












































The open-loop t ransfer  function under these assumptions i s  tha t  of a per fec t  inte-  
grator  and the c'losed-loop t r ans fe r  function i s  tha t  of a f i r s t  order system. Fre- 
quency-response t e s t s  have been performed on mechanisms of t h i s  type (Figure 4 )  
and the agreement of  the theore t ica l  and experimental r e su l t s  (even with these 
ra ther  d ra s t i c  assumptions) i s  excel lent .  
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The s e r i e s  for  the s teady-state  e r r o r  a l so  reduces t o  a very simple form: 

E ( t )  A d X i  ( t )  d 2  X i  ( t )  
(29b) - - -  t - 

t - + m  - d t  k€ d t 2  
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This expression a l s o  checks rather  w l l  with experimental evidence i n  the  frequency 
range from zero t o  ten  cycles/sec/"4<3m 5 )  on Northrop systems. I f  frequencies 

\k, 
grea ter  than ten cycles per secorid are important, the above r e s u l t s  a re  no longer 
acceptable approximations. 

C. Com~ressible  Fluid: (herating Point a t  Neutral 

O i l  compressibility must be considered for  a more complete analysis of the system 
when operation is about the neutral  point.  Considering compressibility (N f i n i t e )  
the t ransfer  functions about the neutral  point  becone 

Equation (22c) may be rearranged as  follows: 
r 

where 



From the equat ions above it may be noted t h a t  t he  load is c,oupled i n t o  the system 
even a t  the neu t ra l  po in t  by the compressibi l i ty  e f f e c t  o f  the hydraul ic  f lu id .  5, 
the  damping r a t i o ,  is normally qu i t e  small because i t  is  due almost e n t i r e l y  t o  
the aerodynamic damping of  the surface. an, the  undamped na tu r a l  frequency, is 
high because of  the high e f f e c t i v e  spr ing  r a t e  of o i l .  Since the  bulk modulus 

term due t o  o i l  compressibi l i ty;  t h i s  f a c t  agrees w e l l  wi th  experimental da ta ,  and I 

I h e  e r r o r  expression using t h i s  assumption becomes 

- 
- . - 

of normal hydraul ic  o i l  ( N )  i s  on the order  o f  2 . 5 .  x lo5 p s i ,  t h e  hinge-moment 
term (KIM) i n  the  na tura l  frequency is o rd ina r i l y  neg l ig ib le  i n  comparison t o  the 

equation (30) may be s implif ied t o  

(30a) h u; = 
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shown i n  Figure 5 .  'Ihe 

-I 2 0 r \ h 1  g a i n ( K )  is f i x e d s o t h a t  
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The r e a l  roo t  of the  closed-loop t r a n s f e r  func t ion ,  equation (23c) ,  i s  very near  the 
value o f  w a t  the ga in  cross-over  p o i n t  o f  the open-loop t r a n s f e r  funct ion (Figure 5) .  
The o the r  two roo t s  o f  the  closed-loop t r a n s f e r  function form a  complex p a i r ,  with 
an undamped n a t u r a l  frequency near  t h a t  g iven by equation 30a. The damping of t h i s  
complex p a i r  i s  a  funct ion o f  K ' .  

a e  behavior o f  these  roo t s  wi th  va r ia -  
t i o n  i n  K '  is shown by t h e  roo t  locus  
p l o t  of Figure 6. The d i r e c t i o n  o f  
~ h a n g e s  i n  t h e  r o o t s  with inc rease  i n  K' 
is  shown by the arrows; the  s t a r t i n g  
po in t s  a r e  the  r o o t s  o f  t h e  open loop 
t r a n s f e r  function. 

I t  should be noted t h a t  the a n a l y s i s  
p r i o r  t o  t h i s  s e c t i o n  i s  q u i t e  general ,  
whereas the  assumptions and a n a l y t i c a l  
conclusions o f  t h i s  s e c t i o n  a r e  dependent 
upon system design p r a c t i c e .  For example, 
e f f e c t s  of compress ib i l i ty  a r e  minimized 
on Northrop systems by e l imina t ion  o f  most 
o f  the  f ree  a i r  from the hydrau l i c  o i l ;  
ye t  there  a r e  many e x i s t i n g  systems where 
the  assumptions of incompress ib i l i ty  and/ 
o r  n o  load e f f e c t  on valve flow would be 
r id icu lous .  For these  l a t t e r  systems the  
a n a l y s i s  of P a r t s  I1 t o  IV should be used 
i n  i ts  e n t i r e t y .  

F i g .  6 - Root locus p l o t .  

DISCUSSION 

MR. RAHN, Boeing A i r c r a f t :  I not ice  you took i n t o  account the compress ib i l i t y  
of the o i l .  There i s  no term i n  your equat ion for the spr ing of the  o i l .  

MCRUER: I n  our o r i g i n a l  development, we ransome t e s t s .  Ac tua l l y  the bas ic  
assumption i s  t h a t  the way t o  g e t  t h a t  factor  i s  the motion of the cy l inder  r e l a t i v e  
t o  the p i s t o n  t o  some point  i n  the a i rp lane  which i s  greater than the motion of the  
p i s t o n  t o  the a i rp lane .  



RAHN: We have run i n to  trouble w i th  high compressibi l i ty ,  espec ia l ly  wi th  a i r  
in  the o i l .  

MCRUER: I t  i s  a  point that  shouldn't be neglected. 

DR. CLAUSER, Douglas Aircra f t :  I  am very much interested i n  the assumption 
of compressibi l i ty  f low. Of course, i t  bears on the s t a b i l i t y ,  too. We have found 
that the implication i s  that  i f  you can neglect i t  you have s table  systems apparently 
even with your method. Does t h i s  mean you have t r ied  t o  keep the a i r  completely out 
of  the system? We get  i n s t a b i l i t y  when we put a i r  i n to  the system. 

MCRUER: All  that  happens when you put a i r  i n to  the system i s  that  the s t a b i l i t y  
goes down. 

CLAUSER: With t h i s  type of system we would get an unstable system so we have 
to  do more t o  make i t  s t ab l e .  

MCRUER: We can' t  make those assumptions unless we design i t  that way. 

CLAUSER: 1 t was mentioned yesterday that you don't have t o  s t a b i l i z e  them; 
they come out s tab le .  I s  that  because you have some unusual technique of bleeding 
them or what 9 

MR. FEENEY, N o r t h r o p  A i r c r a f t :  We take no particular s teps at  a l l  i n  bleed- 
ing and what we do do i s  use t h i s  control leakage which keeps the pressure i n  the 
cylinder up t o  about half  of system pressure so whatever a i r  i s  i n  there i s  compressed 
t o  the point where the bulk modulus i s  pract ical ly  that of o i l .  

CLAUSER: We have had some interes  t ing experiences there.  We even assembled 
a complete system under o i l  so that there would be no pos s ib i l i t y  of ge t t ing  a i r  i n  i t  
and we s t i l l  found the thing t o  be pre t ty  wel l  unstable, pre t ty  wel l  f l ex ib le .  I t  can 
e a s i l y  admit a i r  just  by changing the temperature and the s o l u b i l i t y .  Even when we 
run the system a t  pressure, we don't get the system s tab le .  

FEENEY: We have purposely by cav i ta t ion  admitted air  in to  the cyl inder,  then 
turned the power on a f t e r  about half a  second or so .  I t  i s  unstable because you have 
a t e r r i f i c  amount of vapor i n  there but i t  i s  immediately carried out f u l l y ,  that  i s ,  
almost en t i r e  ly .  We have no b leeding procedure beyond normal hydraulic system b leed- 
ing procedure. 

CLAUSER: I don ' t  remember what type ~ a c k i n g s  you use. I s  your packing "0' 
r  ings ? 

FEENEY: Jus t "0 " rings . 
MCRUER: Actual ly  as indicated on that las t  s l i d e ,  as the bulk modulus goes 

down, of course, t h i s  goes up. Also K changes and we get on our systems which show 



a s tep  response. I t  wouldn't look nearly  as nice as the frequency response because 
we a c t u a l l y  get  a  small we 11-damped o s c i l l a t i o n  out  o f  t h i s  th ing.  

CLAUSER: K a t  frequency i s  tha t?  

MCRUER: This  happens t o  be on the order of about 250. This  happened t o  be a  
d i f f e r e n t  system. We r e a l l y  guessed a t  the value of B but t h i s  phenowna has ex- 
plained some of  our e a r l i e r  troubles  i n  the  lab. Of course,  comp.r~ss ib i l i t y - -as  I  
r e c a l l  some curves i n  the  Franklin I n s t i t u t e  Report on some measurements of compres- 
s i b i l i t y - - i f  you have more than 500 p s i ,  the f l u i d ,  no matter the  amount of  a i r  i n  
the  l i n e s ,  i s  up t o  as rmrch as 2/10 of 1 per c e n t ,  the compress ib i l i t y  i s  s t i  1 1  about 
the same but below about 500 p s i ,  i t  changes d r a s t i c a l l y .  

MR. DREW, Chance-Vought: How we 1 1  does your actual . t e s t  experimental data 
compare w i t h  the l a s t  curve? 

MCRUER: We have not compared them; however, we do have a  check -on the value 
o f  the  natural frequency and as I sa id ,  I th ink  we come w i t h i n  about 10 per cen t .  
We don't  know what the  value of compress ib i l i t y  i s .  

MR. H I L L ,  Glenn L. Martin: Do you feel  tha t  as a  r e s u l t  of your a n a l y s i s  in  
fur ther  designs you can perhaps e l iminate  the mock-up i n  t e s t i n g  and l e t  the figures 
be the c r i t e r i a  for s e t t i n g  up a  s tab le  system? 

MCRUER: No. Ac tua l l y ,  we have some people going through using bas ica l l y  t h i s  
ana lys i s  on every  system we design. We do make a  decided e f f o r t  from the time the 
fe 1 low f i r s t  has i t  down on paper s o  that we can get an idea of the musses involved 
and things  of tha t  nature.  Obviously ,  i f  the f i r s t  designer draws h i s  f i r s t  flow 
curve,  we aren ' t  i n  a  p o s i t i o n  t o  t e  l l  about the s t a b i l i t y  of the system. I f  it i s  
going t o  be s t a b l e ,  you can t e l l  probably what the errors  are and so  for th  qu i t e  
n i c e l y  because as you saw, up t o  t e n  c y c l e s ,  we were p r e t t y  c lose  w i t h  t h a t  very 
d r a s t i c  assumption Of course ,  un less  we know what the  compress ib i l i t y  i s ,  plus the 
i n e r t i a  of the surface,  the e f f e c t i v e  mass, e t c . ,  we may not be able t o  make a  good 
guess.  We are t ry ing  t o  in tegrate  the  ana lys i s  along wi th  the actual  design as far 
as  poss ible .  

MR. CHA'ITLER, Wlreau of Aeronaut ics :  Has your ana lys i s  helped y  ac any? 
Have you made any changes? 

MCRUER: Unfortunately ,  we d i d n ' t  make the ana lys i s  u n t i l  the system was alnrost 
p e r f e c t .  

CHATTLER: You b u i l t  a  number of systems and, as I understand you, applied 
t h i s  theory t o  the  las t  few for check purposes. 

MCRUER: We have applied it almost invar iab ly  t o  sys tems ' tha t  have been b u i l t  
i n  the past t o  see whether we were r i g h t  i n  our f i r s t  assumption, and i n  our l a t e s t  
production airplanes  we apply it  r i g h t  a long.  



MR. BURSTEIN, Consolidated-Vultee: Have you been neglect ing the de f l e c t  ion 
of the "0" r rngs i n  compress ib  i l i  t y ?  

MCRUER: We r ea l i z e  tha t  "0" rings act more or less  as a spring. " o n  r ings are 
another pret ty  tough nut t o  crack, l i ke  the e l a s t i c i t y  of the rubber hose. 

MR. WICK, Syracuse Univers i ty :  You assume that  your equation holds through 
the whole range of frequencies. 

MCRUER: I don't  assume that .  I t  i s  a l l  I  can do. Another word of explanation 
on these experimental frequency p lo t s .  We were using a surface output displacement 
on the order of 10 degrees and the only reason we have gone t o  that model i s  t o  get 
rid of non-lineari t i e s  i n  our simulated hinge moment. 

MR. ALTMAN, AMC: I would l i ke  t o  d i r ec t  a quest ion i f  I  might t o  Mr. Rahn 
- o f  Boeing i n  connection wi th  the  comments he made before, that  he experienced a 

' spring e f f e c t  w i t h  high i ne r t i a  surfaces.  What was the iner t ia  of your surface? 

RAHN: I t  varies  wi th  the airplane,  of course, ;but we have had surfaces from 
60,000 pound inches squared t o  about, I  be l ieve ,  up t b  something l i k e  four mi l l ion .  
What was the i ne r t i a  that you were working with? 

MCRUER: Actual ly  t h i s  experimental s t u f f  was on the order of 89. To t e l l  YOU 

the truth,  I ' v e  forgotten. 

RAHN: 7he i ne r t i a  on the rudder for the B-50 i s  around 130,000 pounds and on 

MCRUER: P r e t t y  c lose t o  the B-37. 

.RAHN: We a l so  found we had t o  take i n to  account the expansion of the cylinder 
walls and the compressibi l i ty  of the springs and the rod i t s e l f .  



APPLICATION O F  FREQUENCY RESPONSE TECHNIQUES 

'ID THE ATLERDN CONTROL SYSTEM OF THE F-86A AIRPLANE 
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N o r t h  A m e r r c a n  A v i a t i o n .  I n e . ,  Los A n g e l e s ,  C a l r f o r n i a  

Abstract 

?he methods currently being applied t o  t he  s t a b i l i t y  problem of the a r t i f i c i a l  
fee l  system of the F-86A aileron control system are presented. 'Ihe analyt ical  phase 
consists  of  s e t t i n g  up d i f f e ren t i a l  equations describing the dynamics 6f  the control 
system and determining the  system t ransfer  function. In  the experimental phase the 
method used for  determining the t ransfer  function o f  the airplane system is discussed. 
'Ihe problems encountered i n  both phases a re  discussed and proposed solut ions are in-  
dicated. 

The r e su l t s  of the program have not  yet been analyzed; consequently no de f in i t e  
s t a b i l i t y  changes a r e  presented. 

Introduction 

b r i n g  recent years, a s  the  power requirements for  airplane surface control sys- 
tems have increased, the standard a i r c r a f t  design techniques have s teadi ly  grown l e s s  
e f fec t ive .  The most outstanding example of the l imitat ions of  a s t a t i c  design approach 
is tha t  of system o s c i l l a t i r n  which i s  also referred to as  cha t te r ,  buzz, motoring, 
e tc .  This kind o f  o sc i l l a t i on  may be very ser ious  and, i f  unrestrained, may continue 
t o  increase i n  amplitude un t i l  the airplane system is destroyed. 

'Ihe f i r s t  methods applied a t  North American Aviation to t h i s  ~roblem consisted 
of cut  and t ry  techniques supported by engineering logic. This  method, which has 
proven very e f f ec t ive  i n  solving many problems is  not  generally successful when ap- 
p l ied  t o  a servomechanism such a s  a boost system. For example, the cu t  and t ry  
approach is limited as  follows: 

1. Sat isfactory r e su l t s  depend t o  a large extent  on engineering experience which 
is  very limited as far as dynamics of boosted surface control systems are 
concerned. 

2. With a boost system, one successful cut and try solut ion w i l l  not necessarily 
prove successful when applied t o  a d i f f e ren t  system. 

3. Because of the extremely complicated nature of the system, it is almost i m -  
possible t o  evaluate, c lass i fy ,  and remember a l l  observations. %us valid 
engineering experience is d i  ff  i c u l t  t o  gain. 

4. Gt and t r y  techniques do not show the degree of s t a b i l i t y .  Consequently a 

near solut ion might not  be recognized and any def in i te  solut ion obtained by 
t h i s  means might penalize system performance beyond requirements. . I n  1948 North American began t o  invest igate the  dynamics of  the ~ r o b l e m  by ap- 

plying Rough's s t a b i l i t y  c r i t e r ion  t~ the load' feel valve  ort ti on of an ai leron boost 



system. This resul ted i n  the  addition of a dash pot t o  the valve with subsequent 
elimination of osc i l la t ion  i n  the valve alone - but the en t i r e  system remained 
oscillatory. Because of the conplexity o f  the system, no analysis  of  the en t i r e  
system was ever completed. During t h i s  invest igat ion it had been almost impossible 
t o  obtain r e l i ab l e  values of the system constants; many were estimated or  roughly 
determined in the laboratory. Consequently i t  was evident tha t  i f  any future work 
were t o  be conducted, it would be necessary t o  conduct a basic research program t o  
determine the fundamental charac ter i s t ics  of  hydraulic systems. 

A contract for  t h i s  purpose was obtained from the Air Material Comnand i n  Ju ly  
1948 and t h i s  work is s t i l l  i n  progress. f i e  general subjects  being investigated 
consist of f lu id  flow phenomena, system e l a s t i c i t y ,  damping, and special  components 
such as valves and pumps. 

As soon as t h i s  basic research program was progressing sa t i s f ac to r i l y ,  emphasis 
was placed on improving the means for invest igat ing the osc i l l a t i ons  i n  boost systems. 
A t  t h i s  point application of the frequency response technique was f i r s t  act ively ap- 
plied t o  airplane-surface control systems a t  North American Aviation. The work was 
star ted early i n  1949 with part-time work o f  one man and was b u i l t  up gradually t o  
five men i n  May and t o  13 men a t  the present t i m e .  

Ihe Servomechanism Grcup is a t  present engaged i n  analyzing the ai leron system 
of the F-86A and the B-45A airplanes. ' h e  backlog of work cons is t s  of an analysis  
of practically a l l  o f  the control surfaces of a l l  current North American Aviation 

Ihe ac t iv i t i e s  o f  the group encompass only the improvement of the s t a b i l i t y  
and performance of present systems. A t  present,  no e f f o r t  is being made t o  influence 
preliminary design. As a consequence no work on designing a new system has been done 
by the Servomechanism Group. 

Description of t k  F - 8 a  Artificial Fee 1 Aileron Control System 

When servomechanism techniques were f i r s t  applied t o  the F-86A, the airplane was 
equipped with an a r t i f i c i a l  f ee l  a i le ron  system. Subsequently the system was changed 
t o  a load fee l  type which now c rns t i t u t e s  the F-8@ aileron system. This paper is ex- 
clusively concerned with the s t a b i l i t y  analysis  of the a r t i f i c i a l  f e e l  ai leron system 
which is shown schematically i n  Fig. la .  

