are not  changed, 

so t h e  block diagram of Fig. (2-4) can be drawn. This block 

diagram can be al tered and reduced as before  t o  t h e  diagram 

Of F i g .  (2-5). 

Figure (2-5) can be used to  o b t a i n  the  closed loop 

r e l a t i o n  between displacement and force .  Thus 

(2-21 

The s teady-s ta te  displacement for t h i s  case can be ob- 

t a i n e d  by again assuming a s tep of magnitude F f o r  t h e  f o r c e  

and applying t h e  f i n a l  value theorem t o  o b t a i n  

= s f  
(2-22) 

Thus, t h e  s teady-s ta te  displacement Is Independent of 

t h e  vlscous f r i c t i o n ,  and t h e  resul t  of Eq. (2-13) is 

obtained. This w a s  t o  be expected s i n c e  t h e  vlscous f r i c t i o n  

is propor t iona l  t o  the  time r a t e  of change of t h e  d lsp lace-  

ment which is zero i n  the  s teady  s tate .  

Although vlscous f r i c t i o n  does not  affect  t h e  steady- 

state opera t ion  of t he  system, i t  oan e a s i l y  be shown t h a t  
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Figure 2 - 4  
Block Diagram w i t h  Viscous Fr ic t ion  Included 

I I 

F i g u r e  12-5 

S i m p l i f i e d  Black Diagram w i t h  Viscous F r i c t i o n  
Included and with.Force as I n p u t  
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it does a f f e c t  t h e  t r a n s i e n t  behavior and s t a b i l i t y .  The 

loop ga in  of the  system disregarding viscous f r i c t i o n  i s  

- - -  
2 MR s (CH ’without v i  scou s 

f r i c t i o n  

f r o m   fir^. (2-3).  The loop qa in  Including viscous f r i c t i o n  

I s  KK 
K K  s+-8 .~ 

= f--v v 
MR s(s+!L’ 

(GH)wi th  viscous 
f ri c t ion  M 

(2-24) 

f r o m  Fig,  (2-5). The root-locus r ep resen ta t ions  of a s .  

(2-23) and (2.24) are shown i n  Figs, (2-6) and (2-7) respec- 

t i v e l y ,  It can be seen from these  diagrams t h a t  t h e  analy- 

sis including viscous f r i c t i o n  shows t h a t  viscous f r i c t i o n  

Improves t h e  r e l a t i v e  s t a b i l i t y  of t he  closed-loop system 

f o r  a given loop gain constant.  

Because Cmss-couDllnq i s  a func t ion  of displacement, 

it would be desirable t o  e l imina te  t h e  s teady-s ta te  displace- 

ment. With the system described by Eqs. (2-23) or (2-241, 

t h i s  would only be poss ib le  w i t h  an i n f i n i t e  ga in  constant .  

The system can, I n  theory st least ,  be modified t o  e l imina te  

the steRdy-stRte displacement by l n s e r t i n q  an  i n t e g r a t i o n  i n  

accoml l shed  i n  t h e  DhySiCd system, t h e  s teady-s ta te  d i s -  

placement would be zero for any f o r c e  inpu t  w i th in  t h e  l i m i t s  

of t he  system. This should be a subJect for future research, 
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F i g u r e  2 -6  

Root  Locus  o f  System D i s r e g a r d i n g  Vis u s  F r i  t i o n  

F i g u r e  2-7 

Root Locus  o f  System I n c l u d i n g  V i s c o u s  F r i c t i o n  
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I n  a l l  of t h e  previous a n a l y s i s ,  resonances i n  t h e  

various mechaniaal parts o f  t h e  system have been disregarded. 

Thus, the  loop g a i n  w i l l  probably be inf luenced by factors 

i n  the actual model t h a t  have n o t  been considered, These 

f a o t o r s  w i l l  be oonsidered i n  Chapter V where actual data 

am used f o r  f i n a l  design. 

The a n a l y s i s  presented i n  t h i s  chapter p re sen t s  a ' theory  

for fome measurements i f  t h e  assumptions are va l id .  The 

problem areas and components which need detailed considera- 

t i o n  t o  b u i l d  an  a o t u a l  sys tem are: 

1. Motors 

A. Cross-ooupling between perpendicular  forces i n  

t h e  plane and p i t ch  moment 

B. Motor force r a t i n g  of 0.5 pound 

C. Drift s e n s i t i v i t y  

2, Sensors 

A, Resolution 

B. Mechanical a learance 

C. Produotion of undes i rab le  f o r c e s  

D, Time oonstants 

E. Cross-coupling 

3. Amplifiers 

A. Time oonstants 

B, Drift s t a b i l i z a t i o n  
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4. Mechanical 

A. Resonances of string, motor arm, and sensor 

mou t lngs 

A l l  of these topics are considered In the chapters which 

follow. 
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CHAPTER I11 

MOTOR DESIGN 

A f t e r  t h e  o r i S i n a l  idea fo r  the system had been 

conceived and t h e  Implementation of  t h e  Idea had begun, i t  

was r e a l i z e d  t h a t  the  single most c r i t i ca l  component of t h e  

c o n t r o l  system was t he  servo motor. This i s  true because t h e  

amount of cross-coupling between the measurements I s  pr i -  

mar i ly  determined by t h e  amount of cross-coupling generated 

by the  servo motors and because c e r t a i n  t y p e s  of motors have 

"off c e n t e r  forces" ( 8 )  which oan resul t  in an open loop 

u n s t a b l e  system, Such a system i s  undes i rab le  because it 

would, a t  best, be cond i t iona l ly  (Nyquist)  s table  and beoause 

these forcres e n t e r  i n t o  sys t em error  considerat ions.  If t h e  

maximum fo rce  were app l i ed  i n  one d i r e c t i o n ,  0.5 pound, and 

t h e  minimum fo rce  were a p p l i e d  I n  t h e  o t h e r  d i r e c t i o n ,  

0.005 pound, a moss-coupling foroe  generated by t h e  servo 

motors i n  t h e  first d i r e c t i o n  of 1% of maximum f o r c e  would 

be equal t o  t h e  appl ied  force I n  the  other  d i r e c t i o n ,  This 

would make data  reduct ion far more d i f f i c u l t  than i f  t h e  

cross-coupling were negl ig ib le .  

In  a d d i t i o n  t o  t h e  mlnimlza t~on of cross-coupling, t h e  

motors must meet maximum force  requirement of 0.5 pound i n  

each of the  coordinate  d i r ec t ions .  Two servo motors were 

used t o  provide t h e  necessary f o r c e  i n  each d i r e c t i o n  because 
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two motors were required to  n u l l  the  torque component, and it 

was more economical t o  bu i ld  four ident ical  motors. There- 

fore ,  eaeh servo motor must be capable of providing nalf the  

maximum foroe  or 0.25 pound. Each servo motor must be 

capable of providing t h i s  maximum force for t h e  f u l l  period 

of opera t ion  without damage o r  d r i f t  due t o  overheating. A 

maximum run-time f o r  t h e  system will be on t h e  o r d e r  of 

several minutes. 

For the  reason s ta ted above, i t  w a s  decided t h a t  t h e  

system should be made open-loop stable. This meant t h a t  a 

type of motor had t o  be adopted which would exert  no f o r c e  

when no current was applied. I n  order t o  accomplish t h i s ,  

u s ing  magnetio principles,  t h e  f l u x  p a t h  of e i the r  t h e  f i e l d  

or the  amature had t o  be through a i r  ra ther  than through a 

magnetlo material. 

Two types of motors were inves t iga t ed  t h e o r e t i c a l l y  

The first type of motor before  a f i n a l  ohoice was made. 

t h a t  was oonsidered was t h e  loudspeaker type of motor (also 

called shaker type for v i b r a t i o n ) .  

foroe 18 produoed by t h e  i n t e r a c t i o n  of the  f ie lds  of a 

pemanent  magnet and an  electromagnet. 

eleotromagnet la concentr ic  w i t h  t h e  permanent magnet, and 

t h e  permanent magnet is mechanically connected t o  t h e  

moveable ann of the balance system. 

t h e  d i s t i nc t  advantages of being easy and inexpensive t o  

oonstruet ,  but the  t h e o r e t i c a l  i n v e s t i g a t i o n  revealed that 

In t h i s  type of motor t h e  

The frame of t h e  

This type of motor has 
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the  crass-coupling between the  perpendicular  forces W a s  a 

f i r s t - o r d e r  e f f e c t  w i t h  respec t  t o  displacements i n  the plane 

of t h e  measurements (6). 

desirable, t h i s  type of motor w a s  no t  used f o r  t h e  prototype, 

Since cross-coupling i s  very un- 

Another type of motor t h a t  w a s  i n v e s t i s a t e d  was a motor 

der ived from work t h a t  has been done on maqnetic support 

systems (7, 8). Magnetio support  systems have been t h e  

subJect of extensive research a t  t h e  Univers i ty  of Virginia.  

The purpose of t h e  previous work w a s  t o  support  and p o s l t i o n  

a small piece of magnetic material, and apparent ly ,  t h i s  i s  

t h e  first a p p l i c a t i o n  of t h i s  theory t o  anything o t h e r  than  

a magnetic support system, A brief t reatment  of some o f ,  

t h e  theory g o v e n l n q  t h e  operat ion of t h i s  type of motor is 

presented i n  Appendix A. 

n 

I n  simplest terns the  opera t ion  of t h i s  type of motor 

may be explained w i t h  the a i d  of  F i g ,  (3-1). 

diaqrams of Fig .  (3-1) the  permanent magnet, which Is 

mounted v e r t i c a l l y  as shown on t h e  magnet and sensor  support 

arm (see F i g ,  ( 1 - l ) ) ,  I s  i n  t h e  f i e l d s  of two electromagnets 

w i t h  t h e i r  poles o r i en ted  as shown, For t h e  only  two possi- 

ble o r i e n t a t i o n s  of the  poles of t h e  electromagnets ( t h e  

electromagnets are oonneeted i n  series wi th  opposing f i e lds ) ,  

In  t h e  

t h e  d i r e c t i o n s  of the  forces  are as shown, As shown i n  

Appendix A, the  force on the permanent magnet i s  perpendicu- 

l a r  t o  t h e  magnetio moment when the  ang le  between the moment 
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F i g u r e  3 - 1  

Operation o f  Servo Motors 
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and the  a x i s  of symmetry of' t h e  g rad ien t  c o i l s  is t a n - l n .  

F'urthexmore, t h e  fo rce  i s  i n  t h e  plane fanned by t h e  axis Of 

symmetry of t h e  g rad ien t  c o i l s  and the v e r t i c a l  l i n e  i n t e r -  

sectin..; t h e  axis. Thus, it takes two co i l s  and a permanent 

margnet t o  make one motor, but a second motor w i t h  I ts  f o r a e  

perpendioular  t o  t h e  first can be made by t he  a d d i t i o n  of 

t w o  c o i l s  w i t h  t h e i r  axis  of symmetry perpendicular  t o  t h e  

ax i s  of' symmetry of t h e  first two, 

pleted motor f o r  t h e  prototype i s  shown i n  F i g .  

shows t h e  o r i e n t a t i o n  of' the  magnet and c o i l s  f o r  t h e  x and 

y-direct ion motors of  one s i d e  of t he  balance system, 

A blcrture of a com- 

(3-2).  This 

Two souraes of  cross-couplinq f o r c e s  a r e  present  in t h e  

c o i l  ax i s  aliqnment. Jenkins and Parker ( 7 )  have shown t h a t  

9. f o r c e  i s  qenemted p a r a l l e l  t o  t h e  d i r e c t i o n  of the  moment 

which i s  coubled t o  t h e  desired fo rce  t o  t h e  f irst  o rde r  In 

t h e  error of the  angle  between t h e  g rad ien t  c o i l  axis  and 

t h e  moment. This f o r c e  component has  no e f f e c t  on t h e  

balance system since the  moment is v e r t i c a l  (in t h e  z- 

d i r e c t i o n  of the system coordinates) ,  and the re fo re ,  

force works a z a i n s t  t h e  gas bearinq. 

coupling f o r c e  i s  due t o  misalignment of t h e  motors w i t h  

r e spec t  t o  t h e  system coordinates.  

e f f e c t  a l s o  and can o n l y  be minimized w i t h  very c a r e f u l  

alignment of t h e  motors. 

the  

The second cross- 

This i s  a f irst  o rde r  

The motors shown i n  Fig. (3-2) were not  designed w i t h  

t h e  a i d  of t h e  design eauation t h a t  was developed I n  
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Figure 3 - 2  

Completed Motor 



Appendix A because experiment showed t h a t  t h i s  eauation w a s  

no t  accu ra t e  enough, The motors were designed on the  bas i s  

of t h e  f i e l d  due t o  a s ing le  c i r c u l a r  loop and measurements 

t h a t  were made on an experimental model. 

The experimental model was constructed using a perman- 

e n t  ma..;net t h a t  was ava i lab le .  This magnet w a s  made of 

Alnico V and was two inches long by 1/4 inch  diameter. The 

g rad ien t  0011s were wound w i t h  20 t u r n s  of Y20 magnet wire 

w i t h  a mean diameter of 2 .5  inches and a spacins  between 

c o i l s  of 3.25 inches.  The fo rce  exer ted  by t h i s  motor f o r  

var ious  c o i l  c u r r e n t s  was determined by supportinq t h e  

permanent magnet on a Dan balance. 

In o rde r  t o  ob ta in  an  a n a l y t i c a l  expression t h a t  could 

be e a s i l y  minimized w i t h  respec t  t o  t h e  var ious  parameters, 

Eqs. (A-22) and (A -24 )  of Appendix h were combined t o  give: 

2 M VIa Z 
IF1 = 2.66 x Ioo6 ;““t 

2 2 5 2  a +z ) 
0 

This is t h e  equation f o r  t h e  f o r c e  on a moment due t o  two 

single t u rn  circular loops o r i e n t e d  as shown i n  Fig. ( 3 - 3 ) .  
When t h i s  equation was m u l t i p l i e d  by the  number of turns  

and t h e  va lues  of t h e  parameters s u b s t i t u t e d ,  it w a s  found 

t h a t  t he  foroe was s l i g h t l y  less than two orders of magni- 

tude greater than t h e  force determined by t h e  experiment 

described above, On t h e  basis of these  r e s u l t s  i t  w a s  
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decided that t h e  number o f  turns of t h e  f i n a l  design should 

be 100 times t h e  number Indicated by t h e  s o l u t i o n  of 

m. (+U. 
By t r i a l  and error Inves t iga t ion  of m. (3-1) and de- 

masnet izat ion and energy produce curves furnished by a 

marmfaoturer ( 9 1 ,  an optimum magnet s i z e  was chosen on the  

bas i s  of t he  product of moment and volume. 

chosen was made of Alnlco V and was 2.25 Inches long w i t h  a 

diameter of 0.5 inch. 

The magnet 

Once t h e  magnet s i z e  had been chosen, t h e  c o i l  spacing 

from f r o n t  faoe to f r o n t  faoe  oould be determined graphioal-  

l y .  On t h e  basis of  t h i s  dimension, a mean c o i l  spacing was 

ohosen for use in the solution of Eq. (3-1). The mean 0011 

spaoing t ha t  was ohosen was 2.75 inohes. Since t h e  mean 

c o i l  spac1nK Is f ixed by geometric cons idera t ions ,  Ea. (3-1) 

can be used t o  determine the  c o i l  r ad ius  t h a t  w i l l  g i v e  t h e  

maximu9 force. Taking the p a r t i a l  d e r i v a t i v e  of Ea. (3-1) 

w i t h  respeot  t o  t h e  rad ius  and setting t h e  result equal t o  

zero gives :  
2z0 a = - = 1.12 inohes 
J6 

This i s  t h e  mean c o i l  radius t h a t  w i l l  be used I n  t h e  design. 

The remaifider of t h e  motor design c o n s i s t s  of f i n d i n g  

t h e  shape and dimensions of t h e  co i l s  t h a t  w i l l  meet t h e  

mean spacing and radius s b e c i f i c a t i o n s  t h a t  have been deter- 

mined. Af t e r  t h i s  i s  completed, the  number of turns, s l z e  
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of wire, and cu r ren t  can be determined and the r e s u l t l n q  

design can be checked by s u b s t i t u t i o n  i n t o  4, (3-1) and 

a p p l i c a t i o n  of t h e  mul t ip l i ca t ion  f a c t o r  that was experi- uen- 

t a l l y  determined. 

I n  o r d e r  t o  Insure  t h a t  the  c o i l s  can be f i t t e d  w i t h  

the  c o r r e c t  gebmetry, It  i s  neoessary to  detennlne the  ang le  

between t h e  axes of symmetry of the ctoils so that t h e  0011s 

can be s i zed  and shaped t o  prevent crowding, This angle 

can be detezmined w i t h  t he  a i d  of Fig, (3-41, 

V and V2, are u n i t  vec tors  i n  t h e  same d i r e o t l o n s  as the 

c o i l  axes. 