With the system shown i n  the f igure a dcmward motion o f  the s t i c k  def lec ts  the a r t i -  
f ic ia l  feel  spring and causes the s t i c k  point  on the walking beam t o  move upward. 
Since the a r t i f i c i a l  fee l  valve is balanced no force can be s t a t i c a l l y  applied t o  the 
walking beam. Gnsecplently any force a t  the s t i c k  i s  determined by the a r t i f i c i a l  
feel spring. n u s  any force applied by the p i l o t  t o  the s t ick  is  d i r ec t ly  changed 
into a displacement o f  the s t i c k  and the  s t i c k  ~ o i n t  on the walking beam. (hce the 
s t ick point i s  sh i f ted ,  the  walking bean must reach a new equilibrium orientat ion 
detelmined by the posi t ion of tk sector  point which is  s t a t i c a l l y  equivalent t o  
oileran pmition. The new equilibrium posi t ion i s  obtained a s  follows: As the  s t i c k  
is deflected the valve point i s  ro ta ted  about the sector  point.  ?he valve, Fig. lb, 
is an open center type provided with constant flow rate.  Thus the deflect ion of the 

' 
valve a m  causes a pressure drop t o  be applied across the actuating   is ton. ?he 
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FIG. /a 
ai leron (sector  poln t )  then ?yes the walking beam and with the s t i c k  held i n  a given 
position t h i s  action moves the walking gem valve point u n t i l  the ai leron is i n  such 
a position t h a t  the load is balanced by the pressure drop across the piston. under 
s t a t i c  conditions t h i s  action doks not  a f f ec t  the s t i ck  force o r  position. However, 
any new force applied t o  the ai leron moves the ai leron (sector  point)  and the valve 
causing additional pressure t o  be applied t o  the actuating piston u n t i l  the load is  
,again bal anced. 

The system described has the following general characteris t ics:  

(1) A r t i f i c i a l  Feel - ?he s t a t i c  force a t  the s t i ck  has no component resul t ing 





( 2 )  Reversible - 'Ihe actuat ing piston i s  reversible since a change i n  load can 
cause the pistcm t o  move. 'Ihe valve is s t a t i c a l l y  i r revers ib le  since any 
change i n  valve output (pressure) does not a f f ec t  valve input displacement. 

(3)  Open Center - With the valve in  neutral the hydraulic f lu id  flows freely 
through the valve and thus the en t i r e  system i s  a t  return l i n e  pressure 
unless the ai lerons are  being operated. 

App 1 icat  ion of Frequency Response Techniques to the F - 8 a  Airplane 

Application of frequency response techniques t o  the F-86.4 airplane consists  of four 
phases. 

Phase I: Experimental determination of  the frequency response charac ter i s t ics  
of the airplane system. 'Ihe purpose of Phase I is t o  verify the 
va l id i ty  o f  the s t a b i l i t y  c r i t e r ion  on an actual airplane,  t o  deter- 
mine the reproducibi l i ty of open loop t e s t s ,  t o  evaluate and improve 
i n s t  mmen tat ion and equipment, and t o  determine the frequency response 
charac ter i s t ics  of the airplane system for  comparison with the ana- 
l y s i s  and simulator resu l t s .  

Phase 11: An analyt ical  s tudy t o  develop an equation for  the frequency response 
charac ter i s t ics  of the system. 'Ihis phase includes evaluation of a l l  
pert inent  system constants. ?he r e su l t s  of t h i s  analysis  w i l l  f a c i l i -  
t a t e  i n t e l l i gen t  use o f  the r e su l t s  of Phase I. 

Phase 111: Application of  the r e su l t s  of Phases I and I1 t o  a simulator. This 
phase w i l l  make pdssible t e s t i n g  of improvements indicated by Phases I 
and I1 s o  tha t  a screening process can be conducted without requiring 
the use of an airplane. 

Phase IV: Application of the r e su l t s  of  the f i r s t  three .phases t o  an airplane 
for ground and f l ight  tes t s .  

Discussion of Phase I 
Experimental Determination of Frequency Response Characteris t ics  of the System 

In order t o  evaluate the s t a b i l i t y  of  the airplane i t  is necessary t o  determine in some 
manner the open loop t ransfer  function of  the system. Because of d i f f i c u l t i e s  of open- 
ing the servo loop, closed loop tests were f i r s t  considered. However i t  was decided 
tha t  any closed loop t e s t s  would e i the r  r e su l t  i n  exc i t ing  the na tura l  mode of osc i l -  
la t ion  of  the system o r  r e s t r i c t  the system t o  the extent  of a l t e r i n g  i t s  character- 
i s t i c s .  ?his conclusion i s  indicated by two facts:  

(1) The only unquestionable point a t  which a closed cloop system can be driven 
by a s ine wave displacement generator is  a t  some point normally having i n f i -  
n i t e  impedance when seen by the r e s t  of the system, for  exanple, a t  some 
point normally grounded. 



(2 )  Driving a t  a point normally having i n f i n i t e  impedance w i l l  not confine an un- 
s tab le  system t o  follow the s ine  wave generator but w i l l  tend t o  exc i te  the 
system and s t a r t  the na tura l  osc i l la t ion .  

For these reasons a l l  frequency response t e s t s  with the F-86A have been conducted with 
the system i n  the open loop configuration. 

'Ihe major problem of determining a method of opening the servo loop without changing 
the system cha rac t e r i s t i c s  was solved by the arrangement shown i n  Fig. 2. 

SCHEMAT/C D/AGPAM OF 
OPEN LOOP RIZPANGEMEN T 
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( 1 )  Al l  o f  t h e  hydraul ic  l i n e s  t o  the  boost  valve were removed and connected t o  
a s i m i l a r  " a c t i v e  " boost  valve mounted on a s i n e  wave displacement generator .  

(2)  The "dummy" boost  valve  remaining i n  the  a i rp lane  was connected t o  t h e  r e tu rn  
l i n e  s o  t h a t  t h e  "0" r i n g s  a r e  p ressur i zed  t o  provide the  same damping present  
i n  the  normal system. All m c h a n i c a l  connections t o  t h e  dummy valve a r e  the 
s a m  a s  i n  the  normal system. ?his dummy valve  i s  in tended t o  s imulate  the  
valve  dynamic impedance o f  t h e  c losed loop system. 

I n  o r d e r  t o  make open loop t e s t s  wi th  any average pos i t ion  o f  t h e  a i l e r o n s  o t h e r  than 
n e u t r a l ,  i t  was necessary  t o  s imula te  the  p i l o t  by means o f  a sp r ing .  Without t h i s  
s p r i n g  any average p o s i t i o n  of tk a i l e r o n  except  n e u t r a l  would tend t o  d e f l e c t  t h e  
a r t i f i c i a l  f e e l  s p r i n g  which would i n  tu rn  cause the  dumny valve  arm t o  move u n t i l ,  
w i t h  an a i l e r o n  d e f l e c t i o n  o f  0 . 4  deg ,  t h e  va lve  arm con tac t s  t h e  s t o p s .  With t h e  
p i l o t  s p r i n g  t h e  s t i c k  p o s i t i o n  can be adjus ted t o  i ts c o r r e c t  p o s i t i o n  f o r  a given 
a i l e r o n  p o s i t i o n  and load. 

To s imulate  aerodynamic hinge momnt ,  t o r s i o n  s p r i n g s  were a t t ached  t o  a r t i f i c i a l  
a i l e r o n s  having the  same moment o f  i n e r t i a  a s  t h e  ac tua l  a i l e r o n s .  Th i s  i n s t a l l a t i o n  
i s  shown i n  Fig.  3 a  and 3b. Three s e t s  o f  s p r i n g s  were provided t o  cover a range o f  
speeds and a l t i t u d e s  c o n s i s t e n t  w i t h  a i r p l a n e  performance. 

Aerodynamic damping was neg lec ted  on t h e  b a s i s  t h a t  a s  f a r  a s  s t a b i l i t y  i s  concerned, 
p o s i t i v e  ou tpu t  damping would be he lp fu l .  Consequently n e g l e c t i n g  aerodynamic damp- 
i n g  is a conservat ive  assumption. 

The s i n e  wave displacement genera to r  f o r  d r i v i n g  t h e  a c t i v e  valve  cons i s t ed  of a scotch 
yoke d r iven  by a hydrau l i c  power supply.  The frequency, average ~ o s i t i o n ,  and ampli- 
tude of t h e  ou tpu t  a r e  ad jus tab le .  'Ihe a c t i v e  va lve  mounted on t h e  s i n e  wave generator  
i s  shown i n  Fig .  4a and 4b. S t r a i n  gages were used t o  measure ins tan taneous ly  s t i c k ,  
s e c t o r ,  a c t i v e  valve ,  a i l e r o n ,  and dumny valve  p o s i t i o n s .  Dynamic p ressure  pickups 
were i n s t a l l e d  t o  measure p ressures  a t  a l l  valve  p o r t s  and a t  both p o r t s  o f  t h e  r i g h t  
hand a i l e r o n  cy l inder .  

Airplane t e s t s  were conducted a s  follows: 

P a r t  I - C a l i b r a t i o n  

With t h e  c iosed  loop conf igura t ion  and wi th  boost  power on,  the  a i l e r o n ,  s e c t o r ,  
and boost valve  p o s i t i o n s  were measured f o r  various s t i c k  d e f l e c t i o n s  with d i f -  
f e r e n t  load  s p r i n g s  and d i f f e r e n t  pump flow r a t e s .  Th i s  was necessary  because 
o f  the  n o n - l i n e a r i t i e s  o f  t h e  system. With t h i s  informat ion i t  was ~ o s s i b l e  t o  

a d j u s t  the  open loop system s o  t h a t  i n  a l l  t e s t s  correspondence wi th  a c losed 
loop conf igura t ion  could  be assured.  











Par t  I1 - S t a b i l i t y  Cr i te r ion  Validi ty 

With the loop closed, the flow r a t e  was reduced u n t i l  the system would no longer 
o sc i l l a t e  indef in i te ly .  No prec ise  point separat ing a s t a b l e  case from an un- 
s t ab l e  case can be obtained, but t h i s  t e s t  was conducted t o  obtain a rough check 
of the s t a b i l i t y  of  the closed loop system against the s t a b i l i t y  c r i t e r i o n  ob- 
tained with the open loop system. 

Part  I11 - S t a b i l i t y  Cri ter ion Validi ty and Reproducibility 

?his par t  cms i s t ed  of several  determinations of  the open loop frequency response 
of a s l i g h t l y  s t a b l e  case observed i n  Part  11. 'Ihe r e s u l t s  of t h i s  t e s t  (Fig. 5a) 
indicate t ha t  

(1) ?he open loop t e s t s  seem t o  be reproducible. It may be necessary t o  
modify t h i s  staterrent a s  additional r e su l t s  are p lo t ted ,  

( 2 )  'Ihe t ransfer  function checks roughly with the r e s u l t s  of Pa r t  I1 which 
are i l l u s t r a t e d  with the  oscillograph record of Fig. 5a. 

Par t  IV - Frequency Response Charac ter i s t ics  

'Ihese t e s t s  were conducted t o  determine system t ransfer  functions with d i f f e r en t  
aileron pos i t ions ,  flow ra t e ,  hydraulic tubing s izes ,  s t i c k  i n e r t i a s ,  p i l o t  
spring r a t e s ,  and aerodynamic spring r a t e s .  b e  unstable configuration is de- 
picted i n  Fig. 5b where ,both open loop t r ans fe r  functions and closed loop osc i l -  

In  addition t o  these variables ,  small and l a rge  valve amplitudes were used s ince 
it was found impractical t o  r e s t r i c t  the system amplitude t o  a range t h a t  could 
be considered 1 inear.  

In conducting the open loop t e s t s ,  several  d i f f i c u l t i e s  were encountered: 

(1)  Because of wear, the s i n e  wave generator backlash increased u n t i l  the 
s ine  wave fonn became s o  poor t h a t  i t  was necessary t o  add an an t i -  
backlash spring. In addition t o  t h i s ,  any adjustments of amplitude 
proved t o  be d i f f i c u l t  and awkward. In work of t h i s  kind i t  is essen- 
t i a l  t h a t  the s i n e  wave generator have extremely low backlash and tha t  
both amplitude and average posi t ion be e a s i l y  and independently 
adjustable. 

(2 )  St ra in  gage f a i l u r e s  were frequent and were the cause of  se r ious  delays 
i n  the t e s t  program. 

(3) Extreme non- l inear i t ies  caused by valve and sec to r  s tops were trouble- 
some a t  f i r s t  but accurate adjustment of  the system eliminated t h i s  
d i f f i cu l ty .  









(4 )  It was impo&ible t o  use input amplitudes small enough to  be considered 
l inear  since such a small input was absorbed in backlash in the system. 
This d i f f i cu l ty  is inherent i n  any system with a valve stroke in  the 
order of a thousandth of an inch and with system backlash of the same 
order of magnitude. Consequently la rger  amplitudes were used i n  most 
t e s t s .  

?he oscillograph records of these t e s t s  are current ly being studied and p l o t s  of 
t ransfer  functions have not ye t  been made. 

Analytical Determrnatron of Frequency Response Characteristics of the System 

transfer function i s  represented by the function, 

P = PI P2 

Ihe following pages of t h i s  paper are concerned with detemining analy t ica l ly  the trans- 
fer  functions p1 and V 2  and the i r  product plp?. A l l  variables are considered a s  varia- 
tions from average and the Laplace transform 1s designated by f (s) except i n  long equa- 
tions where the l e t t e r  s is  omitted. Throughout the s t a b i l i t y  analysis the i n i t i a l  
condition operator is  neglected. 

?he transfer  function P2(s) describing tha t  par t  o f  the system shorn between 
and Xm in  Fig. 3b may be htermined from the following equations: 

F a g  = Ke(C4Xer - 8,) 

F I  = ( K s  + M,s ) X ,  ; i f  D, = 0 

* The t r a n s f e r  f u n c t i o n  1 s  a  complez f u n c t t o n  r e p r e s e n t t n ~  the  r a t i o  of t h e  L a P l a c e  t r a n r f o r m  

of the  two u a r t a b l e s .  T h r s  8s d i s c u r s e d  t h o r o ~ ~ h l y  i n  s e v e r a l  t e x t s  r u c h  as " P r t n c t p l e s  o f  

Servoaechontsms" by G. S. Brown and D. P .  C a m p b e l l ,  John l i l e y  and Sons ,  New Y o r k ,  1948. 







F w  = (K,, + D,s + M w s 2 )  Xw 

Solving these seven, equations for  X U  (s )/B, (s ) yields the following: 

The constants involved i n  t h i s  equation were determined and the t ransfer  function 
has been plot ted.  

e a f s )  
( 2 )  Determination of ~ ~ ( 8 )  = -- 

X v a f s )  

'Ibis par t  of the system is  shown schematically i n  Fig. 7a where the ai lerons are 
clamped together t o  indicate t ha t  they are  treated as a s ingle  output member. 
'Ihe network equivalent of the two ai leron systems o f  Fig. 7a is shown i n  Fig. 7b. 
This figure shows two ai lerons t o  simplify the determination of the system e l e -  
ments as the reduction t o  a s ingle  output system is carr ied out. In the figure 
each hydraulic l i ne  has been represented by a s ingle  e q i v a l e n t  e l e c t r i c a l  "T" 
network consisting of resis tance ( f lu id  f r i c t i o n ) ,  inductance ( f lu id  i n e r t i a ) ,  
and capacity ( e l a s t i c i t y ) .  This representation i s  an approximation of  an in- 
f i n i t e  number of such "T" networks (APPENDIX I).  Calculation has shown tha t  for  
the l i nes  used i n  t h i s  system t h i s  assumption introduces a very small e r ro r  
(APPENDIX 11). 

The actuating cylinders have been represented by a leakage resis tance i n  para l le l  
with an impedance consist ing of an inductance (a i le ron  and piston i n e r t i a ) ,  re- 
s is tance (output damping), and capacity (aerodynamic spring r a t e ) .  













Simplif icat ion of these equations y ie lds  the following: 

0 = (1 + C1pZ9)Po - Pl 
(1 )  

W4z f c  )X 0 0  
= (-',)Po + (2, + Z c  + Z9ZeC3 -(Z9)P2 -(ZgZJ3 ,)p5 (2)  

0 = (-2)P1 + (3  + 2cfzcs)P2 - P, (3) 

From these e igh t  equations X ( s )  can be determined a s  a function of Xv(s ) .  Thus 
P 

the t ransfer  function 

can be determined ana ly t ica l ly .  This ana lys is  is being conducted a t  present and 
the f i n a l  expression for  p1 is  not ye t  avai lable.  

(3)  Determination of p ( s )  = p l ( s  )p2 ( s )  

The t o t a l  t ransfer  function can be determined by multiplying pi and p2 

Discussion of Results 

The r e su l t s  obtained t o  da te  must be regarded as  preliminary; however, several  obser- 
vat ions can be made a t  t h i s  time. 

1. The r e s u l t s  of  the airplane t e s t s  ind ica te  tha t  t h e  a i le rons  do not always move 
together but may be out of phase by a s  much a s  150 deg a t  some frequencies. I n  ad- 
d i t i o n  t o  t h i s  the amplitudes o f  the l e f t  a i leron is  scmetimes d i f f e r e n t  from tha t  



of  the r i g h t  a i l e ron .  These c h a r a c t e r i s t i c s  i n d i c a t e  t h a t  i n  the  a n a l y s i s  it i s  
necessary t o  t r e a t  the a i l e r o n s  as  p a r t  o f  a  d u a l  output  system ins tead  of  the 
s ing le  output  system i l l u s t r a t e d  i n  t h i s  repor t .  'The a n a l y s i s  i s  a t  present  being 
extended t o  include t h i s  e f f e c t .  

2. Recent experimental determinations of t h e  boost valve f ixed  r e s i s t d c e s  i n d i c a t e  
t h a t  these  res i s tances  cannot be neglected. Consequently the  extension o f  the 
ana lys i s  w i l l  include these add i t iona l  res i s tances .  

3. Because of  the  add i t iona l  corrplications r e s u l t i n g  from t h i s  extension,  the  r e s u l t -  
ing  equat ions  f o r  the  system t r a n s f e r  funct ion w i l l  n o t  be r e a d i l y  solvable .  Can- 
sequently i t  i s  planned t h a t  an analogue o r  a  computer w i l l  be used. 