The vec tors ,  
A A 

1 
They may be expressed as: 

If B I s  defined as t h e  anqle 

‘ A  

between the  

( 3-4 1 

two vectors ,  then  

With t h i s  anqle and t h e  mean c o i l  spacing, a graphical 

determination of the s i ze  and shape of the  0011s can be 

made, keeping in mind the  mean c o i l  radius spec i f loa t ion .  

The shape t h a t  was chosen I s  shown in Fig, (3-21, and t h e  

dimensions are I 

Coil spaolns  (face to face) - 2.25 Inches 

Outside 0011 r ad ius  (magnet side face) - 0.75 lnoh  
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F i g u r e  3-4  

V e c t o r  D e t e r m i n a t i o n  o f  Angle Between 
Gradient C o i l  A x e s  
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Outside co i l  r ad ius  (opposi te  f a c e )  - 1.75 Inches 

Inside a011 rad ius  - 0.5 inch 

Coil length - 1.5 inohes 
The values  of t h e  parameters were s u b s t i t u t e d  i n t o  

Eq. (3.1). and the  equation was solved for t h e  NI o r  amp- 

turn product, 

t h e  result was 3000 amp-turns f o r  a f o r c e  of 0.25 pound. 

Af t e r  cons idera t lon  of spaoe a v a i l a b l e  on t h e  c o i l  forms, 

When t h e  mul t ip l i ca t ion  factor was Included, 

current requirements, wire s i z e ,  and hea t ing  due to  I 2 E l o s s ,  

I t  w a s  deolded t o  use  1000 turns of' #20 enameled copper wlre 

on emoh motor ooil. This f i x e d  the  marlmum c o i l  ourrant a t  

t h r e e  amps. 

The four motors were oonstructed t o  the  s p e o l f l a a t l o n s  

given by the design. 

stant, data was taken by applying a known f o r c e  t o  the sha f t  

attaohed to  the  gas bearing and then Increas ing  the c u r r e n t  

through t h e  g rad ien t  oo l l s  u n t i l  the  gas bearing moved from 

its meehanloal stop. I h e  results of' t h i s  experlment were 

s u f f i c i e n t l y  aocurate t o  prove the design. The results are 

shown i n  fig, (3-5) I n  t h e  fom of fo rce  data, This f i g u r e  

shows t h a t  t he  design was q u i t e  aoourate  d e s p i t e  i t s  approx- 

imate nature because ex t rapola t ion  of the data l n d l o a t e s  t h a t  

a forae of 0.25 pound requ i r e s  a c o i l  cu r ren t  of 2.62 amps. 

Sinae t h e  r e s i s t a n c e  of the two s e r i e s  o o l l s  w a s  9.4 ohms, 

t h e  power required by the motors was found to be of a l e v e l  

t h a t  could be de l ivered  by power t m n s l s t o r s ,  Thus, the  

I n  o rde r  to determine the  motor aon- 



2 . 4  
I 

Motor F o r c e  ( p o u n d s )  

F i g u r e  3-5 

S e r v o  Motor  F o r c e  C h a r a c t e r i s t i c  
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servo c m p l l f l e r s  t h a t  are r eau i r ed  have a power spec i f l ca -  

t i on  t h z t  can be r e a l i z e d  p r a c t i c a l l y ,  

The lnductcnce of one of t h e  motors was measured t o  

va l ida te  t h e  assumption t h a t  t h e  inductance was n e g l i g i b l e  

at t h e  f requencies  of  i n t e r e s t .  The measured inductance 

was 6,8 mil l ihen r i e s .  At 30 Hz, t h e  induct ive  reac tance  of 

a notor i s  1.3 ohms which  oan be considered nezligible since 

the  system response drops m p i d l y  beyond 30 Hz, 
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CHAPTER I V  

COMPONENT DESCRIPTION 

SENSORS 

It w a s  shown I n  Chap te r  I1 t h a t  t h e  steady-state 

dlsplaoement error for maximum f o r c e  inpu t  was s l i g h t l y  

greater than 0.0005 inch for the  assumed parameters. Since 

the  s teady-s ta te  displacement 1s propor t iona l  t o  t h e  force 

input, the displacement fo r  minimum fo roe  inpu t  should be 

s l i g h t l y  greater than 5 micro-Inches. Thus t h e  f irst  

requirement f o r  the  sensors  i s  a r e s o l u t i o n  of a f e w  micro- 

inches,  

The seaond requirement t h a t  the sensors  must meet Is a 

clearanoe speo i f i ca t ion ,  Since t h e  senso r s  are being used 

e0 sense d isp laoenents  i n  perpendicular  d i r e c t i o n s ,  suff l -  

o i e n t  olearanae must be provided so t h a t  t h e  sensor  perpen- 

d i c u l a r  t o  the  d i r e c t i o n  of t h e  appl ied  f o r c e  w i l l  no t  tend 

t o  l i m i t  the  dlsplaoement. This establishes the  olearanoe 

t h a t  is needed t h e o r e t i c a l l y ,  bu t  t h e  practical  problem of 

a l i g n i n g  the system requires tha t  a considerably greater 

amount of c learance  be provided. 

The t h i r d  requirement Is  a bandwidth of a t  least  t e n  

times the  crossover  frequenoy of t h e  mechaniosl p a r t  of 

t h e  system, T h i s  was assumed i n  Chapter I1 and is necessary 

t o  prevent t h e  sensor  from adverse ly  affecting the s t a b i l i t y  

of the  system. A re la ted requirement determines the  
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e x c i t a t i o n  frequency t h a t  may be used by t h e  sensors ,  

frequenay should be many times t h e  crossover  frequency of 

t h e  system i n  o r d e r  t o  prevent t h e  por t ion  of t h e  e x c i t a t i o n  

t h a t  remain8 a f t e r  f i l t e r i n g  from producinq motion i n  the 

system, 

This 

Since t h e r e  are two deqrees of freedom i n  t h e  system 

t h e r e  are two further requirements t h a t  t h e  sensors  must 

meet which are  less  obvious but j u s t  os important a s  t h e  

ones already oonsldered. 

with  t h e  igeneration of forces by t h e  sensors  i n  t h e  dlreo-  

tlon in whloh displacement i s  being sensed. Any f o r a e  of 

t h i s  type whiah I s  generated should be much less than the  

smallest force of i n t e r e s t ,  0.005 pound, so t h a t  c a l i b r a t i o n  

w l l l  not be affected, 

forces perpendicular  t o  the d i r e c t i o n  i n  which displacement 

f 8  being sensed. 

readout as does a f o r c e  Kenerated i n  t h e  d i r e c t i o n  o f  sen- 

sing, but I t  m u l d  also lead to  an i n s t a b i l i t y  due t o  open 

loop  poles i n  t h e  r i g h t  h a l f  of the  complex frequency plane 

because of the cross-couplinq of the  servos I n  t h e  two 

d i r e c t i o n s .  

The first of these Is concerned 

The second concerns genera t ion  of 

A fo rce  of t h i s  type leads t o  a fa lse  

The l a s t  special reaulrement t h a t  t h e  sensors  for t h i s  

system must meet I s  t h e  requirement t h a t  t h e  sensor  con- 

s t a n t  should be re la t ively independent of  small displace- 

ments perpendioular  t o  t h e  sensing d i r e c t i o n ,  

gain anywhere i n  t h e  loop changes the s t i f f n e s s  of the  servo, 

A change i n  



Furthermore, FJ h i q h  p i n  cons tqnt  is a qood property,  but 

a d d i t i o n a l  ge in  oan be obtoined through a m p l l f l c ~ t i o n .  

After cons idera t ion  of these s p e a i a l  reaulrements as 

w e l l  a s  a v e l l a b l l l t y ,  price, r e l i a b l l l t y ,  and ease of Instal-  

l a t i o n ,  i t  was decided t h a t  l i n e a r  v a r i a b l e  d i f f e r e n t i a l  

t ransformers  (abbreviated LVDT) would be used f o r  t h e  three 

d i s n l e  cement sen so r6. 

The LVDT converts  mechanical dlsDlacement I n t o  a vo l t age  

that i s  propor t iona l  t o  t h e  displacement (10). It c o n s i s t s  

of a maqnetic core  t h a t  is a t t n c h e d  to t h e  movable member 

and a body which oontalns three separate windings as  shown 

schematlaal ly  i n  Fig. (4~1). The primary is energized wi th  

an a l t e r n a t i n g  cu r ren t ,  and t h e  pos i t i on  of t h e  core deter- 

mines t h e  amount of oouplinp: t o  t h e  two secondary windings ,  

Ihe  secaneary windings are connected i n  ser ies  opposi t ion,  

so t he  o u t m t  1s t h e  d i f f e rence  between t h e  vol tages  

Induced In the two w i n d i n g s .  At t h e  bo ln t  where t h e  two 

induced oo l t aqes  are e a u d  there Is a null or zero outlnxt 

pos i t ion .  As the  core moves f r o m  one side throuqh t h e  null 

pos i t i on ,  t h e  phase of t h e  o u t m t  s h i f t s  by 180°. The out- 

put t o  the  system is obtained by phase de tec t ion ,  r e o t l f i -  

cation, and f i l t e r i n y .  Thus t h e  output  t o  t h e  sys t em I s  a 

d i rec t  cu r ren t ,  t he  voltsrl;e of which i s  bropor t lona l  t o  the 

dlsDlaoement f r o m  n u l l  Dosition and t h e  p o l a r i t y  of which 

i s  determined by t h e  s i d e  of n u l l  pos i t i on  t h a t  t h e  core  Is 

on. 
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LVDT's are commeroially available i n  two types accord- 

i n g  t o  construot ion.  The f irst  has a separate t ransformer 

and carrier-demodulator assembly, and the second type i s  

wholly oontained in one u n i t .  The f irst  type is u s u a l l y  a 

better (and more expensive ) LVDT because space l i m i t a t i o n s  

do no t  require the s a o r i f i c e  of r i p p l e  and d r i f t  to le rances .  

Both types were used i n  t h e  balanoe system because two of  

the self-oantained u n i t s  were a v a i l a b l e  a t  no cost. The 

first type was used for  sensing the  x-direct ion dfsplaoe- 

rnents while t h e  two self-contained u n l t s  were used to  sense 

g-direation displaoements, 
The s p e o i f i c a t i o n s  of t h e  sensors  as provided by the 

manufaoturere (11, 12) are l i s ted  below3 

X-DIRECT1 ON SENSOR 

LVDT 

Manufaoturer - Sohaevitz Engineering Company 

Model Number - OlOMS-L 

Linear  Range - 0.010 inch  each s ide  of n u l l  

S e n s i t i v i t y  - 4.6 mv/0,001 inch/vol t  i n p u t  a t  

20,000 Hz with 0.5 megohm load 

Radial Clearance - 0.008 inch each side of  c e n t e r  

L inea r i ty  - ,+ 0.5% of maximum l i n e a r  ou tput  

CABBf: EB-AMPLIFIER-DEMODULATOR UNIT 

Manufaoturer - Schaevitz Engineering Company 

Model Number - CAS-20,000 

Carrier Frequency - 20,000 Hz 
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Frequency Response - D. C. t o  250 Hz + 1 db 

a p p l e  - 25 mv-ms maximum 
c 

Output Impedance .L 1000 ohms mcrximuni 

Gain S t a b i l i t y  - 0.5% (after 15 minutes) 

S e n s i t i v i t y  - A. C. amplifier ga in  adjustable f r o m  

1 t o  100 

Transducer Exal ta t ion - 1.25 v o l t s - m s ,  0 ,5  va 

Overall Maximum S e n s i t i v i t y  - 375 vo l t s / i nch  

Y-DI RECTI ON SENSOR 

Manufaaturer - G, L. Col l in s  Corporation 

S e n s i t i v i t y  - 44 vol t s / lnoh  

Badlal Clearance ( a f t e r  machlninq) - 0,010 inch  each 

side of ten ter  

Carrier Reouency - 4,000 Hz 

“he remaining s p e o t f i c a t i o n s  are similar t o  those  

given above. 

The last speoial requirement placed on t h e  sensors  for 

t h i s  system, low cross-ooupling, was easy t o  check when one 

of the units had mrlved, The sensor  was mounted r i g i d l y  t o  

a frame, and the oore was at taohed to  a miammeter which w a s  

a t t ached  t o  t h e  frame. Then t h e  output  as a func t ion  of 

displacement was recorded for t h e  core d isp laced  t o  one side 

of t h e  sensor  barrel. Then t h e  experiment was repeated w i t h  

t he  core d isp laced  t o  t h e  o the r  side of t h e  barrel. The 

results of t h i s  experiment are plot ted i n  Fig, (4-2). “he 

fact  t h a t  t h e  n u l l  p o s i t i o n  I s  not  t h e  same f o r  both cases 
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I s  n o t  s i g n i f i c a n t  because t h e  system output  ( f o r c e  reading)  

i s  independent of the n u l l  pos i t ion ,  and, i n  add i t ion ,  i t  may 

be explained as an e r r o r  i n  the experiment. 

attached t o  the  frame by means of a screw which had t o  be 

loosened when the core pos i t ion  with respect t o  the radial 

d i r e c t i o n  was changed. 

it was not  t ightened t o  the same degree r e s u l t i n g  i n  a small 

displacement i n  the sensing d i r e c t i o n .  

t h a t  t h e  g a i n  i s  independent of radial displacement within 

the limits of t h i s  experiment. The t h i r d  curve on Fig. (4-2) 

is data t h a t  was taken when the  phase c o n t r o l  on t h e  c a r r i e r -  

amplifier-demodulator un i t  was set  a t  some pos i t i on  o t h e r  than 

that  which gave maximum output. 

i n su r ing  that  t h i s  cont ro l  i s  proper ly  adjusted.  

The sensdr was 

When t h e  screw was again t i gh tened ,  

This f i g u r e  does show 

This shows t h e  importance of 

Information furnished by t h e  manufacturer shows t h a t  t h e  

LVDT with an excitation of 20,000 Hz exerts a force i n  the 

sensing d i r e c t i o n  which i s  l e s s  than one m i l l i g r a m  (13). 
Since the smal les t  fo rce  o f  i n t e r e s t  i s  O.OO5 pound or 2.2 

grams,  the core p u l l  i s  negl ig ib le .  

AMPLIFIERS 

There are three servo loops i n  the balance system, but  

there are a c t u a l l y  fou r  motors. 

two of the motors provide the x-d i rec t ion  balance f o r c e  by 

working i n  parallel. Since the four  motors had i d e n t i c a l  

As stated before  (Chapter I )  

c h a r a c t e r i s t i c s ,  i t  seemed more economical t o  design fou r  

i d e n t i c a l  ampl i f ie rs  and have the two x-d i rec t ion  amplifiers 
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dr iven  by t h e  same sensor output. T h i s  was more economioal 

i n  terms of design time, power supply cos t ,  and ea88 of 

maintenmoe. 

The f i rs t  requirement t h a t  t h e  amplifiers must meet 1s 

The amplifiers i d e a l l y  a fseauency response spec i f i ca t ion .  

would have a r e l a t i v e l y  f l a t  response from dc t o  a frequencly 

a t  least  t e n  tlmes the crossover frequency of t h e  mechanioal 

part of the  system. Making t h e  cutoff  frequency of the 

a m p l i f i e r  so high wi th  respect  t o  t h e  cutoff  frequency of 

the  mechanical part of t h e  system minimizes t h e  effect  of 

the amplif ier  time constant8 on t h e  stability of the system. 

A s  previously s t a t ed ,  t h e  motors r equ i r e  2.62 amps t o  

Sinoe pmduce 0.25 pound fo rce  as requi red  by t h e  system, 

the y-direot lon motors must produce a force in both the 

posit ive and neqative y-direct ions,  the  amplifiers must be 

capable of providing a t  least 2.62 amps i n  both d i r e c t i o n s  

throuyh the  gradien t  coils of t h e  motors. The resistance of 

t h e  Tmdient  o o i l s  i s  9.4 ohms. 

Since dc amplifiers cannot employ c a p a c i t o r  o r  t rans-  

former ooupllng between staqes, one of t h e  most s e r i o u s  

design problems f o r  dc amplifiers i s  t h e  e l imlna t lon  of 

d r i f t  due t o  changes I n  b i a s  and opera t ing  c h a r a o t e r i s t i o s  

of the  oomponents. Many schemes have been devised t o  

a l l e v i a t e  t h i s  problem, but most of these are l imlted by 

praot ical  cons ldera t lons  t o  r e l a t i v e l y  low power applloa- 

t i ons ,  Sinae each of the  four amplifiers must be able to  



4 .  
I- - 

I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

pmvlde about 85 watts maximum, it was decided that I t  w a s  

eoonomiaally lmpraotioal t o  adabt any of the  low power con- 

f igu ra t ions .  