4. 'The experimental r e s u l t s  i n d i c a t e  t h a t  t h e  system i s  extremely unstable  a s  shown 
i n  Fig. 5b. I f  the  system flow r a t e  i s  increased t o  4 gpm, the system becomes 
even more uns tab le  and the t r a n s f e r  function passes  through the. -4+j0 p o i n t  a t  21 
cps and the O+j4 point  a t  28 cps. 

Conc lus  ions 

1. An experimental method fo r  determining the  t r a n s f e r  funct ion of the F-86.4 a r t i f i c i a l  
f e e l  a i l e ron  system was developed and has  provided s a t i s f a c t o r y  r e s u l t s .  

2. An a n a l y t i c a l  method has been developed and is c u r r e n t l y  i n  the process of  so lu t ion .  
Several s impl i f i ed  methods have been el iminated as  unsound. 

3. 'Ihe g r e a t e s t  d i f f i c u l t y  encountered i n  the  e n t i r e  program was the u n r e l i a b l e  nature  
of the s t r a i n  gages used f o r  displacement and pressure measurements. This  problem 
has n o t  y e t  been solved s a t i s f a c t o r i l y .  

4. Experience gained during t h i s  inves t iga t ion  ind ica ted  t h a t  much time can be saved 
i f  a l l  o r i g i n a l  designs a r e  based on the  r e s u l t s  of a  frequency response analysis .  
'Ihe idea l  and possibly  the only s a t i s f a c t o r y  way t o  ob ta in  a  good sur face  control  
system is  by a  combination a n a l y t i c a l  and exper inental  development. 

* * *  

APPENDIX I 

E l e c t r i c a l  Network Equivalent t o  Hydraulic Pansmiss ion  Line 

?he t o t a l  pressure  drop per  u n i t  l eng th  o f  a  tube is 

T o t a l  Pressure  Change Flow 
per Unit  Length F r i c t i o n  

I n e r t i a  



where RZ = Resis tance per u n i t  length 

p = Density of  f l u i d  
A = Area of tubing 

Because of e l a s t i c i t y  flow is l o s t .  T h i s  l o s t  flow per  u n i t  lenath,  is 

U Y  1 where P = - a  - = e l a s t i c  constant  f o r  f l u i d  
v 4J 

and V = vdurne o f  tubing 

'Ihe equat ions  f o r  an e l e c t r i c a l  transmission l i n e  with  no leakage a r e  

where RZ = Resis tance per  u n i t  l eng th ,  

LZ = Inductance per  u n i t  l eng th ,  and 

CI = Capacity per  u n i t  length. 

Thus the  hydraul ic  transmission l i n e  can be reduced t o  an i n f i n i t e  number of "T" net-  
works such a s  



Error Introduced by  Using O i l y  One "1'" Network t o  Represent 
A Hydraulic Transmission Line 

n e  c h a r a c t e r i s t i c  impedance o f  a  transmission l i n e  i s  

while t h e  c h a r a c t e r i s t i c  impedance o f  a  s i n g l e  "T" network is 

where Z ,  = R.1 + jwL.1 

The e r r o r  introduced by us in^ only one "T" network is 

Using the  f i r s t  two terms o f  t h e  binomial expansion o f  t h i s  express ion we o b t a i n  t h e  
expressions 

For 3/8 x .0,"8 tub ing  

-6 Rs = 8 . 0  1 l o e 3  ~b See I;!, Lz = 9 . 6  x l o m 4  Lb sec2 I n , ,  Cx = 3 . 7  x 10.' ~ b - j l n !  



'Ihus a t  25 cps, a = 1 . 5 7  x l o 2  Rad. ~ e c : '  

6z  = 12(-1.08 x + j 5 . 8 3  x 

For 1 = 320 in. 

which means tha t  by using a s ingle "T" network, e r rors  of 1.lX and of 0.59% are in t ro-  
duced in to  the rea l  and imaginary par t s  of the charac ter i s t ic  impedance. For shorter  
l i nes  these er rors  w i l l  be less. 

The er ror  i n  the attenuation factor  i s  l e s s  than the er ror  i n  charac ter i s t ic  impedance. 
A discussion of transmission l i n e  theory is presented in  Volume I1 of "The Classical  
Theory of Long Line, F i l t e r s  and Related Networks" by E. A. Guillemin published by 
John Wiley and Sons (1947 ). 

I 
i 

APPEND1 X I I I 

Impedance, Z1,  of Ai leron and Actuating Cyl inders  

In  Fig. 10 the drop pressure, P 3  - P,, across the piston causes the piston and aileron 
t o  accelerate,  the  spring t o  def lec t ,  and the  damper t o  move. ?bus with the applica- 
t ion of  Newton's Laws we obtain the expression 

where I # ,  S a p  and ka are the moment of i ne r t i a ,  damping, and spring r a t e  of the aileron 
and actuat ing piston about the axis of rotation. Taking the LaPlace transform and ne- 
glect ing the i n i t i a l  condition operator, we obtain the expression 

By def in i t ion  the impedance of  one a i l e r m  is  given by 

'Ihus since X p  = alea 
I k 

Z1 (s) ' 2 a 2 ~ 2  [I,s ' Sa ' 9 ] 
1 P 

t 
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DISCUSSION 

MR. HARRIS, Chance-Vought A i r c r a f t :  I n o t i c e  you use the actual wing pane 1 
for  your t e s t s .  Why d id  you d o  that rather than some -type of mock-up? 

MONROE: That e l ip ina ted  one problem; tha t  i s ,  how good i s  the mock-up. Of 
course,  we had t o  worry about how good i s  one airplane l i ke  the other .  We had one 
airplane. Although we had a s irnulator constructed,  we decided since the airplane was 
ava i lab le ,  we had b e t t e r  use i t .  Actual ly  we intend t o  use a simulator,  but when we 
do, we would check the r e s u l t s  of  that against the  airplane t e s t s ,  jus t  t o  be sure.  

MR. MCRUER, Northrop A i r c r a f t :  As a matter of c u r i o s i t y ,  what value d id  you 
use for the spring rate  of the p i l o t ?  

MONROE: We d idn ' t  r e a l l y  attempt t o  simulate the p i l o t  dynamically but we de- 
cided i f  the p i lo t  were t o  move the s t i c k ,  he would have t o  go according t o  the aero- 
dynamic, w e l l ,  the a r t i f i c i a l  spring rate  so  we made i t  equal t o  t h a t .  

MR. FOLSE, Wlreau o f  Aercnautics: I n  connection w i t h  the s tudy of the repro- 
d u c i b i l i t y  of the t rans fer  function, have you used the method of l eas t  squares as a 
means of adjust ing data t o  supplement conventional servo theory? So far as I am con- 
cerned tha t  i s  the most rigorous nrethal, a t  least  one of the. most rigorous methods 
i f  not  the most. I suggest tha t  i t  might be use fu l .  

MONROE: We have considered such an ac t ion  w i t h  regard t o  e l iminating some o f  
the d i f f i c u l t i e s .  I n  other words, we would l i ke  t o  check the  theory against our ex- 
perimental work t o  see what can r e a l l y  be l e g i t i h a t e l y  e l iminated from the ana lys i s ,  
so I think tha t  i s  something i n  l ine  w i t h  what you were saying. 

MR. RICHOLT, Lockheed A i r c r a f t :  S ince you say t h i s  system was unstable and 
I know the airplanes  are f l y ing ,  what d id  you do t o  them? What kind of system do you 
have ? 

MONROE: We have a load feel  system on the airplane. 

RICHOLT: I t  was jus t  a modi f icat ion t o  t h i s  system? 

MONROE: We have a d i f f e r e n t  system but i t  i s  qui te  s imi lar  i n  general arrange- 
ment t o  t h i s .  I rhink the only substant ial  d i f f e rence  i s  tha t  we don't  have an a r t i -  
f  i c i a l  fee 1 spring and we have a load fee 1 valve .  

RICHOLT: You get the  loai  fee 1 through hydraulic pressure? 

MONROE: Yes. Incidents l l y ,  tha t  i s  pre t t y  complicated because that  introduces 
another loop i n  the servo. f i e  valve i t s e l f  can be unstable.  
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PART 1 

I n t r d u c t  ion 

The power boosted surface control  i s  a mechanism tha t  has been developed concur- 
rently with the progress and development of high performance a i r c r a f t .  Nothing new 
has been added t o  the basic control configuration; the development of the mechanism 
r e f l e c t s  primarily the p i l o t ' s  l imited a b i l i t y  t o  de l iver  power. Means for supple- 
menting the p i l o t ' s  e f f o r t  could be provided by mechanical, e l e c t r i c a l ,  hydraulic or 
pneumatic devices. ?he major e f f o r t s  i n  t h i s  f i e ld ,  however, have been with hydrau- 
l i c  devices and t h i s  symposium is assembled t o  discuss the means and methods used in 
the development of hydraulic power boost surface control equipment. 

?he " i r revers ib le  boost system" is receiving a considerable amount of at tent ion 
and in t e re s t  in the a i r c r a f t  industry a t  the present t i m e .  %is device of fers  a 
means of supplying supplementaty power for  the pi l o t  and in  addition has the desirable 
charac ter i s t ic  of i so l a t ing  the surface forces from the p i l o t ' s  control  devices. A 
successful i n s t a l l a t i on  of t h i s  type a l lev ia tes  the aerodynmiscists  concern over pe- 
cul iar  hinge moment charac ter i s t ics  and p i lo t  e f f o r t  problem of high speed f l i gh t ,  
but presents the additional problem of requiring an in s t a l l a t i on  of a r t i f i c i a l  " p i l o t  

The basic requirements and the basic mechanisms of power boost equipment are 
evidently established, but the unfortunate f ac t  of the matter is tha t  a completely 
sa t i s fac tory  system is  not i n  hand. ?he systems show a tendency t o  in s t ab i l i t y  and 
the p i l o t ' s  characterize the operation of the equipment as "over sensi t ive."  

In  t h i s  paper, an e f f o r t  w i l l  be made t o  discuss the " l r revers ib le  boost system" 
with par t icu lar  emphasis on the s t a b i l i t y  and performance charac ter i s t ics .  Force 
feedback systems, the "over-sensi t ivi ty '  problem, a r t i f i c i a l  f ee l ,  e t c . ,  w i l l  not be 
discussed. Par t  I is devoted t o  the application of servo-theory.to the mechanism and 
W r t  11, t o  a discussion of laboratory r e su l t s  and techniques determined a t  Chance 

Development of the Theory 

Figure 1 has been prepared t o  i l l u s t r a t e  the mechanism under consideration and 
t o  define the parameters. ?he displacement X i  r e p r e s ~ n t s  the motion received from 
the p i l o t ' s  control; X o  represents the motion imparted t o  the controlled surface; and 
Xc represents the difference between X i  and Xo and is the valve opening. ?his  config- 
uration is known as a closed-center i r revers ib le  power boost and requires an external 
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hydraulic c i r c u i t  t o  supply pressure a t  a constant flow consistent  with the maximum 
speed requirements of the operator.  Figures I a  and.Ib have been prepared t o  i l l u s -  
t r a t e  other  configurations t h a t  s a t i s f y  the same def in i t ions .  These configurations 
are basical ly the same a s  tha t  of Figure I ,  and mathematical expressions developed 
fo r  any one of them can be applied d i r ec t ly  t o  another. The configuration of Figure I 
has been selected for  discussion because i t  is the most elementary and it is the con- 
f igurat ion with which we have had the most experience. Let i t  suf f ice  t o  say tha t  
the configurations d i f f e r  only in geometry and these proper t ies  appear as multiplying 
fac tors  i n  the open-loop t ransfer  function. 

As i n  most servo theory, it is convenient t o  revert  d i r ec t ly  t o  an examination 
of the relat ionship between the output Xo and the e r r o r  Xe. In t h i s  case, the valve 
charac ter i s t ics  dominate the considerations. Pressures and flows are excited by 
valve e r ro r  which i n  turn d i r e c t  output motion. Since the output pressure is t o t a l l y  
dependent on the character of the "load*, i t  is evident t h a t  an expression r e l a t i ng  
valve motion t o  output motion for  an a rb i t ra ry  load must f i r s t  be developed. 

l'here are two s ign i f i can t  charac te r i s t ics  of a valve which can be used t o  devel- - 

op the expression. The f i r s t  is the flow-stroke cha rac t e r i s t i c  and the second is the 
pressure-stroke charac ter i s t ic .  Figure I1 has been prepared t o  i l l u s t r a t e  su i t ab l e  
t e s t  methods for  determining these charac ter i s t ics  for  any given valve. Over a shor t  
range and par t icu lar ly  nearXE = 0, the following equations may be used: 

$ =  KXE 

and 
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Now, i f  methods of the e l e c t r i c a l  engineers a re  borrowed, an equivalent hydraulic c i r -  
cu i t  can be assumed. Figure 111 i l l u s t r a t e s  an equivalent c i r c u i t  t ha t  s a t i s f i e s  the 
assumed proportional charac ter i s t ics  of the valve. Using the schematic, a pressure 
drop equation can be wri t ten as follows: 

e = R" Q8C 

Where PC is the pressure r i s e  and Rp Q I C  is  the pressure drop. When the expressions 
for the f lm-stroke and pressure-stroke are subst i tuted,  fo r  P, and Q l c ,  R,, is expressed 

in  terms of constants. 

Pressure - stroke slope R,  = --- 
Flow - stroke slope 

?his method of determining the internal  "resis tance" of the valve is analogous 
to  methods used t o  determine generator in terna l  impedance, e lec t ronics  amplifier out- 
put imedance, e tc .  Having establ ished an equivalent c i r c u i t  for  the valve, it is  now 
possible t o  develop an expression r e l a t ing  Xo and XE for an arb i t ra ry  "load". Again, 
using e l e c t r i c a l  engineering terminology, the load w i l l  be cal led an I' impedance" ZL 
and w i l l  have dimensions o f  pressure per un i t  flow. ?he inpedance may be added t o  
the basic equivalent c i r c u i t  a s  shown i n  Figure IV. 

Four - W q  Valve 
Equ/volent C / rcu / t  hc ludlny 

Load Impedance 

m - 169 - 



Equating pressure r i s e s  t o  pressure drops, 

and subst i tut ing:  

P, = K X( 

and qL = A Xos 

Ihe r a t i o  of Xo t o  X, is developed. 

%is expression may be cal led the open loop t r a n s f e r  function for  an arb i t ra ry  load. 
Without considering, the e f f e c t s  of ZL, the expression has the charac ter i s t ics  of  a 
zero posi t ion servomechanism. 

Before proceeding t o  a detai led examination o f  load impedance and its e f f ec t  on 
the t ransfer  function, a word or  two must be sa id  about an a l te rna te  equivalent c i r -  
cu i t .  Under most circumstances, the compressibility o f  the f lu id  and deformation of 
l i nes  and cylinders must be taken i n t o  account. In  t h i s  case a two-loop equivalent 

FIG Y 

FOUR-WAY VALVE EQUIVALENT CIRCUIT 
INCLUDING 

LOAD AND COMPRESSIBILITY EFFECTS 



c i r c u i t  must be assumed a s  shown i n  Figure V. The express ion f o r  the  t r a n s f e r  func- 
t i o n  may be solved i n  the  same manner as before ,  g iv ing  

For the  moment, i t  w i l l  be convenient t o  abandon the  general ized t r a n s f e r  funct ions  
and examine the  charac te r  o f  t h e  load impedance ZL i n  d e t a i l .  The load p ressure  pL 
r e s u l t i n g  from flow qL i s  due t o  mechanical phemonena such as  hinge moment, su r face  
mass, f r i c t i o n ,  e t c . ,  and consequently a conversion f a c t o r  is necessary t o  r e l a t e  hy- 
d r a u l i c  t o  mechanical phenomena. The impedance z has been def ined  a s  t h e  r a t i o  of 

L 
PL t o  qt : 

but  s ince  

F o  PL = - 
A 

and 

qL = A Xo S 

' h e  hydraul ic  load impedance ZL can be determined by so lv ing  f o r  t h e  mechanical impe- 
dance and m l t i p l y i n g  by I / A ~  , t h e  conversion f a c t o r .  

the equ iva len t  valve c i r c u i t  and t h e  load impedance and examine p rogress ive ly  the  
e f f e c t s  on t h e  open and c losed t r a n s f e r  funct ions  and t h e  c losed loop t r a n s i e n t  res- 
ponse. 

Figure VII i l l u s t r a t e s  t h e  case o f  ZL = 0. 'Ihe open loop t r a n s f e r  funct ion p l o t s  

Figures VIa, VIb, VIc & VId have been prepared to i l l u s t r a t e  s o l u t i o n s  o f  the  hy- 
d rau l i c  load impedance f o r  i n c r e a s i n g l y  complex systems. The nex t  s t e p  is t o  combine 

: along the  - j  a x i s ,  the  c losed loop has the  pure time l a g  c h a r a c t e r i s t i c  and the  t ran-  
s i e n t  so lu t ion  is shown accordingly.  I t  is i n t e r e s t i n g  t o  note  t h a t  it is impossible 

Figure VIIa i l l u s t r a t e s  t h e  condi t ion i n  which the load is  composed o f  mass only. 
'Ihis p a r t i c u l a r  condi t ion i l l u s t r a t e s  some of the confusing aspec t s  of  t h i s  type of 

- - 
t o  make t h i s  system unstable .  An inc rease  i n  t h e  flow s t r o k e  curve K/R,  o r  a decrease I 

i n  the  p i s t o n  a r e a  A both se rve  t o  decrease  t h e  time of response,  b u t  extension t o  
l i m i t s  simply reduces o r  inc reases  t h e  speed o f  t h e  system. I t  is a l s o  evident  t h a t  

I 
the  s teady s t a t e  response of t h e  mechanism is independent o f  the  parameters. 