A f t e r  cons idera t ion  of  s eve ra l  types of direot-coupled 

ampllflers, t h e  oonflqurat lon shown schematioally i n  

Fig, (4-3) was ahosen, The c u r r e n t  sourae on the r i g h t  

produaee three amps ( t h e  a d d i t i o n a l  c u r r e n t  was added as a 

design s a f e t y  f a c t o r )  r e p r d l e s s  of t h e  load o r  the  output 

of t h e  other  czurrent source. The cu r ren t  source on t h e  

l e f t  Is biased t o  produce three amps w i t h  zero i npu t  f r o m  

t h e  sensors.  Under t h i s  condi t ion  t h e r e  w i l l  be no c u r r e n t  

through t h e  g rad ien t  co l l a ,  and t h e  f o r c e  w i l l  be zero. As 

t h e  inpu t  vo l tage  becomes p o s i t i v e ,  t h e  cu r ren t  through the  

l e f t  current source decreases, and t h e  cur ren t  through t h e  

g rad ien t  coils Is equal  to t h e  decrease. The d i r e c t i o n  or 

the current w i l l  be downward thrauqh t h e  C O i l S m  If the  

input vol taqe  becomes negative,  t h e  cu r ren t  through the 

l e f t  ou r ren t  souroe increases ,  and t h e  cu r ren t  throuTh t h e  

g rad ien t  0011s i s  equal  to t h e  increase ;  but Its d i r e c t i o n  

is now upward through the Coils .  Thus, t h i s  con f lgumt lon  

is aapable of providing three amps I n  e i ther  d i r e c t i o n  

through t h e  g rad ien t  aoils. 

A sehematlc diagram of the servo a m p l i f i e r s  Is shown 

in Fig. (4-4). The port ion of t h e  sahematlc enclosed I n  

dashed llnes is the  oonstant ourrent generator .  It  1s pro- 

vided wi th  an e n t i r e l y  separa te  bias supply i n  order t o  
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i s o l a t e  I t  f r o m  v a r i a t i o n s  i n  t h e  main supply which feeds 

four servo amplifiers. The amount of cur ren t  provided by 

a l l  

this Kenemtor is adjustable over  a limited range by ad3ust- 
ment of the  values  of R,, and Rz, With t h e  values shown, t h e  

source produces three amps, 

The remainder of the  schematia Is t h e  vo l tage  con t ro l l ed  

c u r r e n t  souroe. 

biased t o  produce three amps. As t h e  inpu t  vo l t aqe  becomes 

p o s i t i v e ,  the  cu r ren t  provided by t h i s  source i s  decreased; 

and, as t h e  i n p u t  vol tage becomes negative,  t h e  our ren t  Is 

increased. Sinoe t h e  sensor  output  i n  the  x-direct ion for 

0.5  m i l  displaoement is 0.288 volts,  t h e  yain of t h i s  c u r r e n t  

source w a s  designed so that an input  of 0,288 v o l t s  would 

produae a our ren t  of s i x  amps. 

adJusting the  va lues  of R and R4, 

With no voltage a t  t h e  input, t h e  source I s  

This g a i n  can be changed by 

3 
The design of the servo amplifiers I s  a s t ra ight forward  

procedure, and, t he re fo re  t h e  de t a i l s  w i l l  not be presented. 

One very important oonsideratlon, however, is the  power 

d i s s i p a t i o n  of the  four para l le l  t r a n s i s t o r s  i n  t h e  aons tan t  

c u r r e n t  source. 

the  vol tage  drop a a m s s  these t r a n s i s t o r s  is 35 v o l t s  

( ignor ing  the drop aoross t h e  emitter resistors and sensing 

resistor). 

d i s s i p a t i o n  I s  lo5 watts. However, when t h e  other  c u r r e n t  

source 1s producing s i x  amps, t h e  drop a c r o s s  the oonstant  

c u r r e n t  souroe power t r a n s i s t o r s  is 70 v o l t s  (aga in  Ignoring 

When there Is no i n p u t  t o  the amplifier, 

The total  current  is  three amps, so t h e  power 
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o t h e r  drops)  while t h e  cur ren t  Is  sti l l  three amps. The 

power d i s s i p a t i o n  Is now 210 watts. Sinoe the system should 

be capable of balancing the maximum f o r c e  i n  e i the r  direc- 

t i o n  f o r  e sus ta ined  perlod of time, an adequate means of 

heat d i s s i p a t i o n  must be provided for t h i s  power level. 

With no fo rce  input  t o  t h e  system, t h e  power dissipa- 

t i o n  i n  the power t r a n s i s t o r s  of the  two c u r r e n t  sources i s  

210 watts. This i s  a large standbye consumption, but s l n c e  

run times w i l l  be r e l a t i v e l y  short  ( s e v e r a l  minutes a t  most) 

and the  system w i l l  a lways  have a more t h a n  adequate supply 

of power available, t h i s  amount of d i s s i p a t i o n  i s  n o t  exces- 

sive. 

Four servo ampl i f i e r s  were constructed us ing  t h e  

schematic of Fig. (4-4) and mounted on a r e l a y  rack as 

shown i n  F1.5. ( 6 - 3  ) *  The two power supplies were mounted 
I below the amplifiers and were separated by a switch panel. 

The switohes on t h e  switch panel were arranged so t h e  posi- 

t i v e  and negat ive  supply vo l t ages  could be sepa ra t e ly  app l i ed  

t o  eaoh of t h e  amplifiers f o r  t e s t  o r  servloing purposes. 

The four servo amplifiers were designed to  work d i r e o t l y  

from the sensor  output ,  but i t  was r e a l i z e d  that some means 

of providing compensation f o r  the system would have t o  be 

provided. Since compensation can be usually obtained more 

Inexpensively and r e l i a b l y  us ing  R-C networks, it was 
/ 

decided to  i n s e r t  an opera t iona l  a m p l i f i e r  between the sensor 

output and t h e  power a m p l i f i e r  Input. The design of the 
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aompensatlon will be discussed I n  Chapter V. 

READOUT 

A s  stated in Chapter I, t h e  fome readout  is obtained 

by measuring t h e  our ren ts  through the  gradien t  ooils, 

rsumming o r  subtraotlng, and applying suitable ea l ib ra t ion .  

This may be done i n  any one of seve ra l  ways, but I n  t h i s  

p a r t l a u l a r  ease the  readout was speol f ied  as a vol tage  pro- 

portional t o  t he  fore8 being measured. This means t h a t  the  

measurement of the aurrents and the  algebraic opera t ions  on 

these measurements should be performed e l e o t r o n i o a l l y  as a 

pa r t  of t h e  aystem. It was f'urther speoi f ied  t h a t  a range 

swltoh should be lnoluded whioh would divide t h e  specified 

t o t a l  range of 0.005 to  0.5 pound I n t o  two ranges of' 0,005 

to 0.05 pound and 0.05 t o  0.5 pound wi th  a maximum readout  

voltage fo r  eaoh range of approximately one vol t .  

The ourrent thmugh the ooi l s  aan be determined by 

measuring the vol tage  aomss the  feedbaok resistor of the  

power amplifiers (0.22 ohm, 10 watt r e s i s t o r  of F i g .  (4-4)). 

A t  f u l l  output, t h ree  amps, the  drop  acro8s t h i s  r e s i s t o r  1s 

0.66 volts whloh is the  r igh t  o rde r  of magnitude for t h e  high 

f a r o e  range s i n w  the l i f t  and drag readouts  are the sum of 

two equal vol tages .  

Ihe readout voltage fo r  the  drag measurement oan be 

obtained by summing the vol tage drops a o m s s  t h e  feedbaok 

rssl8tors of the  two z-direot ion servo amplifiers. The sum 
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i s  most e a s i l y  obtained wi th  an ope ra t iona l  amplif ier .  

range switching can be accomplished by switching between two 

values  of feedback r e s i s t o r  s ince  the  ga in  of an ope ra t iona l  

m p l l f i e r  with feedback I s  R /R 

r e s i s t o r  end R I s  the  i n m t  r e s i s t o r  (14). 

The 

where R i s  t h e  feedback 
f i  f 

1 
The lift measurement readout vol tnqe can be obtained I n  

the  same w n n e r  by summing the  vol tage  drops across the  feed- 

back r e s i s t o r s  of t he  two y-d i rec t ion  servo ampl i f ie rs .  

Pi tch mensurement is sccomDlished by taklnq the d i f f e r -  

ence of t he  vo l t sge  drops mross t h e  feedback r e s i s t o r s  of 

the two y-d i rec t ion  servo amol i f i e r s .  

taken w i t h  an opera t iona l  amDlif ier  also, and the  mnqe 

switch Is provided f o r  i n  the  same manner. Since the  p i t c h  

readout vol tnze I s  t h e  d i f fe rence  between two vol tages  of 

oppos i te  sign, i t  will also be of the r i g h t  o r d e r  of maqni- 

tude. 

This d i f f e rence  i s  

The schematic diargrsm of t h e  readout  prepara t ion  u n i t  

is shown i n  Fis. (4-5). 
around t h e  feedbzck pa th  t o  remove t h e  undesired measure- 

ment of bu i ld ing  v ib ra t ions  which was p a r t i c u l a r l y  annoylnq 

on t h e  low fo rce  ranye. 

The 4 u f c a m c l t o r s  were placed 
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CHAPTE3 V 

s y s m  COX PENSA TI ON 

The m o t  loous dlagrams t h a t  were sketched i n  Figs. 

(2-6) and (2.7) show tha t  the  system should be stable f o r  

any value of gain greater  than  zero if the assumptions were 

correct.  

however, t h a t  any possible resonances i n  the mechanical 
parts of t he  system had been disregarded and t h a t  these 

f ac to r s  would probably influence the  s t a b i l i t y  of the  

system. This was, i n  f aa t ,  the  wise beoause when the uncom- 

pensated loop was olosed the system osc i l la ted .  

It was s ta ted  In connection wi th  these diagrams, 

The frequenoy of oso i l l a t ion  along both axes was ob- 

served, and a rough, t r i a l  and e r r o r  compensation w a s  

effeated w i t h  a somewhat lower value of gain than the  

desired value. %he system had to  be made s t ab le  in order 

t o  take data f o r  a f i n a l  cornpensation s ince even an extreme- 

l y  small foroe sueh as a wind current  i n  the  room could 

cause the gas bearing t o  d r i f t  t o  one of its l i m i t s .  Once 

the  system w a s  made elosed-loop s tab le ,  the gas bearing w a s  

positioned; and a slnusoldal var iable  frequency s ignal  

could be inser ted I n t o  the loop. 

was applied to the  forward path of the servo amplifier. 

The rough compensation 

!he frequency response data for one g-direction loop 

was taken as shown in Fig. (5-1). 

not included I n  the data loop because the  frequenoy response 

The servo amplif ier  was 

55 
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of t h i s  component had 

and i t  was known t h a t  

been a l t e r e d  by t h e  rough 

the  time cons tan ts  of t h e  
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compensation, 

amplif i e r  

were not  s i g n i f i c a n t  compared t o  t h e  time constants of t h e  

meohanlcal part of t h e  system. The ga in  data t h a t  was taken 

was mul t ip l ied  by t h e  zain of t h e  servo amplifier and the  

result p l o t t e d  a s  shown i n  Fig.  (5-2). 

This Traph shows t h a t  t h e r e  are resonances i n  t h e  

mechanical p a r t  of the  sys tem t h a t  were no t  Considered i n  
a r r i v i n g  s t  the  transfer func t ion  of Chapter 11. This was 

t o  be expected because of the  long aluminum rod  t h a t  served 

as a sting and because of t h e  maqnet arm and sensor mounts. 

No attempt was made t o  consider  a n a l y t i c a l l y  the  effect of 

t hese  parts of t h e  system because of t h e  d i f f i c u l t  shapes 

Involved and the  l a c k  of t ine  imposed by a de l ive ry  date f o r  

t h e  prototyDe. 

The s t r a i g h t - l i n e  approximation of Fig. (5-2)  was drawn 

w i t h  t h e  des i red  ga in  of 2000 Dounds/inch a s  shown i n  

Fig .  (3-3)  . This s t r a i q h t - l i n e  o r  asymptote Approximation 

was used t o  determine the  asymptote approximation of t h e  

compenssted system response elso shown i n  Fig. (5-3). 

Several  d i f f e r e n t  s t temnts  were made w i t h  t h e  r e s u l t i n g  

phase margin f o r  each attemnt shown. The e f f e c t  of  t h e  

sharp upward break a t  1 5  Hz W B S  ignored. It produces a va lue  

of phase margin t h a t  should be s l i g h t l y  conservative.  

Because t h e  phase margin va lues  were considered t o  be con- 

se rva t ive ,  t h e  compensated resDonse w i t h  t h e  minimum phase 
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margin, 24', was chosen to  d e t e m i n e  t h e  necessary compensa- 

t ion .  This choice was based on a compromise between 

r e l a t i v e  s t a b i l i t y  and component s i z e  ( p a r t i c u l a r l y  capaci- 

t o r s )  necessary t o  pmduae a pole  f o r  t h e  lowest break poin t ,  

0.006 Hz. 

The asymptotic approximation of t h e  oompensated response 

shows t h a t  t h e  following response shaplnq elements are 

n ec es sa ry : 

1. A pole a t  0.006 Hz 

2. A zero a t  1.2 Hz 

3. A zero a t  2.6 Hz 

It also shows t h a t  a n  a d d i t i o n a l  ga in  f a c t o r  of 46 must be 

Included to aohleve t h e  desired s t eady- s t a t e  displacement. 

All of t h e  compensation, includinq t h e  a d d i t i o n a l  gain,  

can be obtained w i t h  an opera t iona l  a m p l i f i e r  and R-C net-  

works. The requi red  compensation t r a n s f e r  func t ion  can be 

obtained w i t h  t h e  oonfigurat ion of Fig. (5-4). In t h i s  

c i r c u i t  t h e  ga in  1s Zf/Z1. The t r ans fe r  func t ion  is 

"be oomponent va lues  a r e  f ixed by t h e  time cons tan ts  given 

above and by t h e  D. C. gain,  keeping i n  mind that t h e  capaol- 

t o r s  should no t  be polar ized and t h e r e f o r e  must have rela- 

t i v e l y  low capacitance values. The designer  is f r e e  t o  
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e s t a b l i s h  t h e  impedance l eve l .  The de gain i s  given by: 

R2 E 
$ = K ;  

5 Because C1 w i l l  be t h e  1arrZ;est capaoi tor  and because 

determined only  by t h e  zero t h a t  is t o  be obtained, t h i s  R-C 

combination w i l l  be used t o  produce t h e  zero a t  t h e  lower 

frequenoy, 1.2 Hz. This l eaves  R and C t o  produce t h e  

zero a t  2.6 Hz. 
3 3 

As a practical  maximum, C1 was chosen t o  be 1 2  11 f .  This 

2. 
determines R because 3 w i l l  be very small compared to  R 

Since R 

speo i f i ca t ion .  C3 is determined by B and t h e  frequency of 

t h e  zero t o  be obtained,  2.6 Hz. 

va lues  can be determined. 

2 
i s  determined, R is determined by t h e  D. C. gain 

2 3 
3 

Thus a l l  t h e  component 

They are;  

R1 - 1 0 K  ohms 

R2 202M OMS 

3 - 39K ohms 

c1 - 1211 f 
c .. 1.5 p f  

3 
The c i r c u i t  

l i s t e d  above was 

of F i q .  (5-4) w i t h  t h e  component va lues  

i n s e r t e d  i n t o  t h e  two y-direct ion servo 

loops between t h e  sensor  and t h e  power amplifier.  

y-direot ion servos were stable and t h e  response was consider- 

ab ly  fas ter  than t h e  required response of several t e n t h s  of 

a seoond. The balance system exhib i ted  only one overshoot 

The two 
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before sett l ing,  

Due t o  t h e  l a c k  of time t o  take data properly on t h e  

x-dlreot lon servo loop, it w a s  decided t h a t  t he  same compen- 

s a t i o n  would be t r ied ,  The aomponent values would have had 

t o  be recalculated for t h i s  loop because t h e  uncompensated 

ga in  for  t h i s  loop is h i g h e r  than t h e  uncompensated y- 

direotion loops by a factor of t h i r t e e n ,  but the  sensor  was 

provided w l t h  an adJustable ga in  con t ro l ,  Therefore, t h e  

ga in  was lowered by a f a c t o r  of t h i r t e e n  by a d j u s t i n g  t h e  

ga in  of t he  sensor,  and the  same cornpensation network w a s  

Inser ted ,  Beaause t h e  ope ra t iona l  a m p l i f i e r  would have had 

t o  drive two power amplifiers, t hus  exceeding i t s  r a t i n g ,  a 

a u r r e n t  booster amplifier was placed between the ope ra t iona l  

amplifier and t h e  power amplif ier .  

s t a b i l i z e d  t h i s  loop, and t h e  response was we l l  wi th in  

s p e c l f i c a t i o n s ;  I n  faot, It was found t h a t  the  ga in  could 

be Inoreased making t h i s  servo even s t i f f e r  than t h e  y- 

d i r e c t i o n  8emo8. 