I 
mechanism. For example, by examination of the  express ions  f o r  wo and to it is  evident  1 

tha t  the  n a t u r a l  frequency and t h e  danping a r e  both increased f o r  an inc rease  o f  the  
pis ton area.  I t  is con t rad ic to ry  i n  a sense,  s i n c e  an inc rease  i n  the  p i s ton  a rea  I 

I 
i n t u i t i v e l y  decreases  t h e  speed! The explanat ion is however, t h a t  t h e  damping in- 
creases  much f a s t e r  than the  n a t u r a l  frequency and a f f e c t s  a n e t  decrease.  'Ihe e f f e c t  k .I 









i 

I 
of changes i n  the mass M is  more evident. An increase i n  the mass of the system de- 

I 

b 
creases the natural frequency and the demping and should be avoided i f  a t  all possible. 

r fie best control of the amount of demping is provided by'~/l?;. 'Ihe flow-stroke curve 

i which appears i n  the open loop t ransfer  hnc t ion  as a gain factor. A reduction of 
the flow stroke curve w i l l  infrease the damping factor and not a l t e r  the natural fre- 
quency. Again the assumed configuration is stable and self-sustained oscil lat ion is  

: not possible. 
I Figure VIIb i l l u s t r a t e s  the case in which it is assumed that  structural  def,lec- 

I tions take place between the output piston and the surface mass, 'Ihe addition of the 
, structural deflection term a l t e r s  the dynemic characterist ics of the system; but 
t leaves the steady-state unaltered. Of part icular  in teres t  again is the fac t  that  th i s  
I system cannot become unstable by any manipulation of parameters. ?he open-loop trans- 

fer function does not cross the -180°, axis. Ole part icularly in teres t ing feature of 
th is  configuration is the appearance of term in the numerator of the closed-loop 
transfer function. 'Ihis introduces a zero or  null  in to  the transfer function plot  
and means that  i d d o e s  not respond to,X, o r  X a t  t h i s  frequency. Andther in teres t -  

A 
ing feature of €his configuration i s  that  the natural frequency term associated with 
the system mass end the valve pressure-syoke curve becomes unimportant. TO i l l u s -  
t=ate, typical values o f , ~ / C ' a d  M m a r e  ~O&lo'b/and ioxln-@ respectively. 'Lhe r a t i o  
of these numbe~s is indepez&nt of the m a s s  of the system and the implication is that  
the force per-unit motion of the valve is high canpared t o  the s t i f fness  of e f f i c i en t  
structural design. I f  the ,M]K+ term is neglected compared t o  the M/g term, the nat- 
ural frequency of the system becomes independent of valve characterist ics dud the ef -  
fective damping is &pendent only on the flow-stroke characterist ic of the v d v t .  
Piston area and system m a a m  have the saae e f fec t s  as befo*, 
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When the e f f ec t s  of "load" o r  hinge m a t  are considered, another change is in- 
troduced i n  the system. Figure VIIc i l l u s t r a t e s  t h i s  configuration. h e  property of 
the system is of par t icular  i n t e re s t .  Ihe system is no longer a zero er ror  servomecha- 
nism. 'Ihis is due to the fact  t ha t  a f i n i t e  valve e r ro r  is required to  hold a hinge 
moment and i e s u l t s  i n  a smaller deflect ion of  the surface than is  ca l led  for  by the 
control coluum. 'Ihis property is sometimes cal1ed"droop" i n  regulators and i n  t h i s  
par t icular  case is only of importance when the controlabil i ty of the a i r c r a f t  is con- 
sidered. It is not s igni f icant  o r  important as a property of the boost i t s e l f .  

'Ihe f ina l  i l l u s t r a t i o n  of loads with the sinple hydraulic equation is given on 
Figure MId. 'Ihe complexity of the ch&rac&tist ic  equation ,and the parameters have 
increased to the point where it is indeed d i f f i c u l t  i f  not impossible t o  casually 
evaluate the e f f ec t s  of number changes. It should be noted, however, t ha t  these char- 
a c t e r i s t i c s  possess a l l  the propert ies  of the systems previously discussed. 'Ihe steady- 
s t a t e  has "droop" and the dysslllic charac ter i s t ics  are of the same order as  the config- 
urat ion using s t n k t u r a l  de$lection and mass parameters for  the load. h e  property 
appears tha t  should be very heartening t o  i r revers ib le  boost system designers: -.- 'Ihe 
addition of hinge-mament tends t o  make the system more stable.  In  other  words, a sys- 
tem tha t  is s table  on the gramd will not develop se l f -osc i l la t ions  i n  f l ight .  

'Ihe dolainant feature of the analysis so f a r  is that'none of the assumptions made 
indicate a tendency toward i n s t a b i l i t y  i n  the" charac ter i s t ic  equations. I f  such is  
the  case, it is evident t h a t  the theory is i n  e r ro r  o r  t h a t  suf f ic ient  parameters 
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have not been taken in to  account. We are a l l  too well aware tha t  the mechanisms do 
osc i l l a t e .  Actually, i t  is e s sen t i a l  to assume o i l  compressibility o r  cylinder ex- 
pansion t o  account fo r  the unstable propert ies  of t h i s  mechanism. The next s e t  of 
i l l u s t r a t i o n s  have been prepared t o  cont ras t  with those a1 ready i l l u s t r a t ed .  'Ihe 
same load impedances w i l l  be added to  the second equivalent hydraulic c i r c u i t  i n  the 
same order. 

Figure VIIIa i l l u s t r a t e s  the combination o f  the equivalent hydraulic c i r c u i t  in- 
cluding compressibil'ity e f f e c t s  and a simple mass load. When compared t o  Figure VIIa, 
it is imnediately apparent t ha t  t h i s  system can be unstable even with a very simpli- 
f ied load. nis is the f i r s t  i l l u s t r a t i o n  i n  w h i h  the open-loop t ransfer  function 
crosses the - 180° axis. 

Figure VIIIb i l l u s t r a t e s  the above configuration with hinge-moment added. As 
before, the  open-loop t ransfer  function crosses the  -180' axis  and the  addition of 
the load introduces "droop" i n  the  sane fashion as with the simple c i r cu i t .  

Figure VIIIc i l l u s t r a t e s  the  corrpressibility configuration with a load consist- 
ing of s t ruc tu ra l  deflect ion and mass. Again, we have an open-loop t ransfer  function 
tha t  crosses the - 1 8 0 ~  axis  and is therefore subject t o  se l f -osc i l la t ion .  
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A f ina l  i l l u s t r a t i o n ,  Figure VIIId, is now presented which has proven to  be the 
minimum configuration necessary t o  check experimental data. This configuration in-  
cludes the mass and s t ruc tu ra l  deflect ion term and requires the more complicated hy- 
d rau l i c  equivalent c i r cu i t .  In addit ion,  i t  has been found necessary to include a 
term representing s t ruc tu ra l  damping. ?he hinge m e n t  term has been l e f t  out  since 
i t  generally improves the s t a b i l i t y .  

Now tha t  a s e r i e s  of progressively more complicated configurations has been de- 
veloped, i t  i s  necessary t o  sumnarize the importance and signif icance of the various 
parameters t h a t  appear i n  the equations. 

a. Pressure-Stroke b r v e  -- ?he pressure-stroke curve must be selected as a com- 
promise. I f  the value is too low, an excessive amount of "droop" is in t ro -  
duced t o  the system when hinge moment is applied. I f  the value is  too high, 
s e l f  -0sci1 la t ion  w i  11 be encountered. A closer  examination w i l l  show tha t ,  
f o r  s tab le  operation, KA < C.A' . 

b. Flow-Stroke Curve - -  Ihe  flow-stroke curve dominates the  speed of response of 
the system. ?he term 3 appears as the coeff icient  of the s term in  the 

K 
denominator of a l l  configurations. An increase i n  the flow-stroke curve de- 
creases the time constant. ?his term also has an e f f e c t  on the  s t a b i l i t y  of 
the system since it always appears as a multiplying fac tor  i n  the open-loop 
t ransfer  function. The value of t h i s  term should be selected on a basis  of  
closed-loop time of response requirements, i f  feasible .  

c. System Mass --  The systems examined cannot become unstable without the mass 
term. An increase i n  mass always tends t o  decrease the s t a b i l i t y .  

d. Pis ton Area -- Changes t o  the pis ton area a f f ec t  the system operation i n  a 
manner qui te  s imi la r  t o  changes i n  the flow-stroke curve. An increase i n  
pis ton area i s  generally s t ab i l i z ing  but tends t o  decrease the speed of res-  
ponse of the system. Changes i n  p is ton  area are not considered a sa t i s fac-  
tory method of  increasing s t a b i l i t y .  

e .  Aerodynamic Load -- From the  s t a b i l i t y  point  of  view, the aerodynamic load 
usually has a s t a b i l i z i n g  e f f e c t  and is generally ignored for  s t a b i l i t y  studies. 

f .  S t ruc tu ra l  Effects  --  ?he s t ruc tu ra l  s t i f f n e s s  term, together with the mass, 
usual ly define the na tura l  frequency of o sc i l l a t i ons  o r  overshoot. A s  long as 
the r e su l t i ng  natural  frequency is high compared t o  the speeds of response re-  
quired of the system, the term is  not  important. I f  very high speed servos, 
such as missi le  servos, are  required, t h i s  term becomes s ign i f i can t  i n  the 
s t a b i l i t y  considerations. 

g. Oil  Compressibility and Cylinder and Line Expansion -- A s  demonstrated i n  the 
i l l u s t r a t i o n s ,  i n s t a b i l i t y  i s  not possible  without t h i s  term. To avoid the 
e f f e c t s  of t h i s  parameter, i t  is necessary t o  use s trong short  l i ne s ,  a mini- 
mum of pis ton chamber volume and take considerable care t o  assure t h a t  the 
f lu id  i s  n o t  f u l l  of a i r .  

h. S t ruc tura l  and Aerodynamic Damping -- These terms are  generally s t ab i l i z ing ,  
but do not  o f f e r  a good means t o  improve s t a b i l i t y  s ince it is  not possible  
t o  control them. 



PART 11 

Application and Test Results 

Part  I o f  t h i s  paper was devoted t o  the application of servomechanism theory t o  
the i rreversible hydraulic boost system. This sect ion of  the paper w i l l  be confined 
to a description of an application o f  the .theory t o  the a i lava tor  boost system of the 
Chance Vought experimental Cutlass ,  XFIU-1. Actually, the theoret ical  expressions 
could not have been developed o r  refined without para l le l  and supporting laboratory 
investigation. 

Development of the complete hydraulic system for  the Cutlass  included the con- 
struction of a f u l l  scale dimensional hydraulic mock-up. In the or ig ina l  planning, 
the mock-up was intended fo r  operational and other routine hydraulic t e s t s .  'Ihe ava i l  
ab i l i ty  of the hydraulic mock-up offered the ~ o s s i b i l i t ~  of  invest igat ing the s t a b i l i t y  
characteristics of the boost system p r io r  t o  i n s t a l l a t i on  i n  t he  f i r s t  f l i g h t  a r t i c l e .  
'Ihe possibi l i ty of avoiding delays t o  the  f l i g h t  t e s t  program by qualifying the boost 
system dynamically p r io r  t o  f l i g h t  was a t t r ac t ive  and ac t ive ly  prosecuted thereafter .  

I t  was necessary to  simulate parameters o f  the a i r c r a f t  t o  a cer ta in  extent and 
additions and changes were made t o  the mock-up accordingly. Airloads were simulated 
by a family of torque tubes producing hinge moments from zero t o  1000 foot pounds per 
degree which were cal ibrated in  terms of airspeed a t  given a l t i tudes .  The mass of 
the control surface was represented by a ro ta t ing  s t ee l  body with the same moment of 
inert ia  as  tha t  of the control  surface with the same radius arm coupling it t o  the 
boost cylinder. The load can bes t  be pictured as a concentrated mass of 1,700 pounds 
attached d i r ec t ly  to  the boost cylinder. ?his i ne r t i a  load assumed a concentrated 
mass rather  than the actual case of mass d is t r ibuted  along the torque box of the sur- 
face with a concentrated mass terminating the 'torque box. A t  the time of construc- 
tion of the i n e r t i a  load, the surface was assumed t o  be r ig id  insofar  as i t s  dynamic 
characteris t ics  a t  the boost system's resonant frequencies were concerned. In order 
that as many of the a i r c r a f t  components as possible would be checked in  the t e s t s ,  
actual par t s  were used t o  couple the boost cylinder rod end to  the mock-up s t ruc ture  
and the boost cylinder t o  the simulated i n e r t i a  and aerodynamic spring loads. 

'Ihe boost cylinder and in t eg ra l  valve housing are  shown schematically i n  Figure I. 
It can be seen t h a t  posi t ional  follow-up is  obtained by at taching the rod end to  the 
structure and the cylinder housing to  the load. In t h i s  way, once a valve input s ig-  
nal is  received, movemnt of the housing is  i n i t i a t e d  and as  control led by the e r ro r  
between the input s ignal  and the 'pos i t ion  o f  the output w i l l  continue t o  move u n t i l  
the e r ro r  between the two is brought t o  zero. Forging of the valve housing and the 
cylinder housing as  one u n i t  insures a minimum poss ib i l i ty  of e r ro r  en ter ing  in to  the 
feedback linkage. 

?he physical dimensions of the uni t  were more or  l e s s  d ic ta ted  by the extreme 
aerodynamic requirements. For example, approximately nine square inches of piston 
area were required a t  a l i n e  pressure of 3300 pounds per square inch t o  match the 
hinge moments ant icipated a s  well as a flow of  20 gallons per minute maximm for  each 
unit .  Since the boost system dinensions were not variable,  the e n t i r e  problem of 
s t a b i l i t y  required the determination of valve charac ter i s t ics  a s  a possible means of 



con t ro l .  Mr. H a r r i s  has a l ready discussed the  con t r ibu t ion  o f  the  valve character- 
i s t i c s  t o  the  a n a l y t i c a l  approach. 

The t e s t  program on the  i r r e v e r s i b l e  boost system was divided i n t o  two d i s t i n c t  
phases,  s t a t i c  and dynamic. 

The f i r s t  o r  s t a t i c  ~ h a s e  e n t a i l e d  t h e  determination o f  s t a t i c  valve character-  
i s t i c s  and c a l i b r a t i o n  o f  the  ins t rumentat ion and was performed i n  t h e  hydraul ic  and 
e l e c t r o n i c  t e s t  l abora to r ies .  

The second o r  dynamic phase checked the  boost system's open-loop response t o  a  
va r iab le  frequency s inuso ida l  i n p u t ,  emphasized t h e  important r o l e  the  valve charac- 
t e r i s t i c s  play i n  t h e  s t a b i l i t y  o f  such a  system, and was performed on t h e  hydraul ic  
mock-up and the  a i r c r a f t .  

The valve under t e s t  was of the two land l i n e a r  s l i d e  type with  a  b a s i c  configura- 
t i o n  a s  shown i n  Figure I. Pressure  is introduced a s  ind ica ted  and metered through 
an o r i f i c e  i n t o  one cy l inder  p o r t  when the  valve s l i d e r  i s  displaced.  The flow ou t  
o f  t h e  cy l inder  caused by p ix ton  motion is  metered through a  s i m i l a r  o r i f i c e  t o  the  
re tu rn  l i n e .  

The equipment used i n  t h e  determinat ion o f  the valve c h a r a c t e r i s t i c s  was o f  t h e  
s t andard  hydraul ic  l abora to ry  type ,  c o n s i s t i n g  o f  a  power source s i m i l a r  t o  t h a t  used 
i n  t h e  a i r c r a f t ,  p ressure  gauges, f low meters,  and a  t e s t  j i g  f o r  the  valve and 
f i t t i n g s .  

The t o t a l  flow versus  valve s t r o k e  curve was obtained by s e t t i n g  up a  hydraul ic  
c i r c u i t  a s  i l l u s t r a t e d  i n  Figure 11. and ob ta in ing  flow measurements f o r  s p e c i f i c  
valve s l i d e r  p o s i t i o n s  a s  determined by an accurate  d i a l  gauge. By a d j u s t i n g  t h e  by- 
pass  valve,  i t  was poss ib le  t o  s imulate  a  given d i f f e r e n t i a l  p ressure  across  t h e  p i s -  
ton,  thus  producing the  e f f e c t  o f  flow control led by the  valve wi th  the p i s t o n  sub- 
j e c t e d  t o  a  load. Resu l t s  o f  t h e  t e s t  a re  shown i n  Figure  Ma.  By removing the  e f -  
f e c t  o f  neu t ra l  leakage (flow through the  valve when the  flow t o  t h e  cy l inder  i s  ze ro) ,  
the  r e s u l t a n t  curves ,  Figure  IXb, a r e  seen t o  be s i m i l a r  t o  vacum tube dynamic char- 
a c t e r i s t i c s  o f  p l a t e  c u r r e n t  versus  g r i d  vo l t age  f o r  a  family o f  r e s i s t i v e  load 
impedances. 

The d i f f e r e n t i a l  pressure  versus  valve s t roke  curve was determined by use of hy- 
d r a u l i c  c i r c u i t r y  a s  i l l u s t r a t e d  i n  Figure 11. Resu l t s  of the  t e s t  a r e  shown i n  
Figure X. Although the  flow versus  valve s t r o k e  curve was determined t o  be a  function 

o f  o r i f i c e  conf igurat ion and l i n e  pressure  s o l e l y ,  the  d i f f e r e n t i a l  pressure  versus 
valve s t roke  curve was found t o  be a f f e c t e d  by o r i f i c e  conf igurat ion,  valve land 
underlap with  respec t  t o  t h e  o r i f i c e ,  and the c learance between the  valve s l i d e r  and 
the  valve s leeve.  

Methods o f  con t ro l  o f  t h e  valve c h a r a c t e r i s t i c s  were required,  s ince  they e f f e c -  1 

t i v e l y  determined the  i n t e r n a l  r e s i s t m e  o f  t h e  valve R, which is  represented by the  
s lope  o f  t h e  d i f f e r e n t i a l  p ressure  versus  valve s t roke  curve divided by t h e  slope o f  
t h e  flow versus  valve s t r o k e  curve. 

Change of  the slope o f  the  flow versus  valve s t r o k e  curve was a  s t r a i g h t  forward 
cor rec t ion  o f  t h e  d e l t a  a r e a  f o r  a  given valve s l i d e r  displacement increment. 

The Cut lass  valve had two o r i f i c e s  per land with i ts  t o t a l  s t r o k e  ( o r i f i c e  length) 
f ixed  a t  0.4, inches .  T h i s ,  perforce ,  l e f t  t h e  only d e l t a  a r e a  pe r  valve s t r o k e  incre- 

ment v a r i a t i o n  poss ib le  t h a t  of o r i f i c e  width.  The mock-up valve o r i f i c e s  were de- 

s igned with  a  width of 0.040 inches  whereas the  a i r c r a f t  valve o r i f i c e s  had t i p s  0.025 





inches wide and gradually broadened t o  0.080 near maximum valve excursion. 
Control of the d i f f e r e n t i a l  pressure versus valve stroke curve was more d i f f i -  

c u l t ,  and was obtained f i na l ly  by choosing an o r i f i c e  t o  f i t  the flow requirements, 
holding the valve land overlap t o  a de f in i t e  value, in  t h i s  case,  0.002 inches, and 
then varying the  clearance between the valve sleeve and s l i d e r  u n t i l  the desired 
slope was obtained. 

'Ihe s t a t i c  t e s t s ,  then, were useful  i n  obtaining ac tua l  values for  the  slope of 
the flow-stroke curve K, the s lope of the pressure-stroke curve Ki , and the in te rna l  
res i s tance  of the valve R,. 'Ihese t e s t s  a l so  disclosed p rac t i ca l  means of varying the 
valves' dimensions t o  obtain the  required parameters. 

Proceeding with the t e s t  program, a sinusoidal input device was designed and 
fabricated. This  input system consisted o f  a hydraulic motor dr iv ing  a variable ampli - 
tude scotch yoke through a s e r i e s  of  gears with s t ab i l i za t i on  provided by a flywheel. 
The frequency of the u n i t  was varied by adjust ing the flow from a hydraulic power 
source t o  the hydraulic motor which was the fixed volumetric displacement type. 'Ihis 
f l e x i b i l i t y  of control  enabled the reduction of operational t e s t  time t o  a minimum. 

Instrumentation f o r  the t e s t s  consisted of two displacement pick-ups. b e  re- 
corded the posi t ion of the valve s l i d e r  with respect t o  the valve cylinder housing 
(valve e r ro r )  and the other  recorded the pos i t ion  o f  the cyl inder  housing with res- 
pect t o  a s t ruc tu ra l  reference which was located adjacent t o  the point  a t  which the 
input member fastened t o  the s t ruc tu re  when c los ing  the servo loop. 'Ihe pick-ups 
used were geared up potentiometers i n  bridge c i r c u i t s  which supplied s igna ls  t o  the 
recording apparatus. An oscillograph was used a s  the recording means which supplied 
a s t ab l e  reference l i n e  fo r  measurement of the t races  and an e l e c t r i c a l l y  driven tun- 
ing fork t race  for  a dependable time reference i n  addition t o  the output and e r ro r  
t races .  Figure X I  i l l u s t r a t e s  a sample t e s t  'record. This t e s t  record graphically il- 
l u s t r a t e s  the phase lag  and amplitude r a t i o  phenomena associated with dynamic t e s t s .  
Reduction of the data  ,by use of  ca l ibra t ion  char t s  permits the ca lcu la t ion  of output 
amplitude divided by e r ro r  amplitude (amplitude r a t i o )  and of percentage l ag  of the 
output t o  e r ro r  which when mult ipl ied by 360' produces the phase lag. Comparison of 
the e r r o r  s igna l  t race  with the 60 cycles  per second timing t r ace  allowed the calcula 
t i on  of the period and the frequency o f  the e r ro r  s igna l .  Two output t races  were re: 
corded during t h i s  run, which brings up one d i f f i c u l t y  encountered. The or ig ina l  
t e s t s  on the mock-up measured output as picked up from motion of  the axle on which 
the output mass was supported. Examination of  the t e s t  r e su l t s  indicated very poor 
agreement with the ana ly t ica l  so lu t ion  both i n  phase and amplitude ra t io .  It  was 
learned tha t  the  e r r o r s  were introduced largely by deflect ion of the axle which pro- 
duced t rans la t iona l  motion o f  the p i c k - ~ p  element a s  well a s  rotat ion.  To improve 

our recording technique and a l so  t o  ver i fy  our interpx-etation of the discrepancies, 
both output t races  were recorded, the one from the or ig ina l  pick-up, and one from a 
pick-up recording the t rans la t iona l  motion of the cylinder housing. The l a t t e r  re- 
su l ted  i n  much l e s s  s c a t t e r  of the t e s t  points  and f a i r l y  close agreement with the 
ana ly t ica l  predictions. 

As each t e s t  run wa$ coirpleted, the records were in te rpre ted  and   lotted i n  
polar  form, phase and amplitude r a t i o  for  vaiious frequencies up t o  30 cycles  per 
second. These t e s t  r e s u l t s  made p s s i b l e  the revision of the  ana ly t ica l  parameters. 

Test r e su l t s  produced the system's damped na tura l  frequency and the phase and 
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amplitude r a t i o s  f o r  d e f i n i t e  frequencies. 'Ihese f igures  allowed the  analyst  t o  vary 
the  parameters o r i g ina l l y  assumed. At t h i s  po in t ,  there  was enough information ava i l -  
able  upon which t o  base a new s e t  of valve cha r ac t e r i s t i c s  designed t o  de l i ve r  op t i -  
mum performance o f  the u n i t  under t e s t .  Using the revised d i f f e r e n t i a l  equations, 
and applying Nyquist 's  s t a b i l i t y  c r i t e r i a ,  valve cha r ac t e r i s t i c s  were assigned t h a t  
would r e s u l t  i n  such performance. 

Tn t h i s  t e s t  case,  t h e  flow versus valve s t roke  c h a r a c t e r i s t i c s  were already s a t -  
i s f ac to ry  which then indicated t h a t  a change i n  d i f f e r e n t i a l  pressure versus valve 
s t r oke  s lope would be the only a l t e r a t i o n  necessary. 'Ihis was done by honing out  the 
valve s leeve which e f f ec t i ve ly  a l t e r ed  the cha r ac t e r i s t i c s  t o  a small ex ten t  which was 
a l l  t h a t  was indicated t o  be necessary. 'Ihis pa r t i cu l a r  valve required removal of 
0.0005 inches i n  d i a m t e r .  Upon completion of t h i s  rework, t h e  t e s t s  were repeated 
and i t  was ascertained t h a t  f o r  the  given condition o f  operat ions,  no fu r t he r  improve- 
ment through rework of the valve could be expected o r  desired.  

'Ihe f i na l  t e s t  r e s u l t s  i n  po la r  diagram form a s  compared t o  the ana ly t i c a l l y  pre- 
d ic ted  curve a r e  presented i n  Figure XII. Although the  resonant frequency matches i n  
phase angle  and anplitude r a t i o ,  i t  can be seen t h a t  the -predicted curve has  a sharp- 
e r  resonant peak and t h a t  some o f  the damping terms appear t o  d i f f e r  from the  actual 
case. However, the co r r e l a t i on  was acceptable f o r  the  establishment of  design para- 
meters f o r  s t a b i l i t y  purposes. 

Operation o f  the boost system was then checked by c lo s ing  the feed-back loop 
which i n  t h i s  case meant coupling the  valve s l i d e r  t o  t he  cont ro l  s t i c k  system and 
introducing randm input  disturbances. 'Ihe boost system operated a s  an t ic ipa ted  and 
was considered t o  be acceptable fo r  use on the a i r c r a f t .  

FIG XII 

COMPARISON OF CALCULATED AND 
TEST TRANSFER FUNCTIONS 

- REPRESENTS CALCULATED CURVE \ \,, - - 

-- REPRESENTS TEST CURVE 



A t  t h i s  time, the f a l l acy  of a basic  assumption became apparent. Upon installa- 
t ion of the boost system i n  the a i r c r a f t ,  i t  was found t o  be dynamically unstable. 
%i s ,  of course, indicated a marked difference between the  mock-up and the a i rc raf t .  
Since the same boost system was involved, the difference had t o  be a t t r i bu t ed  to  the 
supporting s t ruc ture  and t o  the dynamic cha rac t e r i s t i c s  of the control surface. A 
detailed s t ruc tu ra l  study a t  t h i s  time would have been too lengthy, therefore, t e s t s  
were continued with the  boost system mounted i n  an outer  wing panel from the a i r c r a f t .  
Operation of t h i s  assembly indicated visual ly t h a t  the control sur face  was not r i g id  
as had been assumed and was undoubtedly contr ibut ing to  the  excessive energy storage 
~roblem a s  was the s t ruc ture  supporting the boost system. Since any rework of the 
structure and the surface t o  improve the i r  dynamic cha rac t e r i s t i c s  would have required 
considerable time, and since the l ikel ihood of  su f f i c i en t  improvement was s l i g h t ,  i t  
was decided tha t  the valve again appeared t o  provide the most d i r e c t  means of obtain- 
ing an acceptable system. Space l imi ta t ions  precluded the use of the s inusoidal  input 
device which was u t i l i z e d  i n  the  mock-up t e s t s  so  tha t  t rans ien t  response s tudies  
were subst i tuted.  Results of the t e s t s  on the wing panel assembly indicated t h a t  the 
change i n  valve cha rac t e r i s t i c s  would be too great  t o  be control led by a l t e r a t i on  of 
the d i f f e r e n t i a l  pressure versus valve s troke curve alone. Therefore, the o r i f i c e  
width was reduced t o  the next small engraving cu t t e r  s i ze  which reduced the slope of 
the flow versus valve s troke curve. The d i f f e r e n t i a l  pressure versus valve s troke 
curve slope was a l s o  reduced t o  the desired value. 

Reductian of the flow-stroke curve slope meant i n  t h i s  case tha t  there would be 
a considerable r e s t r i c t i on  t o  flow a t  maximum valve excursion. The hydraulic power 
source was not a l i nea r  device instead giving increased flow a t  a reduced pressure. 
'bus, it was j u s t i f i a b l e  t o  open the valve o r i f i c e  width near maximum valve excursion 
making the flow response curve more nearly l inear .  Upon i n s t a l l a t i o n  of the reworked 
valve i n  the wing panel assembly, it was found t o  operate s a t i s f a c t o r i l y  under a l l  in- 
put conditions and was approved fo r  f l i gh t .  

One l a s t  precautionary s t a b i l i t y  check was made p r io r  t o  f l i g h t ,  and tha t  was the  
determination of the allowable c learances  i n  t he  boost system couplings t ha t  would 
still permit normal operation. The previous t e s t s  had a l l  been conducted with honed 
and lapped pins,  bushings, and bearing races. The l a s t  check was of the boost system 
response t o  random input disturbances a s  t he  clearances i n  a l l  couplings were progres- 
sively increased. With t he  pa r t i cu l a r  system under t e s t ,  0.004 inch was found t o  make 
the system marginally s t ab l e .  This f igure  was the t o t a l  clearance fo r  a l l  the jo in ts .  
In view of t h i s  da ta ,  recornnendations a s  t o  allowable tolerances for  the clearance a t  
each j o i n t  were released and the  system considered complete. 

The usefulness of the frequency response method of analysis  was apparent when it 
was determined tha t  only minor adjustments of the  valve were necessary fo r  optirmun per- 
formance when designed from ana ly t i ca l l y  derived parameters. 

The actual  t e s t  program ver i f ied  the usefulness of the frequency response method 
and a l so  pointed out some of its l imi ta t ions .  

The l imi ta t ions  r e s u l t  from the  necessi ty of assumption of ce r t a in  parameters 
such a s  s t ruc tu ra l  damping. Undoubtedly, e r ro r s  resu l t ing  from such assumptions could 
be minimized by carefu l  s t r u c t u r a l  s tud ies  of the elements involved. ~ e c o n d l ~ ,  analy- 

sis w i l l  always be subjec t  t o  .som e r r o r  through the introduct ion of unpredictable 
non-linear cha rac t e r i s t i c s  and ppssibi  l i t y  of  variat ions due t o  fabricat ion processes. 
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PART I 

Introduction 

The power boosted surface control  is a mechanism tha t  has been developed concur- 
rently with the progress and development of high performance a i r c r a f t .  Nothing new 
has been added t o  the basic  control cmfigura t ion ;  the  development of the mechanism 
ref lec ts  primarily the p i l o t ' s  l imited a b i l i t y  t o  de l iver  power. Means for  supple- 
menting the p i l o t ' s  e f f o r t  could be provided by mechanical, e l e c t r i c a l ,  hydraulic o r  
pneumatic devices. The major e f f o r t s  i n  t h i s  f i e ld ,  however, have been with hydrau- 
l i c  devices and t h i s  symposium is assembled t o  discuss the means and methods used i n  
the development of hydraulic power boost surface control equipment. 

The " i r revers ib le  boost system" is receiving a considerable amount of a t ten t ion  
and in t e r e s t  in  the a i r c r a f t  industry a t  the  present time. This device o f f e r s  a 
means of supplying supplementaty power for  the p i l o t  and i n  addition has the desirable 
charac ter i s t ic  of i s o l a t i n g  the  surface forces from the p i l o t ' s  control  devices. A 
successful i n s t a l l a t i on  of t h i s  type a l l ev i a t e s  the aerodynmiscis ts  concern over pe- 
cu l ia r  hinge moment cha rac t e r i s t i c s  and p i lo t  e f f o r t  problems of high speed f l i g h t ,  
but presents the addit ional  problem of requiring an in s t a l l a t i on  of a r t i f i c i a l  " p i l o t  

The basic requirements and the  basic mechanisms of power boost equipment a r e  
evidently establ ished,  but the  unfortunate f a c t  of the matter is tha t  a completely 
sa t i s fac tory  system is not i n  hand. The systems show a tendency t o  i n s t a b i l i t y  and 
the p i l o t ' s  character ize the operation of the equipment as sens i t ive ."  

In  t h i s  paper, an e f f o r t  w i l l  be made t o  discuss the  " i r r eve r s ib l e  boost system" 
with par t icu lar  emphasis on the s t a b i l i t y  and performance charac ter i s  t i c s .  Force 
feedback systems, the "over-sensi t i v i t y '  problem, a r t i f i c i a l  f e e l ,  e t c .  , w i l l  not be 
discussed. Pa r t  I is  devoted t o  the  application of servo-theory.to the mechanism and 
W r t  11, t o  a discussion of laboratory r e su l t s  and techniques determined a t  Chance 

Development of the Theory 

Figure I has been prepared t o  i l l u s t r a t e  the mechanism under consideration and 
t o  define the parameters. The displacement X i  repres\ents the motion received from 
the p i l o t ' s  control ;  X o  represents the motion imparted t o  the control led surface; and 
Xc represents the d i f fe rence  between X i  and Xo and is the valve opening. This config- 
urat ion is known as a closed-center i r revers ib le  power boost and requires an external  
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hydraulic c i r c u i t  t o  supply pressure a t  a constant flow consistent  with the m a x i m  
speed requirements of the operator. Figures I a  and.Ib have been prepared t o  i l l u s -  
t r a t e  other  configurations t h a t  s a t i s f y  the same def in i t ions .  These configurations 
are basical ly the same as  t ha t  of Figure I ,  and mathematical expressions developed 
fo r  any one of them can be applied d i r ec t ly  t o  another. The configuration of Figure I 
has been selected for  discussion because it is the most elementary and it is the con- 
f igura t ion  with which we have had the most experience. Let it suf f ice  t o  say tha t  
the configurations d i f f e r  only in geometry and these proper t ies  appear as multiplying 
fac tors  i n  the open-loop t ransfer  function. 

A s  i n  most servo theory, i t  is convenient t o  rever t  d i r ec t ly  t o  an examination 
of the relat ionship between the  output Xo and the e r r o r  Xe. In t h i s  case, the valve 
cha rac t e r i s t i c s  dominate the considerations. Pressures and flows are  excited by 
valve e r r o r  which i n  turn  d i r e c t  output motion. Since the output pressure is t o t a l l y  
dependent on the character of the "load", it is evident t h a t  an expression r e l a t i n g  
valve motion t o  output motion for  an a rb i t r a ry  load must f i r s t  be developed. 

There are two s ign i f i can t  cha rac t e r i s t i c s  of  a valve which can be used t o  devel- 
op the expression. The f i r s t  is the flow-stroke cha rac t e r i s t i c  and the second is  the 
pressure-stroke charac ter i s t ic .  Figure I1 has been prepared t o  i l l u s t r a t e  su i tab le  
t e s t  methods for  determining these charac ter i s t ics  for  any given valve. Over a short  
range and par t icu lar ly  nearXE.= 0, the  following equations may be used: 

$ =  KXe 

and 

Q s  c = K, Xe 
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Now, i f  methods of the e l ec t r i ca l  engineers are  borrowed, an equivalent hydraulic c i r -  
c u i t  can be assumed. Figure 111 i l l u s t r a t e s  an equivalent c i r c u i t  tha t  s a t i s f i e s  the 
assumed proportional charac ter i s t ics  of the valve. Using the schematic, a pressure 
drop equation can be written as follows: 

Where P, is  the pressure r i s e  and R, Q,, is the pressure drop. When the expressions 
for  the f lw-s t roke  and pressure-stroke are subst i tuted,  for  P_ and Q-_, R,, ;, ,,,,,,,A 
in terms of constants. 

K X ,  = R ,  K ,  X, . A, = - K 
I K 

A, = 
Pressure -, stroke a lope 
Flow - stroke slope 

?his method of determining the internal  "resistance" of the valve is analogous 

1 to  methods used to  determine generator internal  impedance, electronics amplifier out- 
put imedance, etc .  Having established an equiva1:nt c i r c u i t  fo r  the valve, it is now 
possible to  develop an expression re la t ing  X ,  and XE for  an arb i t rary  "load". Again, 
using e l ec t r i ca l  engineering terminology, the load w i l l  be cal led an "impedancen ZL 
and w i l l  have dimensions of pressure per uni t  flow. ?he inpedance may be added t o  
the basic equivalent c i r c u i t  a s  shown in Figure IV. 

Four - W ~ V  Valve 



Equating pressure r i s e s  t o  pressure drops, 

PC = A,, Q L  + ZL Q L  

and subs t i tu t ing :  

and qL = A Xos 

?he r a t i o  of Xo to XC is developed. 

?his expression may be ca l led  the open loop t ransfer  function fo r  an a rb i t r a ry  load. 
Without considering the e f f e c t s  of  ZL, the expression has the cha rac t e r i s t i c s  of  a 
zero posi t ion servomechanism. 

Before proceeding t o  a de ta i led  examination o f  load impedance and i t s  e f f e c t  on 
the t ransfer  function, a word or  two must be said about an a l t e rna t e  equivalent c i r -  
cu i t .  Under most circumstances, the compressibility o f  the f l u id  and deformation of 
l i ne s  and cyl inders  must be taken i n t o  account. In t h i s  case a two-loop equivalent 
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and 

c i r cu i t  must be assuaed a s  shown in  Figure V. The expression for the t ransfer  func- 
tion may be solved in  the same manner as before, giving 

For the moment, i t  w i l l  be convenient to  abandon the generalized t ransfer  functions 

mass, f r i c t i on ,  e t c . ,  and consequently a conversion factor is necessary t o  r e l a t e  hy- 
draulic  to  mechanical phenomena. The impedance has been defined a s  the r a t i o  of 

L 

QL = A X, S 

'Ihe hydraulic load impedance ZL can be determined by solving for  the mechanical impe- 
dance and m l t i p l y i n g  by l / ~ ~ ,  the conversion factor. 