This compensation a l s o  



CHAPTER V I  

CONCLUSIONS AND RECOMMENDATIONS 

The system has been constructed and is  ready t o  be 

placed i n  operat ion.  A second s l i q h t l y  modified model i s  

being bu i l t  by NASA (Langley) which w i l l  be used i n  a tunnel 

t es t  f a c i l i t y .  Three views of t h e  completed prototype are  

shown i n  Figs. (6-11, (6-2) and (6-3). 
The perfonnance of t h i s  balance sys tem has been des- 

uribed by Mason (4,  5 ) .  In essence, Mason found t h a t  t he  

system measurements were accura te  t o  wi th in  2 0.2% of t h e  

f u l l  soale value  for each range, and t h a t  t he  cross-coupling 

was l e s s  than 1% of t h e  f u l l  s o a l e  value for each ranqe. 

Thus I t  can be concluded t h a t  t h e  system i n  Its present 

s t a t e  of development i s  sui table  f o r  wind tunnel  measure- 

ments. 

Because the  theory t h a t  i s  basic t o  t h i s  type  of f o r c e  

measurement has  now been inves t iga t ed ,  fur ther  work should 

c e n t e r  upon improvement of t h e  system. Based upon the 

previous work, t h e  most f r u i t f u l  areas for fu r the r  researoh 

appear t o  be: 

1. The causes and e f f e c t s  of cross-coupling should be 

inves t iga t ed  I n  de ta i l .  In o r d e r  t o  f ac i l i t a t e  

t h i s ,  t h e  theory of mul t ip l e  Input  c o n t r o l  systems 

should be considered as a possible too l .  

2, The f e a s i b i l i t y  of  I n s e r t i n g  an  i n t e g r a t i o n  

64 



Figure 6-1 
Side View of Gas Bearing and Magnet Support 

Arm Showing Y-direction Sensors 
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Figure 6-2  

Side View Showing Gas Bearing, Motors, 

Magnet Support Arm, and Y-direction Sensors 
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Figure 6 - 3  
Complete Balance System 
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e l e c t r o n i c a l l y  o r  mechanically i n t o  the  feedback 

pa th  of the sensors should be considered i n  order 

to  e l imina te  the  s teady-s ta te  displacement, This 

is probably one of t h e  p r i n c i p l e  causes of CM)88- 

ooupling . 
3. A mal l  amplitude, h igh  frequency l i m i t  cyc le  was 

observed when the system was operated. Time did 

not permit t h e  olose examination of t h i s  l i m i t  

oyole, bu t  It is bel ieved t o  be due t o  the resolu- 

t i o n  of the  sen80r8. The u l t i m a t e  r e s o l u t i o n  of 

t h e  sensor  depends upon t h e  dimension of the terra- 

magnetic domains para l le l  t o  t h e  a x i s  of t h e  core, 

The f i n i t e  size of these domains probably produces 

a very narrow wid th  deadband region about the  n u l l  

pos i t ion .  This should be inves t iga t ed  even though 

the l i m i t  ayele was no t  bothersome due to  t t s  

mall amplitude and r e l a t i v e l y  high frequenay. 

The aaeuracy of the  system Is somewhat l imi t ed  by 

noise ,  

e l e o t r o n i c s  and background v i b r a t i o n s ,  The no i se  

due t o  t h e  e l ec t ron ic s  of t h e  system 1s oonsider- 

ab ly  less s l g n l f i a a n t ,  and more easi ly  oorreated,  

than the  background v i b r a t i o n s ,  The souroes of 

background v ib ra t ions  are sometimes impossible t o  

aont ro l ,  and therefore ,  the  i s o l a t i o n  o f  the  system 

from t h i s  source of noise  should be inves t iga t ed ,  

4, 
This noise  has  two main sources  - system 
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Because the lack of time d i d  not permit the taking 

of  complete frequency response data  on t h e  x- 

direct ion loop and one of the y-direction loops, 

th i s  data should be taken and the compensation ac- 

cordingly changed. 

The toplos above a r e  Just a few of the many possible 

areas for firther study. One wry canvenient e.ddition to 

the system would be a provision for  auto-oallbrntlon. This 

would eliminate the neeesslty f o r  manual data reduction, 

1 
I 
I 
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DFXVATION OF MOTOB ,S&A.TIONS 

MOMENT AND GRRDIENT COIL CONFIGURATION 

A s  stated i n  Chapter 111, the servo motors that were 

used i n  the system were derived from the magnetic support 

t3ystems. 

work by Jenkins and Parker (7 )  and by Smfth (81, 

The daoslaprnent given I n  t h i s  appendix follows 

Aoaording to Stratton (13) the foroe on a pleoe of mag- 

ne t i c  material of volume dV looated i n  a magnetio f i e l d  I s  

glven by 

where V %s the vector d i f ferent ia l  operator, 

incremental magnetio moment of the material, and is  the 

mgnetio field. 

I s  the 

muation ( A l l )  o m  be expanded to 

+ Bx( V X Z )  

This equation win be simplified If I t  Is assumed that the 

moment l a  an ideal moment, i.e, that the moment originated 

from a dipole 80Ume. In t h i s  case the seaond term on the 

r ight  in  m. (A-2) vanIshe8. If the material i s  assumed to 
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be uniformly magnetized, the l a s t  tern on the r i g h t  vanishes 

s ince VX The t h i r d  term on the r i g h t  vanishes s inee 

the volume of t h e  magnetic material encloses no current. 

lhus, 4, (A-2) reduces to 

= 0, 

Because t h e  material has been assumed t o  be unlformly 

magnetized, the lnoremental moment can be expressed as 

- -  
dM = MdV (11.4 1 

where Is t h e  t o t a l  magnetic moment o f  the  mater ia l ,  Thus, 

the  foree equation now becomes 

If the  moment i s  oriented as shown In Pig. ( A l l ) ,  the 

moment can be expressed as 

- h A 

M = M (i sin e + iz cos e )  
O P  

I 
I 
I 

where Mo is the  magnitude of the moment, 

this i n t o  E q ,  ( A - 5 )  y i e l d s  

Subst i tut ion of 

aBZ az  1 aB 

a z  
P A 

+ i ( s i n  0 - + COS 0 - 1 z 
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a .. 

X 

F i g u r e  h:-l 

Geometry  f o r  Der iva t ion  o f  F i e l d  Due t o  
S i n g l e  C i r c u l a r  Loop 
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since the field, E, possesses c y l i n d r i c a l  symmetry. 

Expand B i n  a Taylor series for two v a r i a b l e s  about 
P 

t he  o r l g l n  of t h e  coordinates to obtain:  

0 
( A - 8 )  

22 qj+ ..... 
a2 

Sinae the  motor has two gradien t  0011s tha t  a r e  I n  sertes 

opposition, t he  f i e l d  vanishes a t  t h e  o r ig in .  

t he  f i e l d  along t h e  z-axis Is obtained, 

If P * 0 ,  

Thus, 

The P-component of the f i e l d  vanishes everywhere along the 

z-axls sfnee i t  Is t he  ax i s  of symmetry, Therefore, 

(A-10 ) 

This can be t r u e  everywhere along t h e  axis only i f  t h e  

partial derivatives of a l l  o rde r s  vanish. 

development w i l l  show t h a t  t he  partials of BZ with  respect 

t o  p also vanish. Thus 4, (A-7) r edu te s  t o  

A similar 

aB2 
az 

aB A 
- 

A 

a p  + iz COS e - ) - ~ ~ ( i  sin e 3 - -  dF 
dV P 



The t o t a l  foroe can be found by integrat ing 4. (A-11) 

over the volume of the permanent magnet, but slnoe the 

magnet has been replaced by a moment, t h e  t o t a l  foroe is 

aBZ 
A aB 

P ap 

- 
F = M o V ( i  s i n  8 + tZ cos 0 ) ( A - 1 2 )  

Throughout t h i s  

demagnetizfng e f f ec t  

development It has been assumed t h a t  the 

of the gradient  f i e l d  on the pemanerrt 

magnet was negligible.  

Now it 1s neaessary t o  determine what angle, e t  between 

the moment and the axis  of  the gradient  0011s w i l l  produce a 

foroe t h a t  is orthogonal t o  the  moment, 

It 1s known that 
- 

V * B = O  (A-13 

sinee B = v X where A is  the magnetlo veotor po ten t ia l  of 

the field, and v v x A = v B = 0 slnoe t h e  divergenae of t h e  

our1 of a veator Is ldent laa l ly  zero. 