Figures VIa, VIb, VIc & VId have been prepared tn i l l u s t r a t e  solut ions of the hy- 
draulic load impedance for  increasingly conplex systems. The next s t ep  is t o  combine 
the equivalent valve c i r c u i t  and the load impedance and examine progressively the 
ef fec ts  on the open and closed t ransfer  functions and the closed loop t rans ient  res- 

s i en t  solution is shown accordingly. It is in teres t ing  to  note tha t  it is impossible 
to  make t h i s  system unstable. An increase in the flow stroke curve K / R ,  o r  a decrease 
in  the piston area A both serve t o  decrease the time of response, but extension t o  
l i m i t s  simply reduces or increases the speed of the system. I t  is  a lso  evident tha t  
the steady s t a t e  response of the mechanism is independent of  the parameters. 

Figure VIIa i l l u s t r a t e s  the condition i n  which the load is  composed of mass only. 
?his par t icu lar  condition i l l u s t r a t e s  sane of the confusing aspects of t h i s  type of 
mechanism. For example, by examination of the expressions for  a, and to i t  is evident 
that the natural  frequency and the danping are both increased for an increase of the 
piston area. I t  IS contradictory in  a sense, since an increase in the piston area 
in tu i t i ve ly  decreases the  speed! The explanation is however, tha t  the damping in-  
creases much f a s t e r  than the natural  frequency and af fec ts  a ne t  decrease. 'Ihe e f f ec t  
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of changes i n  the  mass M is  more evident. An increase i n  the  mass of  the system de- 
creases the natural  frequency and the  damping and should be avoided i f  a t  all possible. 
'Ihe best control of the amount of damping is provided by'~/13,. 'Ihe flow-stroke curve 
which appears i n  t he  open loop t r ans fe r  function as a gain factor. A reduction of 
the flow stroke curve w i l l  infrease the demping factor  and not a l t e r  the natural  fre- 
quency. Again the  assumed configuration is s t ab le  and se l f -  sustained osc i l l a t i on  is 

Figure M I b  i l l u s t r a t e s  the  case in which it is assumed t h a t  s t ruc tura l  def,lec- 
t ions  take place between the output piston and the  surface mass, l h e  addition of  the 
s t ruc tu ra l  deflect ion term a l t e r s  t he  dynemic charac ter i s t ics  of  the system; but 
leaves the s teady-state  unaltered. Of par t icu lar  i n t e re s t  again is the f a c t  t h a t  t h i s  
system cannot become unstable by any manipulation of parameters. Ihe  open-loop trans- 
f e r  function does not cross t he  -180°axis. b e  par t icu lar ly  i n t e n s t i n g  feature of 
t h i s  configuration is the  appearance of terms in the numerator of  the closed-loop 
t ransfer  function. lhis introduces a zero o r  nu l l  into the t ransfer  function p lo t  
and means tha t  i J d o e s  not  respond to. X, o r  x a t  t h i s  frequency. Andther i n t e re s t -  

A 
i ng  feature of €his configuration i s  t h a t  the  natural  frequency term associated with 
the system m a s s  and the valve pressure-spoke curve becomes unimportant. TO i l l u s -  
t r a t e ,  typica l  values of,hf[yUC'and M/lbCan ,~0~10'6!and j ~ x j f l - ~  respet t ively.  Ihe r a t i o  
of these numte~s  is independent of the m a s s  of  the system and the implication is  t h a t  
the  force per-unit motion of the valve is  high canpared t o  the  a t i f h e s s  of e f f i c i e n t  
s t ruc tu ra l  design. I f  the  JIUI term is neglected compand t o  the  ll/G term, the nat- 
u ra l  frequency of  the system becomes in+ndent of valve cha rac t e r i s t i c s  the e f -  
fec t ive  damping is dependent only on the flow-stroke cha rac t e r i s t i c  of the vs lv t .  
Piston area and system maao have the  same e f f e c t s  as befote. 
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STEADY STATE 
ERROR 

When the effects  of "load" o r  hinge owmenet. are considered, another change is in- 
troduced in  the system. Figure VIIc i l l u s t r a t e s  t h i s  configuration- Che property of 
the system is of part icular interest .  'Ihe system is no longer a zero error servomecha- 
nism. 'Ihis is due to the fact that  a f in i t e  valve error  is required to hold a hinge 
moment and .results in  a smaller deflection of  the surface then i s  called for by the 
control colunm. 'Ihis property is sometimes cal1ed"droop" i n  regulators and i n  th is  
part icular case i s  only of importance when the controlability of the a i rcraf t  i s  con- 
sidered. It is not significant o r  important as a property of the boost i t s e l f .  

'Ihe f inal  i l lus t ra t ion  of loads with the single hydraulic equation is given on 
Figure VIId. 7he complexity of the chhractktistic equation ,and the parameters have 
increased to the point where i t  is indeed d i f f i cu l t  i f  not impossible t o  casually 
evaluate the effects  of number changes. It should be noted, however, that  these char- 
acteris  t i c s  possess a l l  the properties of the systems previously discussed. Ihe steady- 
s t a t e  has "droop" and the dynmic characterist ics are of the same order as the config- 
uration using s t - turd  deflection and mass par-ters for the load. Ole property 
appears that  should be very heartening t o  irreversible boost system designers:-.- 'Ihe 
addition of hinge-manent tends to  make the system more stable. In other words, a sys- 
tem that i s  stable on the ground rill not develop self-oscil lat ions i n  f l ight.  

'Ihe daminant feature of the analysis so far  i s  that'none of the assumptions made 
indicate a tendency toward ins tab i l i ty  i n  thg characterist ic equations. I f  such is 
the case, it is evident tha t  the theory is i n  error o r  that  sufficient  parameters 
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have not been taken in to  account. We are a l l  too well aware tha t  the mechanisms do 
osc i l l a t e .  Actually, it is  es sen t i a l  to assume o i l  canpress ib i l i ty  o r  cylinder ex- I 

i 
pansion t o  account for  the unstable propert ies  of t h i s  mechanism. ' h e  next s e t  of 1 

i l l u s t r a t i o n s  have been prepared t o  cont ras t  with those already i l l u s t r a t e d .  ' h e  1 

same load impedances w i l l  be added t o  the second equivalent hydraulic c i r c u i t  i n  the 
same order. 

Figure M I I a  i l l u s t r a t e s  the combination of  the equivalent hydraulic c i r c u i t  in- 
cluding compressibility e f f e c t s  and a simple mass load. When compared t o  Figure M I a ,  
it is imnediately apparent t ha t  t h i s  system can be unstable even with a very simpli- 
f ied load. 'his is the f i r s t  i l l u s t r a t i o n  i n  whi& the open-loop t ransfer  function 
crosses the -180' axis. 

Figure M I I b  i l l u s t r a t e s  the above configuration with hinge-moment added. As 
before,  the open-loop t ransfer  function crosses the -180' ax is  and the addition of 
the load introduces "droop" i n  the  sane fashion as with the simple c i r cu i t .  

Figure VIIIc i l l u s t r a t e s  the compressibility configuration with a load consist- 
ing of s t ruc tu ra l  deflect ion end mass. Again, we have an open-loop t ransfer  function 
tha t  crosses the - 1 8 0 ~  axis  and is therefore subject  t o  se l f -osc i l la t ion .  €7 
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PART II  

Applicat ion and Test Resul ts  

Par t  I o f  t h i s  paper was devoted t o  the  appl icat ion of servomechanism theory t o  
the i r revers ib le  hydraul ic  boost system. 'Ihis sec t ion  o f  the paper w i l l  be confined 
to a description of an appl ica t ion  o f  the  -theory t o  the a i l ava to r  boost system of the 
Chance Vought experimental Cut lass ,  XFIU-1. Actually,  the  t heo re t i c a l  expressions 
could not have been developed o r  ref ined without p a r a l l e l  and supporting laboratory 

Development of the complete hydraulic system for  the Cut lass  included the  con- 
s t ruct ion of a f u l l  scale  dimensional hydraulic mock-up. In the  o r i g ina l  planning, 
the mock-up was intended f o r  operat ional  and other  routine hydraul ic  t e s t s .  'Ihe a v a i l  
ab i l i t y  of the hydraul ic  mock-up of fe red  the p o s s i b i l i t y  o f  inves t iga t ing  the s t a b i l i t y  
character is t ics  o f  the boost system p r i o r  t o  i n s t a l l a t i o n  i n  t h e  f i r s t  f l i g h t  a r t i c l e .  
The pos s ib i l i t y  of avoiding delays t o  the  f l i g h t  t e s t  program by qua l i fy ing  the  boost 
system dynamically p r i o r  to  f l i g h t  was a t t r a c t i v e  and ac t i ve ly  prosecuted thereaf te r .  

I t  was necessary t o  s imulate  parameters of the a i r c r a f t  t o  a c e r t a i n  ex ten t  and 
additions and changes were made t o  the  mock-up accordingly. Air loads were simulated 
by a family of torque tubes producing hinge moments from zero t o  1000 foot  pounds per 
degree which were ca l ib ra ted  i n  terms of a i rspeed a t  given a l t i t udes .  The mass of 
the control surface was represented by a r o t a t i ng  s t e e l  body with the  same moment of 
iner t i a  as  t ha t  of the cont ro l  surface with the same radius  arm coupling it t o  the 
boost cylinder. 'Ihe load can be s t  be p ic tured  a s  a concentrated mass of 1,700 pounds 
attached d i r e c t l y  t o  the boost cyl inder .  'Ihis i n e r t i a  load assumed a concentrated 
mass rather  than the  actual  case of mass d i s t r i bu t ed  along the  torque box of t he  sur-  
face with a concentrated mass terminating the ' torque box. A t  the  time of construc- 
tion of the i n e r t i a  load, the sur face  was assumed t o  be r i g i d  insofar  as i t s  dynamic 
charac te r i s t i cs  a t  t he  boost system's resonant frequencies were concerned. In  order  
that as  many of the  a i r c r a f t  components a s  possible  would be checked i n  the t e s t s ,  
actual pa r t s  were used t o  couple the  boost cyl inder  rod end t o  the mock-up s t ruc ture  
and the boost cyl inder  t o  the simulated i n e r t i a  and aerodynamic spr ing loads. 

'Ihe boost cyl inder  and i n t e g r a l  valve housing a r e  shown schematically i n  Figure I. 
It can be seen t h a t  pos i t i ona l  follow-up is obtained by a t tach ing  the  rod end t o  the 
s t ructure  and the cyl inder  housing t o  the load. In t h i s  way, once a valve input s ig -  
nal  is received, movement of the housing is  i n i t i a t e d  and as  con t ro l led  by the e r r o r  
between the  input s ignal  and t he ' pos i t i on  o f  the output w i l l  continue t o  move u n t i l  
the e r ro r  between t he  two is brought t o  zero. Forging of the  valve housing and t he  
cylinder housing a s  one u n i t  i n su r e s  a minimum ~ o s s i b i l i t y  of e r r o r  en t e r i ng  i n t o  the 
feedback linkage. 

'Ihe physical dimensions of the u n i t  were more o r  l e s s  d i c t a t ed  by the extreme 
aerodynamic requirements. For example, approximately nine square inches of p i s ton  
area were required a t  a l i n e  pressure of 3300 ~ o u n d s  per  square inch t o  match the 
hinge moments an t ic ipa ted  a s  w e l l  as a flow o f  20 gal lons per  minute maximum for  each 
unit .  Since the  boost system d imns ions  were not var iab le ,  the  e n t i r e  ~ r o b l e m  of 
s t a b i l i t y  required the  determination of  valve cha r ac t e r i s t i c s  a s  a ~ o s s i b l e  means of 
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control.  Mr. Harr i s  has already discussed the contribution of  the valve character- 
i s t i c s  t o  the analyt ical  approach. 

The t e s t  program on the i r r eve r s ib l e  boost system was divided in to  two d i s t i n c t  
phases, s t a t i c  and dynamic. 

The f i r s t  o r  s t a t i c  phase en ta i led  the determination of s t a t i c  valve character- 
i s t i c s  and ca l ibra t ion  of  the instrumentation and was performed i n  the hydraulic and 
e lec t ronic  test laboratories .  

?he second o r  dynamic phase checked the boost system's open-loop response t o  a 
variable frequency sinusoidal input ,  emphasized the  important role  the valve charac- 
t e r i s t i c s  play i n  the  s t a b i l i t y  of  such a system, and was performed on the hydraulic 
mock-up and the a i r c r a f t .  

The valve under t e s t  was of the two land l inear  s l i d e  type with a basic configura- 
t i o n  as  shown i n  Figure I. Pressure i s  introduced a s  indicated and metered through 
an o r i f i c e  i n t o  one cyl inder  po r t  when the valve s l i d e r  i s  displaced. 'Ihe flow out 
of the cylinder caused by pixton motion is metered through a s imi l a r  o r i f i c e  t o  the 
return l ine .  

Ihe  equipment used i n  the  determination of the valve cha rac t e r i s t i c s  was of the 
standard hydraulic laboratory type,  consis t ing of  a power source s imi la r  t o  tha t  used 
i n  the a i r c r a f t ,  pressure gauges, flow meters, and a t e s t  j i g  for  the valve and 
f i t t i n g s .  

'The t o t a l  flow versus valve s troke curve was obtained by s e t t i n g  up a hydraulic 
c i r c u i t  as i l l u s t r a t e d  i n  Figure 11. and obtaining flow measurements for  spec i f ic  
valve s l i d e r  posi t ions as  determined by an accurate d i a l  gauge. By adjust ing the by- 
pass valve, i t  was possible t o  simulate a given d i f f e r en t i a l  pressure across the p is -  
ton, thus producing the e f f e c t  of  flow controlled by the valve with the pis ton sub- 
jected t o  a load. Results of the  t e s t  are shown i n  Figure IXa. By removing the e f -  
f ec t  of neutral  leakage (flow through the valve h e n  the flow t o  the cylinder is  zero) ,  
the resu l tan t  curves, Figure IXb, a r e  seen t o  be s imi la r  t o  vacum tube dynamic char- 
a c t e r i s t i c s  o f  p l a t e  current  versus grid voltage for  a family of r e s i s t i v e  load 
impedances. 

The d i f f e r en t i a l  pressure versus valve s troke curve was determined by use of hy- 
drau l ic  c i r cu i t ry  as  i l l u s t r a t e d  i n  Figure 11. Results of the t e s t  a r e  shown i n  
Figure X. Although the flow versus valve s troke curve was determined to  be a function 
of o r i f i c e  configuration and l i n e  pressure so le ly ,  the d i f f e r e n t i a l  pressure versus 
valve s troke curve was found to be affected by o r i f i c e  configuration, valve land 
underlap with respect t o  the  o r i f i c e ,  and the clearance between the valve s i i d e r  and 
the valve sleeve. 

Methods of control of the valve charac ter i s t ics  were required, since they effec-  
t i ve ly  determined the in te rna l  resist an^ of  the  valve R,  which is represented by the 
slope of  the d i f f e r en t i a l  pressure versus valve s troke curve divided by the slope of 
the  flow versus valve s troke curve. 

CSlange of the slope of the flow versus valve s troke curve was a s t r a igh t  forward 
correct ion of the d e l t a  area for  a g.iven valve s l i d e r  displacement increment. 

'Ihe Cutlass  valve had two o r i f i c e s  per land with i t s  t o t a l  s t roke ( o r i f i c e  length) 
fixed a t  0.4 inches. This ,  perforce, l e f t  the only de l t a  area per valve s troke incre- 
ment var ia t ion  possible t ha t  of o r i f i c e  width. The mock-up valve o r i f i c e s  were de- 

signed with a width of 0.040 inches whereas the a i r c r a f t  valve o r i f i c e s  had tips 0.025 





inches wide and gradually broadened t o  0.080 near maximum valve excursion. 
Control of the d i f f e ren t i a l  pressure versus valve stroke curve was more d i f f i -  

c u l t ,  and was obtained f ina l ly  by choosing an o r i f i c e  t o  f i t  the flow requirements, 
holding the valve land overlap t o  a de f in i t e  value, i n  t h i s  case ,  0.002 inches, and 
then varying the clearance between the valve sleeve and s l i d e r  u n t i l  the desired 
slope was obtained. 

The s t a t i c  t e s t s ,  then, were useful i n  obtaining actual  values for  the  slope of 
the flow-stroke curve K, the s lope o f  the pressure-stroke curve K1 , and the in terna l  
resis tance of the valve fi,. 'Ihese t e s t s  a l so  disclosed prac t ica l  means of varying the 
valves' dimensions t o  obtain the required parameters. 

Proceeding with the t e s t  program, a sinusoidal input device was designed and 
fabricated. 'Ihis input system consisted o f  a hydraulic motor driving a variable ampli - 
tude scotch yoke through a s e r i e s  o f  gears with s t ab i l i za t ion  by a flywheel. 
'Ihe frequency of the un i t  was varied by adjusting the flow from a hydraulic power 
source t o  the hydraulic motor which was the fixed volumetric displacement type. 'Ihis 
f l e x i b i l i t y  of control  enabled the reduction of operational t e s t  time t o  a minimum. 

Instrumentation f o r  the t e s t s  consisted of two displacement pick-ups. One re- 
corded the posi t ion of  the valve s l i d e r  with respect t o  the valve cylinder housing 
(valve e r r o r )  and the other  recorded the posi t ion o f  the  cyl inder  housing with res- 
pect t o  a s t ruc tura l  reference which was located adjacent t o  the  point a t  which the 
input member fastened t o  the s t ruc ture  when closing the servo loop. 'Ihe pick-ups 
used were geared up potentiometers i n  bridge c i r cu i t s  which supplied s ignals  t o  the 
recording apparatus. An oscillograph was used a s  the recording means which supplied 
a s t ab l e  reference l i ne  for  measurement of the t races and an e l e c t r i c a l l y  driven tun- 
ing fork trace for  a dependable time reference i n  addition t o  the output and e r ro r  
t races.  Figure X I  i l l u s t r a t e s  a sample t e s t  'record. 'Ihis t e s t  record graphically il- 
lus t r a t e s  the phase lag  and amplitude r a t i o  phenomena associated with dynamic t e s t s .  
Reduction of the data ,by use o f  ca l ibra t ion  char ts  permits the calculat ion of output 
amplitude divided by e r r o r  amplitude (amplitude r a t io )  and of percentage l ag  of the 
output t o  e r r o r  which when multiplied by 360' produces the phase lag. Comparison of 
the e r r o r  s ignal  t race with the 60 cycles per second timing t race  allowed the calcula 
t ion  of the period and the frequency o f  the e r ro r  s ignal .  Two output t races  were re: 
corded during t h i s  run, which brings up one d i f f i cu l ty  encountered. 'Ihe original  
tests on the mock-up measured output as picked up from motion of  the axle on which 
the output mass was supported. Examination o f  the t e s t  r e s u l t s  indicated very poor 
agreement with the analyt ical  solut ion both i n  phase and amplitude ra t io .  It was 

learned tha t  the  e r ro r s  were introduced largely by deflect ion of the axle which pro- 
duced t rans la t ional  motion o f  the p i c k - ~ p  element a s  well as  rotat ion.  To improve 

our recording technique and a lso  co verify our interpretat ion of the discrepancies, 
both output t races were recor&d, the one from the or ig ina l  pick-up, and one from a 
pick-up recording the t rans la t ional  motion of the cylinder housing. The l a t t e r  re- 
su l ted  i n  much l e s s  s c a t t e r  of the t e s t  points and f a i r l y  close agreement with the 
ana ly t ica l  predictions. 