- 

F r o m  @. (A -13 )  I n  sy l lndr loa l  aoordinates, we obtain 

or 

(A-14) 
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B aB 

P aP 
In the Urnit as p + 0 ,  -t , Therefore 

at the orlgin, 

Substitution of 4, ( A - 1 6 )  into E q ,  (A&)  gives 

sin e - - + i  A cos e - )  aBZ 
A - 

F = MeV(- i 
P 2  a z  z az 

( A - 1 3  1 

In orde r  f o r  the f a m e  and the moment to be orthogonal, 

the followlng must hold: 

- -  (A-18 1 
M ' F = O  

Therefore, 

whloh yields 

Therefore, the angle between the  axis  of the gmdient 

so l l s  and the  magnetlo moment should be 54.7'. 

DES IG 11 IRUA TI ON 

Now that the physlaal arrangement of the magnet and 

gradient 0011s has been detemlned, i t  1s neaessary to try 

to derive an expression for the Poroe whioh would be useful 

for design purposes, 

Figure (3-2)  shows the physiaal oonfiguration of the 
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a 

motor. 

giving a v e r t l o a l  moment, 

t he  g rad ien t  o o i l  axis that g ives  8 f o m e  perpendicular t o  

t h e  moment has been determined in E;q. (A-20). With t h i s -  

angle,  the foroe is I n  the xy-plane of t he  ooordinate system 

of the balanoe as  desired,  

The magnet is mounted w i t h  the  long ax is  v e r t i c a l  

The angle between t h e  moment and 

me rnagnltuda of E&, (1247) is: 

(A-21) 

When the value of angle determined by 4. (A-20) i s  subs t l -  

t u t e d  into a* (A-21), t he  magnitude of t h e  fo rce  i n  the  

xy-plane of the balanee system is: 

aBZ I F I = 0.707 MoV - az 
(ii-22 ) 

Therefore, i n  o rde r  to ob ta in  an e x p l i a i t  expression 

f o r  the force ,  the  z-oomponent of t h e  f i e l d  for the partlcnr- 

l a r  ooil oonfiguration must be de temined ,  

The expression for the  f i e l d  can be obtained by oon- 

slderlnq the fleld along the  axis due to  a s i n g l e  o i r a u l a r  

loop and then  i n t e T r a t i n g  t h e  result  over the omss-seot ion 

of t h e  des i red  g r a d i e n t  c o i l  shape. The geometry is shown 

in Flq. ( A - 1 ) .  The fleld along the  axis due t o  the oiroular 

loop is (16) :  

(A-23 



Z 
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Figure A - 2  

Schematic o f  Cross-sect ion o f  Gradient  C o i l  
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where a l e  t h e  r a d i u s  of the  a i r u u l a r  loop, I i s  the  cu r ren t  

through t h e  loop, z 

origin, and IJ is the  penneability of f r e e  spaoe, 

I 8  the  d i s t ance  of' the  loop from the  
0 

0 

If t h i s  equation Is doubled (there are two gradien t  

a o l l s  for each motor),  and t h e  d e r i v a t i v e  wi th  respeot  t o  

the axial coordinate  is taken, t he  following expression 

mmlts8 

(A-24) 

where the  magnet is considered t o  be midway between the  two 

loops,  and the  negat ive s ign r e s u l t i n g  from the  d l f f e r e n t i -  

a t i o n  has been dropped. 

Ihe omsso8eotion of a gradien t  0011 i s  shown i n  

Fig. (A-3) .  and the  i n t e g r a t i o n  t h a t  must be performed I s :  

The substitution, 

(A-26 

where JA i s  the ourrent dens i ty  of t h e  c o i l ,  has been made 

in Eq.  (A-25). 

The general  equation of the l i n e  C Xn Fig. (A-3)  is: 

(A-27) 
z = m r + b  
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where xu is the slope and b I s  the v e r t i c a l  axis i n t e r c e p t .  

The s lope  and i n t e r c e p t  are given by: 

5 = 2  - = 2 5  , b =  =2 - =1 
r2 - r 1 

m =  
r2 - '1 

(A-28) 

The equat ion f o r  t h e  f o r c e  becomes: 
z=mr+b r -. 

where 

or 
-6 K1 = 2.66 x 10 MoVJA 

(A-29)  

( A-31 

Equation (A.29) o8n be evaluated by evaluating the 

semnd I n t e g r a l  first and then i n t e g m t i n g  the  result by 

parts. 

by one servo motor i n  the  xy-plane of the  balance system. 

The result of t h i s  eva lua t ion  i s  t h e  f o r c e  generated 

4mbr2 + 4 d r  

( cr2+2mbr+b2 1% 

1 
I 

K1 r2 K1 1 
Thus, 

IF1 = - log (7)- 3 ' 
3 1 4cb2 - 4m2b2 

5 
( cr2+2mbr+b2 + 4mb ( 

5 
log 1 2 (  c2r2+2mbcr+cb2) + 2cr + 2mb mb - -  

% C 

(A-32 



where 

a2 

c = 1 + m *  ( A - 3 3 )  

W.en the vzlues of the >ammeters were substituted in* 

4. ( A - 3 2 1 ,  the resultlng force was: 

This force i s  somewhat greater than an order of maqni- 

tude In error, Therefore, t h l s  design equation should only 

be used as a very rough cheak on a design arrived a t  by the 

methods of Chapter I11 or by other, more exaot ,  methods to 

be developed In the future, 

The error in the value given by D9. (A-32)  1 s  probably 

due t o  the approxlaationa that were neoessary to make the 

solution tractable to manual methods of computation, 

work I s  presented so that others may use it as a starting 

point. 

design in its present form. 

This 

Obviously, i t  1 s  of  no praatioal value for motor 
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CHAPTER I 

INTRODUCTION 

GENERAL 

A sys t em is descr ibed in this  report  which is used t o  measu re  forces  

The p r imary  emphasis of the repor t  is on the electronic on wind tunnel models. 

design and operation of the sys tem because other repor t s  descr ibe  the air 

bearing design (Report No. EME-4029- 101-65U issued August 1965) and calibration 

(Report No. EME-4029- 103A-66U issued July 1966). 

developed to  make  force measurements  on wind tunnel models,  it is believed 

that  the bas ic  ideas  developed can  be  used on other force  measurement  problems,  

e. g . ,  ion engine thrus t  measurements .  

Although the sys tem was 

Analytical and experimental  work through the prototype stage has  been 

completed, and actual wind tunnel operation should take place soon. 

prototype is an operational sys tem that can be effectively used in wind 

tunnels t o  m e a s u r e  nominal, axial and  pitch force magnitudes f rom 0.005 pound 

t o  0.  5 pound in two ranges. 

The  

This  work was necessitated by requirements  t o  m e a s u r e  relatively small 

multi-component forces  t o  an accuracy of 1% o r  better.  

coupling was a design goal. 

model weight t o  aerodynamic force  on the model. 

ra t io  is 100: 1 t o  1: 1. 

relatively small heavy models f o r  hypersonic velocity studies. 

a r e  heavy because they must  be made  of heat res i s tan t  ma te r i a l s  and the s ize  

is affected by the practical  need to make hypersonic tunnel dimensions small. 

Minimization of c r o s s  

The problem was complicated by the ra t io  of 

A typical range for  this  

These  rat ios  a r e  a resu l t  of the necessi ty  t o  u s e  

The models 

1 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

An engineering development model has  been constructed and will be 

placed i n  operation soon. 

sys t em feasibility and was intended to se rve  as a guide for the construction 

of another model for actual tunnel measurements .  

r;ot available to  build the second model before  tunnel testing starts. Three  

views of the completed prototype a r e  shown in Figs .  (6- l),  (6- 2)  and (6-3).  

This model was originally built t o  establish 

However, sufficient t ime is 

The performance of this balance sys tem has  been descr ibed by Mason 

(4, 5). In essence,  Mason found that the sys t em measurements  were  accura te  to  

within * 0. 2% of the full scale  value for  each range, and that the c r o s s -  

coupling was l e s s  than 1% of the full sca le  value for  each range. 

can be concluded that the sys tem in  its present  s ta te  of development is suitable 

for  wind tunnel measurements .  

Thus,  it 

Because the theory that is basic to  this  type of force  measurement  has  

now been investigated, fur ther  work should center  upon improvement of the 

system. Based upon the previous work, the most  fruitful a r e a s  for  fur ther  

r e s e a r c h  appear  t o  be: 

1. The causes  and effects of cross-coupling should be investigated 

in detail. 

input control sys tems should be considered as a possible tool. 

The feasibility of inserting an integration. 

In o r d e r  t o  facilitate this ,  the theory of multiple 

2. 
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