A s  each t e s t  run wag coirpleted, the  records were in terpre ted  and   lotted i n  
polar form, phase arid emplitu& r a t i o  for  varlious frequencies up t o  30 cycles per 
second. These t e s t  r e s u l t s  made p s s i b l e  the revision of the  analyt ical  parameters. 
Test r e su l t s  produced the system1 s damped natural  frequency and the phase and 





amplitude r a t io s  for  de f in i t e  frequencies. These f igures allowed the analyst t o  vary 
the parameters or ig ina l ly  assumed. A t  t h i s  point ,  there was enough information avai l-  
able upon which t o  base a new s e t  of valve charac ter i s t ics  designed t o  de l iver  opti-  
mum performance of the u n i t  under t e s t .  Using the revised d i f f e ren t i a l  equations, 
and applying Nyquist's s t a b i l i t y  c r i t e r i a ,  valve charac ter i s t ics  were assigned tha t  
would r e su l t  i n  such performance. 

Tn t h i s  test case, the flow versus valve stroke charac ter i s t ics  were already sa t -  
i s fac tory  which then indicated that  a change i n  d i f f e ren t i a l  pressure versus valve 
stroke slope would be the only a l t e r a t ion  necessary. This was done by honing out the 
valve sleeve which ef fec t ive ly  a l te red  the charac ter i s t ics  to  a small extent which was 
a l l  tha t  was indicated t o  be necessary. This par t icu lar  valve required removal of 
0.0005 inches in  d i a m t e r .  Upon completion of t h i s  rework, the t e s t s  were repeated 
and i t  was ascertained tha t  for  the given condition of  operations, no fur ther  improve- 
ment through rework of the valve could be expected o r  desired. 

The f ina l  t e s t  r e su l t s  i n  polar  diagram form a s  compared t o  the analyt ical ly pre- 
dicted curve are  presented i n  Figure X I I .  Although the resonant frequency matches in 
phase angle and anplitude r a t io ,  i t  can be seen tha t  the Tpredicted curve has a sharp- 
e r  resonant peak and tha t  some of the danping terms appear t o  d i f f e r  from the actual 
case. However, the correlat ion was acceptable for  the establishment of design para- 
meters f o r  s t a b i l i t y  purposes. 

Operation o f  the boost system was then checked by closing the feed-back loop 
which in  t h i s  case meant coupling the valve s l i d e r  t o  the control s t i ck  system and 
introducing random input disturbances. ?he boost system operated as  anticipated and 
was considered t o  be acceptable for  use on the a i r c ra f t .  

FIG XII 

COMPARISON OF CALCULATED AND 
TEST TRANSFER FUNCTIONS 

FREQUENCIES IN RADIANS PER  SECOND-''^- \ 

7.0331&'+ 0.144 + 1 
G(4)=4~.,443+ 8.04041('+ 0. ,9244 + 11 

- REPRESENTS CALCULATED CURVE 
-- REPRESENTS TEST CURVE 



A t  t h i s  time, the f a l l acy  of  a basic assumption became apparent. Upon in s t a l l a -  
t ion of the boost system in  the a i r c r a f t ,  i t  was found t o  be dynamically unstable. 
'Ihis, of course, indicated a marked difference between the mock-up and the  a i r c r a f t .  
Since the same boost system was involved, the difference had t o  be a t t r i bu t ed  t o  the 
supporting s t ruc ture  and t o  the dynamic charac ter i s t ics  of the control surface. A 
detailed s t ruc tura l  study a t  t h i s  time would have been too lengthy, therefore,  t e s t s  
were continued with the boost system mounted i n  an outer  wing panel from the a i r c r a f t .  
Operation of t h i s  assembly indicated visual ly t ha t  the control sur face  was not r i g id  
as had been assumed and was undoubtedly contr ibut ing t o  the excessive energy storage 
problem a s  was the s t ruc ture  supporting the boost system. Since any rework of the 
structure and the surface t o  improve t h e i r  dynamic cha rac t e r i s t i c s  would have required 
considerable time, and since the likelihood of  su f f i c i en t  improvement was s l i gh t ,  i t  
was decided tha t  the valve again appeared t o  provide the most d i r e c t  means of obtain- 
ing an acceptable system. Space l imi ta t ions  precluded the use of the s inusoidal  input 
device which was u t i l i z e d  i n  the mock-up t e s t s  s o  t ha t  t rans ien t  response s tudies  
were subst i tuted.  Results of the t e s t s  on the wing panel assembly indicated tha t  the 
change i n  valve charac ter i s t ics  would be too great  t o  be control led by a l t e r a t i on  of 
the d i f f e r en t i a l  pressure versus valve s troke curve alone. Therefore, the o r i f i c e  
width was reduced t o  the next small engraving cu t t e r  s i z e  which reduced the slope of 
the flow versus valve s troke curve. The d i f f e r e n t i a l  pressure versus valve s troke 
curve slope was a l so  reduced t o  the desired value. 

Reduction of the flow-stroke curve slope meant i n  t h i s  case tha t  there would be 
a considerable r e s t r i c t i on  t o  flow a t  maximum valve excursion. The hydraulic power 
source was not a l i nea r  device instead giving increased flow a t  a reduced pressure. 
'Ihus, it was j u s t i f i a b l e  t o  open the valve o r i f i c e  width near maximum valve excursion 
making the flow response curve more nearly l inear .  Upon i n s t a l l a t i o n  of the reworked 
valve i n  the wing panel assembly, it was found t o  operate s a t i s f a c t o r i l y  under a l l  in-  
put conditions and was approved for  f l i gh t .  

b e  l a s t  precautionary s t a b i l i t y  check was made pr ior  t o  f l i g h t ,  and tha t  was the 
determination of the allowable c learances . in  the  boost system couplings t h a t  would 
s t i l l  permit normal operation. The previous t e s t s  had a l l  been conducted with honed 
and lapped pins, bushings, and bearing races. The l a s t  check was of the boost system 
response t o  random input disturbances a s  the clearances i n  a l l  couplings were progres- 
sively increased. With the  articular system under t e s t ,  0.004 inch was found t o  make 
the system marginally s t ab l e .  This f igure  was the t o t a l  clearance fo r  a l l  the jo in ts .  
In view of t h i s  da ta ,  recommendations a s  t o  allowable tolerances for  the clearance a t  
each j o i n t  were released and the system considered complete. 

The usefulness of the frequency response method of  analysis  was apparent when it 
was determined tha t  only minor adjustments of the valve were necessary for  optimum per- 
formance when designed from analy t ica l ly  derived parameters. 

The actual  t e s t  program ve r i f i ed  the usefulness of the frequency response method 
and a l so  pointed out some of its l imi ta t ions .  

The l imi ta t ions  r e s u l t  from the necessity of assumption of ce r t a in  parameters 
such a s  s t ruc tu ra l  damping. Undoubtedly, e r r o r s  resu l t ing  from such assumptions could 
be minimized by careful  s t ruc tu ra l  s tud ies  of  the elements involved. Secondly, analy- 
s i s  w i l l  always be subject  t o  . s m  e r r o r  through the introduction of unpredictable 
non-linear cha rac t e r i s t i c s  and p p s s i b i l i t y  of  variat ions due t o  fabricat ion processes. 



In conclusion then, i t  may be s a i d  that the  frequency response method o f  analys is  
presents  a powerful design too l  for  the  developnent o f  power boost systems and that  
its use  should r e s u l t  i n  a valuable reduction i n  t e s t  time and the p o s s i b i l i t y  o f  el im- 
inat ing  the need of mock-up t e s t s .  

DISCUSSION 

PROFESSOR GROSSER, Syracuse University: I n  the 1 ight  of Mr. Harris ' general 
comments about the e f f e c t s  of varying the d i f f e r e n t  quant i t i es  involved, i t  might be 
i n t e re s t i ng  t o  review some work t ha t  was done some time ago on a microscopic basis  
w i t h  many assumptions made which inval idate  the r e su l t s  t o  some degree. However, one 
conclusion t ha t  was reached on the basis o f  wri t ing a d i f f e r e n t i a l  equation of second 
order assuming incompressibi l i ty ,  and assuming no leakage e i t h e r  i n  the valve or a t  
the pis ton.  A non-dimensional parameter was found that  indicated that  i n s t a b i l i t y  can 
occur i n  the presence of r i g i d i t y  e i t he r  of the f l u id  or the mechanical members. In 
that  parameter appears a mass term and checks your statement that  increase of output 
mass reduces s t a b i l i t y  t o  the f i r s t  order. Cylinder diameter increased s t a b i l i t y  t o  
the th i rd  degree. The s i z e  o f  the valve operation, the valve ports decreased s t a b i l -  
i t y  t o  the f i r s t  degree. The s i z e  of the s ignal ,  which i n  the non-linear analysis  
came i n  importantly,  showed tha t  the amp1 itude of motion decreased s t a b i l i t y  t o  the 
f i r s t  degree and the response r a t i o  or the ra t i o  of the movement of the valves t o  the 
cyl inder reduced s t a b i l i t y  t o  the second degree. f ie  r a t i o  of the movement of the 
valve t o  the movement of the cy l inder ,  the linkage r a t i o ,  decreased s t a b i l i t y  t o  the 
second degree. I  thought tha t  perhaps might be i n t e re s t i ng .  

MR. RICHOLT, Lockheed Aircraft :  I  wonder i f  he can go over that f i r ing  valve 
again. What modifications were made t o  take care of t ha t?  

MR. DREW: When we switched over t o  the actual a i r c ra f t  i t s e l f  we found i t  neces- 
sary t o  reduce the flow slope.  Our original  valve hod o r i f i c e s ,  and t o  reduce the 
s troke o f  the flow curve, we found i t  necessary t o  reduce t h i s  width near neu tra l ,  
which was .025", However, that  meant that  we had too great a r e s t r i c t i o n  o f  flow in  
i t  so we couldn't meet aerodynamic requirements,  and since i t s  power source was non- 
l inear ,  we f e l t  we were j u s t i f i e d  i n  opening i t  up so that  once we got the surface 
moving, we would have e f f e c t i v e  l y  no r e s t r i c t i ons  as we opened the valve up wide. 
That was s t i c k ing  our neck out a l i t t l e .  We did a l l  the calculat ions we could but 
i t  i s  a l i t t l e  hard t o  spec i f y  the charac ter i s t i cs  of the non-linear o r i f i c e .  

RICHOLT: You are uncovering successive portions o f  the valve.  



DREW: Yes, you could assume the closed pos t t ion  was gradually opened. 

MR. GRANT, Hughes Aircraft: I don't  want to  argue about the future poss ib i l i -  
t i e s  o f  theory app l i ca t i on  but i f  you hadn't done any o f  these calculations and ana- 
lyses and just s tarted out t o  build an i rrevers ib le  booster and went by your own and 
other people's experience, what could the resu l t s  have been? In other words, a l l  you 
got out o f  those calculat ions was that opening. 

DREW: That i s  a l l  tha t  i s  necessary t o  go from stable t o  unstable. 

GRANT: We assume we know i n  advance i n  other desrgns. Do you think you saved 
anything by going through the calculations9 

DREW: The or ig ina l  desrgn was not on the -040 l inear o r i f r ce .  Before the group 
was formed, they designed t h i s  thing. They had something that nearly tore the mock-up 
rrght out of the lab, so at that  time we were just entering the w r k  and on the basis 
of our recommendation, we got the .040 or i f i c e  and when that was i n s ta l l ed ,  i t  was 
marginally stab le because we hadn't assumed the proper damping characteris t ics .  Then 
rev is ing  those f  tgures i n  our analys i s ,  we were able t o  determine that  a l l  we would 
have t o  do i s  change the pressure slope s troke.  I f  we hadn't been able t o  predtct 
where we were gotng, we would have had t o  make new valves ,  and the engravrng process 
involved would have meant $500,000 per valve. This  way i t  was just a matter of time. 

GRANT: You feel  then tha t  the analysis  time cost l ess  than making that  ser ies  

DREW: Very d e f i n i t e l y ,  Of course, now I should say i t  w i l l  become cheaper as 
far as analyzing but the valves s t i l l  cost  the same. 
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1.  Summary 

This report is a description of the design of a power servomechanism for  control- 
l i n g  the elevon of the XF4D-1 airplane. 'Ihe report was made for  delivery a t  a con- 
ference on power control systems sponsored by the Wlreau of Aeronautics. A general 
discussion is given of the aerodynamic and s t ruc tu ra l  factors  which determine the 
type o f  power system. Ihe hydraulic system is described and the control valve shown. 
'Ihe a r t i f i c i a l  fee l  generator for providing p i l o t ' s  feel i s  described. 'Ihe dynamic 
s t a b i l i t y  problem of the servanechanism is presented in  de t a i l .  'Ihe t e s t  r e su l t s  of 
a dynamic model of the servo system are given and discussed. Recommendations for  
future development of hydraulic control systems are made. 

2.  Introduction 

?he problem treated here i s - t h a t  of  designing a control system fo r  the elevon of 
a supersonic interceptor .  Fig. 1 shows the type of airplane aqd.elevon considered. 
Ihe  hinge moments of the surface increases abruptly f o r .  93 < M < f .I. ?his increased 
hinge moment produces about the sane ro l l i ng  moment a s  the lower hinge moment for 

< .93. Ihe hinge momnt required for  M > .  ~ r e c l u d e s  the poss ib i l i t y  of d i r e c t  
p i l o t  control.  With the addition of a power servomechanism t o  the control system, the 
following problems have t o  be considered: 

1. Ihe  l i g h t e s t  type of power system. 

2. Influence of the s t ruc tu ra l  s t rength  of  the  wing on the power system; or conversely, 
the e f f e c t  of the power system on the s trength of the wing. 

3. Feel fo r  the p i l o t .  

4. Dynamic s t a b i l i t y  of the servomechanism. 

3. Determination of the Type of System 

Aerodynamic Requirements --- 

Ihe  principal  performance cha rac t e r i s t i c  of the airplane considered here which de- 
termines the design of the elevon control system is high maneuverability a t  Mach 
numbers up t o  1.5. 
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'Fig. 2 shows the variat ion of the  elevon hinge moment coef f ic ien t  slope with Mach 
number for  the wing-elevon combination chosen t o  meet the performance specifica- 
t ions.  The m a x i m  hinge moment t h a t  the control system has to produce is deter- 
mined by the high Mach number condition and the r a t e  of r o l l  required a t  t h i s  Mach 
number. This r a t e  of r o l l  i~ the seme a s  t ha t  required below M = .93. The maxi- 
m power required from the control  system is a l so  determined by the high Mach 
number condition. Table I lists several representative performance conditions for  
the control system. 

The angular ve loc i t ies  of the surface are determined by the a rb i t r a ry  condition 
tha t  the time t o  def lec t  the  surface to  one-half its f i n a l  angle sha l l  be no more 
than 20% of the time which would be required t o  r o l l  45' i f  the surface had been 
deflected instantaneously. From Table I it can be seen tha t  a t  M < .93, the sys- 
tem should be able t o  del iver  moderate powers a t  high angular veloci t ies .  A t  
M > .93 maximum power is required but can be delivered a t  a lower veloci ty because 
the required maximum displacements are small. 

Type of  Power System 

The l i gh te s t  type of system for  del ivering horsepouers i n  the order of 12 H. P. 
is an hydraulic system. An hydraulic system can be designed so t h a t  the pump is 
picked for the m a x i m  horsepomr condition a t  M > .93. An accumulator can be used 
t o  supply the high veloci t ies  required a t  M < .93. Fig. 3 is a schematic of  the 
basic control system. 



Time . 2  t o  Time for Rate H.P. 
M A l t .  t o  45" 45 Ful l  Disp .  YSEC Max. 

1. -29 20,000 20. .7 5 .15 .30 66.7 1.36 
2. -40 20,000 9.2 .75 .15 .30 30.6 .56 
3. -54  20,000 8.7 .55 . I10  .22 39.5 1.40 
4. -79 20,000 6.5 .44 .088 .I76 37.0 2.48 

5. ,445 40,000 20. .70 .14 .28 71.4 1.58 
6. .63 40,000 9.0 .71 .142 .284 31.7 .66 
7. .85 40,000 6 .3  .61 . I22 .244 25.8 .92 

8. -20 S.L. 16. .86 .172 .344 46.5 5.44 
-9. -56 S. L. 9 .5  .39 .078 . I56 60.8 2.72 
10. .90 S.L. 3.5 .47 .094 .I88 18.6 .70 





It can be seen tha t  the system is i r revers ib le  and has posi t ion feedback only. 
Since there i s  no force feedback, an a r t i f i c i a l  fee l  generator has t o  be provided. 
This fee l  generator w i l l  be discussed l a t e r .  

S t ruc tura l  Limitation 

- - 
l'he rapid change in  CHS for  .93 < M < 1 . I  complicates the control problem. A capac- 
i t y  fo r  producing a high hinge moment must be provided for  M > 1 . 1 .  This moment, 
however, is su f f i c i en t  t o  f a i l  the wing for  M < 1.1. Fig. 4 shows the elevon angle 
for developing design wing torque for  n = 0 and n = 6 (n = airplane load fac tor ) ;  
and the angle avai lable,  l imited by stops and maximum hinge moment. One possible 
method for protect ing the wing would be t o  ccntrol  the fee l  generator such tha t  
the force gradient a t  the s t i c k  would l i m i t  the surface angles t ha t  the p i l o t  can 
produce t o  f a l l  within the envelope of Fig. 4. However, pitching forces as well 
as ro l l i ng  forces load the wing and the force gradients a t  the s t i c k  for  pi tching 
and ro l l ing  must be controlled independently. 'Ihus, the t o t a l  surface angle for  
maximum p i l o t ' s  force i n  both p i tch  and r o l l  would have to  be l e s s  than the allow- 
able a s  shown by Fig. 4. I f  t h i s  were done, the performance in  p i tch  alone o r  the 
performance i n  r o l l  alone or  both would not be met .  Also, i t  is f e l t  t ha t  l imit ing 
the angle by p i l o t ' s  force is not desirable because o f  the small surface deflec- 
t ion  for  wing fa i lure .  Possible time lags i n  the fee l  generator might allow over- 
shoot of the safe  angle. 

Several methods of  l imit ing the elevon angle 2s a function of Mach number were 
studied. Varying the hydraulic system pressure with Mach number appears t o  be the 
best compromise. The var ia t ion  o f  hinge moment with Mach number tha t  is used is 
shown i n  Fig. 5. 

.6 .8 1.0 1.2 1.4 1.6 
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The elevon angle that  can be produced with th i s  type of control is shown on Fig. 4 
and follows the desired curve very closely. This angle re la t ion  ( a t  sea leve l )  de- 
pends primarily on Mach number only. 

Hydraulic System 

Since condition 5 of Table I has the maximum r a t e  and maximum deflect ion,  i t  deter- 
mines the accumulator capacity required. Conditions 5 and 9 determine the pressure 
drop allowable across the valve and through the l ines.  The maximum Mach number 
condition determines the cylinder s i z e  and the pump capacity. 

Since the accumulators are used fo r  high ve loc i t ies ,  the hydraulic system has to  be 
of the pressurized-in-f l ight  type. A valve of the type shown schematically by Fig. 6 
was considered for  the elevon control .  'Ihe e r ror  signal moves a p i l o t  valve "A" 
which meters a steady bleed flow through o r i f i ce s  "C". 'Ihe pressure d i f ferent ia l  
caused by the metering of valve "A" ac ts  on control valves "B". Valves " B "  meter 
the main system pressure t o  the actuat ing cylinder. 'Ihe pressure i n  the cylinder 
feeds back a force t o  valves " B " .  This type of valve produces a pressure i n  the 
cylinder tha t  is  proportional to  e r ro r  s ignal .  I n  the in t e re s t  of s implici ty,  i t  
was decided t o  use a conventional balanced type s l i d e  valve. However, i t  i s  f e l t  
t ha t  a valve such as  Fig. 6 warrants fur ther  study. 

Fig. 7 is a schematic of the control valve tha t  i s  t o  be used. Valve "A" i s  the 
se lec tor  valve. 'Ihe damper "B" and the  springs Ki and K2 form a s t ab i l i z ing  device 
by attenuating the e r ro r  s ignal  a t  high frequencies. 

I t  can be seen tha t  a t  very low frequencies, the damper force i s  negligible and the 
valve anplitude is  the samp as the e r ro r  s ignal .  A t  high frequencies, the damper 
is  essent ia l ly  motionless and the valve amplitude i s  K i  /tk 2 + Kf)times the amplitude 

of the e r ro r  s igqal .  Valve"Cn is a 'pressure reducing valve t o  reduce the system 
pressure a t  M < 1 . I .  Valve "C" is controlled by the ~ i l o t  valve "Db which i n  turn 
is actuated by the Mach meter. A t  IM < .93, the pressure avai lable a t  the valve 

"A" is only 400 p. s . i . ;  but the high flow conditions occur for M < .93  (Ref. Table 
I ) .  In or* t o  obtain the flows required and t o  compensate for  the pressure drop 
through the valve and l i nes ,  i t  is  necessary t o  increase the pressure a t  "A" as a 
function of flow. This is done by feeding back the pressure drop across the ori-  
f i ce  "F" t o  the pressure .reducing p i l o t  ' ID". Valve "G" is a switching valve to  

switch from the elevon pressure system t o  the airplane u t i l i t y  system i n  case of 
f a i lu re  of the elevon pressure. 

I n  order t o  design the control valve and pick the l i n e  s izes ,  i t  was necessary t o  
f ind the maximum pressure drop charac ter i s t ic  through the valve tha t  would allow 
the conditions of Table I t o  be m e t .  It was assumed tha t  the_ moment delivered to  
the elevon would be a parabolic function of the form M = Mo - cP2, where P is  the 
angular velocity of the surface. From t h i s  assumption, the equation of motion for  







the elevon was integrated and the coef f ic ien t  C canputed for  each condition of 
Table I. It was desired t h a t  C be as .  large a s  possible yet  a minimum value would 
be fixed by the c r i t i c a l  condition of Table I. Condition 9 gave the smallest  value 
of C. (See Fig. 8) .  

Fig. 8 shows the angle vs. time curve for  condition 9. This condition a l s o  deter-  
mines the maximum e r ro r  between the s t i c k  and the corresponding surface angle since 
i t  is a requirement t h a t  the surface never l a g  the s t i c k  by more than .05 seconds. 
The maximum allowable valve t r ave l  thus corresponds t o  2.1' of elevon. 

G r v e  "A" of F i g .  9 shows the minimum required Moment curve computed using the c r i t -  
i c a l  value of K. Condition 5 of Table I designs the pressure drop charac ter i s t ics  
of the system. It can be seen from Fig. 9 tha t  performance conditions such as  1 
and 5 of Table I ,  where large def lec t ions  a t  high average angular ve loc i t ies  are  
desired,  w i l l  require  large l i ne s  i f  they are  t o  be made a t  low temperatures. The 
l ines  of constant temperature, shown on Fig. 9, are  for  one pa r t i cu l a r  l i n e  s ize .  
Fig. 9 c l ea r ly  shows tha t  a compromise must be made between weight of l i ne s  and 
the tempe-rature a t  which the maneuvers 1 and 5 of Table I can be made. Since con- 
d i t ions  1: and 5 are both low Mach number maneuvers, i t  is f e l t  tha t  the ti= for  
f u l l  def lec t ion  a t  low temperatures. can be sacr i f iced  for  l i n e  weight. 

Feel Generator 

Fig. 10 shows schematically the f e e l  generator for  a i le ron  motion. An ident ica l  
un i t  is used for  elevator  motion. Fig. 11 shows the desired var ia t ion  of s t i c k  
force gradient a s  a function of dynamic pressure, q c .  

9c - L*2 
Fig. I 1  
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CURRENT-MILLIAMPERES 

F t g .  12  

?he torque-current  character is  t i c  of a typ ica l  c l u t c h  is  a s  shown by Fig. 12. Two 
o f  the  c lu tches  a r e  geared together  and a re  dr iven by a continuously r o t a t i n g  
motor. The output  s h a f t s  mesh with a comnon gear  attached t o  a s h a f t  t h a t  feeds 
motion back to the  s t i c k .  The s t i c k  a l s o  d r i v e s  a potentiometer.  The potent io-  
meter and the c l u t c h  c o i l s  are  connected as  shown i n  the  c i r c u i t  diagram. When 
the potentiometer is centered,  a smal l ,  equal cur ren t  flows i n  each c l u t c h  c o i l .  
I f  the  cur ren t  i n  each c lu tch  c o i l  i s  equa l ,  no torque is  de l ivered  t o  the  s t i c k  
s h a f t .  A.  the  potentiometer is displaced from n e u t r a l ,  a torque proport ional  t o  
displacement is fed back t o  the  s t i c k .  A pressure sensing element d r i v e s  another 
potentiometer t o  vary the force g rad ien t  with q c .  Trim adjustment is accomplished 
by a motor t h a t  d r i v e s  the case  of the  torque potentiometer.  I t  i s  f e l t  t h a t  t h i s  
type of f e e l  generator  has b e t t e r  f l e x i b i l i t y  and compactness than any other  sys- 
tem studied.  

4. Dynamrc Stability 

Transfer  Function o f  the Basic System - -- -- - - - - . - 

Fig. 13 ( a )  shows a schematic diagram of  the  elevon servomechanism. The frequency 
response method using the LaPlace transformation of  the l i n e a r  d i f f e r e n t i a l  equa- 
t i o n s  o f  motion a s  ou t l ined  i n  Ref. l, seems t o  be the  most e f f e c t i v e  method of  
studying the s t a b i l i t y  of a servomechanism. From Fig. 13 (b) it can be seen t h a t  



Fig .  13 

b/a  is  a gain constant  which can .be represented by KO and E is the e r r o r  s ignal .  

The block diagram of the servomechanism is shown by Fig. 14. 'Ihe function G,( iw)  
is the response of the valve-cylinder combination t o  an e r r o r  s i gna l  E .  

F i g .  14 



'Ihe determination of the valve cha rac t e r i s t i c  is one of the most important par t s  
of the analysis since there appears t o  be the l e a s t  information available on t h i s  
subject.  

With a displacement of the valve s l i de ,  an area  is opened t o  admit f l u id  as  well 
as exhaust f lu id  from the cylinder. I f  the resu l t ing  r a t e  of flow of f l u i d  through 
these areas is  Q then the  t o t a l  pressure drop across the valve is  

where- A i  and A 2  are the entrance and exhaust areas of the valve 

To determine the nature of the functions f ,  f i ,  and f 2  would require a knowledge 
of the nature of the flow through the valve and l ines .  Since these undoubtedly 
are not l i nea r  functions, they would not be usable i n  the analysis  of the d i f fer -  
en t i a l  equation which must be l inear  for  solut ion by the method of  the LaPlace 
transform. Keeping t h i s  i n  mind, an approximation w i l l  be made which is l inear ,  

Assume t h a t  A i  = k i  6. 

and tha t  A P - k, + k Q 
A i  A, 

'his means t h a t  the areas increase approximately l inear ly  as the valve posi t ion 
increases and t h a t  tk pressure drop is  approximately due t o  viscous losses. 

Q From above A P = ko . 
'Ihe pressure on the piston is  equal t o  the pump output pressure minus pressure 
drop across the valve. 

'Ihe absolute value Is-.( is used t o  ge t  proper s igns fo r  posi t ive and negative value 



'Ihe adequacy of  t h i s  appmximation w i l l  be discussed when the t e s t  r e su l t s  are 
presented. 

Another important e f f ec t  has been found from tes t ing  t o  be the compressibility ef- 

Uk! I f  V is the volume of o i l  i n  the pressure s ide  of  the cylinder 

E is bulk modulus of  e l a s t i c i ty .  

'Ihe t o t a l  change in  volume due t o  compressibility and f lu id  entering is: 

dV , - A i ; : + O  

dP =!- ( - A 6 , + Q )  
d t V 

subs t i tu t ing  for Q  from Equation 2 

1 Using force F instead of pressure P and reassigning ccmstants 

\ and Equation 2 becomes 

K ,  and K ,  can be defined as : 
I 3 

K, = - a F  and K, = A -  a F  
1 a 8. 3 a Q 





s t ab i l i z ing  e f f ec t  fo r  posi t ive values. K O  is a function o f  Mach number and in-  
creases posi t ively with increasing Mach number. ?here fore, zero airplane speed 
o r  K = 0 w i l l  .be the most c r i t i c a l  condition for  s t a b i l i t y .  The system pressure 0 
is  reduced i t  M '< 1.1 and consequently the value of KO a t  M = 1.1 w i l l  be the most 
c r i t i c a l  for operating conditions. However, i n  view of the fac t  tha t  a t  some time 
i n  the future it may be desired t o  f l y  the airplane with f u l l  system pressure a t  
a l l  speeds, a l l  s t a b i l i t y  s tudies  a r e  made fo r  KO = 0. 

S t a t i c  Gain 

'Ihe loop s t a t i c  gain, X u  = K A  K v i ,  is  a measure of the r a t i o  of 

restoring force 
u n i t  e r ro r  

restoring hinge moment. 
u n i t  angular e r r o r  

The l a rge r  the gain, the more unstable the system becomes or the smaller is  the 
s t a b i l i t y  margin. lhe maximum hinge moment is fixed by aerodynamic requirements. 
lhe s t a t i c  gain of the system i s  then determined by the maximum allowable e r ror .  
Since the r a t i o  from the s t i c k  t o  the surface i s  fixed,. the gain can be changed 
only by changing the r a t i o  from the s t i c k  t o  the valve. Considering the surface 
fixed, the amount o f  s t i c k  movement required t o  fu l ly  open the valve is a measure 
of gain. Considering the s t i c k  fixed, the angle of ro ta t ion  of the surface re- 
quired t o  fu l ly  open the valve is a l so  a measure of the system gain. ' he  l imit ing 
value of maximum e r ro r  allowable is  determined by Fig. 8 and the maxirmun allowable 
time l a g  of  .05 seconds. There may be other  limits to  the maximum e r ro r ,  however, 
such as: f ree  play in  the emergency condition with hydraulic power of f ;  space i n  
the cockpit; percent of  t o t a l  angle a t  h i& Mach number. The valve charac ter i s t ic  
curves are ac tua l ly  non-linear and a change i n  e f fec t ive  gain can be produced with- 
cut affect ing the s t a b i l i t y  by changing the valve characteristi!, curves a t  con- 
s t a n t  maximum error .  ?his e f f e c t  is discussed further  below. 

S t a b i l i t y  of  the Airplane System 

l'he s t a b i l i t y  condition Equation 6 i s  shown i n  Figs. 15, 16 and 17. In each figure, 
one of the coef f ic ien ts  K D ,  the external  damping coeff ic ien t ;  K E ,  the cylinder and 
s t ruc ture  e l a s t i c i t y ;  and K y  , the valve pressure drop coeff ic ien t  are varied inde- 
pendently and the s t a b i l i t y  border traced. The mst desirable method for  s tabi-  
l i z i n g  the system is t o  make the e l a s t i c  constant K large enough. However, there 
is no r e l i ab l e  way of control l ing 4 .  Tests  have down tha t  a very small mount of 
a i r  trapped i n  one of  the components such as  cylinder, f i t t i n g s ,  valve, e tc . ,  o r  a i r  
dissolved o r  entrained in  the o i l  makes KE very low. 'Ihe airplane would be poor 
from service considerations i f  the successful f lying of it depended on near perfect 
bleeding of the hydraulic system. I t  would a lso  be dangerous since i n s t a b i l i t y  of 
the control system i n  f l i g h t  might be disastrous. It is f e l t ,  therefore, tha t  a 
safe ly  low value of Kg should be used and the  system s t ab i l i zed  by o ther  mews. 









Fig. 18 shows a po la r  locus p l o t  of  the t r an s f e r  function K,Gv = f o r  the basic ,  
E 

uncompensated system. ?he locus enc i r c l e s  the .poiat (-l+iO) and therefore  by the 

moving the zero decibel  l i n e  up  o r  down. Mult ipl icat ion of  functions is accomplished 
merely by adding the values of the funct ions i n  decibels  and adding the phase angles. 

S t a b i l i z i n g  Networks 

Of the severa l  means considered f o r  s t a b i l i z i n g  the bas ic  system, the two methods 
shown by Fig. 20 seemed t o  be the simplest and most promising. Both methods con- 
sist e s s e n t i a l l y  of  adding a damper t o  the control  valve t o  cut  down the valve ampli- 
tude a t  high frequencies. In  method ( a ) ,  the  valve amplitude approaches 0 a s  w W. 

In  method (b)  , the  valve amplitude approaches - --KL- as  w -+ 03. 

K ,  K S  
Such devices a re  s i m i l a r  t o  those re fe r red  t o  by  all' a s  undercompensated i n t eg ra l  
networks. 







In Fig. 20 ( b ) ,  consider the forces act ing on the valve s l ide .  

K , ( E - 6 , )  = K 2 ( 6 , - 6 D )  = , u s D  1 1  
I 

h e r e  p is the damping coeff ic ien t  of the  damper and ZD i s  the damper motion 

'Ihe ine r t i a  forces are neglected which means tha t  the natural  frequency of the valve 
lmst be well out of the range of frequencies to  be considered. 

Let 

Fig. 20 ( a )  i s  a special case of Fig. 20 ( b ) .  

For Fig. 20 ( a ) ,  K 2  = 03 or  a = 0 and 

1 



Fig. 21 shows a t y p i c a l  l o g  p l o t  o f  Equation 8 and shows how the  t r a n s f e r  function 
may be e a s i l y  constructed by s tandard forms. Equation 8 is formed by two functions: 

a ( T ) i O + f  and 1  1 - a  L 

'Ihe l o g  p l o t  o f  each o f  these  funct ions  can be approximated by two s t r a i g h t  l i n e  
asymptotes by the  method descr ibed by Brown and campbelll. 

'Ihe denaninator .T,$ (7,) io + 1  approaches the constant  value 1  f o r  very.smal1 

values o f  w. 1 

For very l a r g e  values of w, t h e  funct ion approaches ' L  . ' Iherefore,  the  
i w  

l - a  
asymptotes a r e  OA and AB o f  Fig.  21. 'Ihe frequency a t  which p o i n t  A is located i s  
equal t o  

'Ihe asymptote AB has  a s lope  o f  -6 d e c i b e l s  per  octave s ince  t h e  frequency term w 
appears i n  t h e  f i r s t  power. 

'Ihe t r u e  locus  is  OEB and can be quickly constructed from the  asymptotes by a curve 
o f  c o r r e c t i o n s  which i s  s tandard f o r  a l l  equa t ions  o f  t h e  form i u  + 1  o r  1  

?his cor rec t ion  curve is  given by Brown and Campbell. iu  + 1  

a 
'Ihe numerator - 1 - a  

(7,) + 1  has  t h e  asymptotes OC and CD on Fig. 21. 'Ihe 

break p o i n t  C i s  loca ted  a t  a frequency equal t o  

1 
'Ihis frequency i s  seen t o  be E t imes the  frequency o f  t h e  break po in t  A. 'Ihe asymp- 

t o t e  CD has  a slope o f  6 dec ibe l s  p e r  octave. ?he two carves  when combined by 
d i r e c t  add i t ion  give the  l o g  modulus p l o t  f o r  Equation 8. I n  Fig.  21 the  curve ch?F 
is t h e  .combined curve. ?he phase angle can be handled i n  a s i m i l a r  manner. In 
Fig.  21, KM i s  the  phase angle curve f o r  the  denominator o f  Equation 8 and CHJ is 
the  phase angle curve f o r  t h e  numerator. Curve is the  combined phase curve. It 
can be seen from Equation 9 t h a t  i f  a  i s  he ld  constant ,  t h e  e f f e c t  of varying 7, i s  
t o  s h i f t  the  locus  along t h e  frequency a x i s  without changing its shape. 

Fig.  22 shows a polar  p l o t  of a typ ica l  l a g  network t r a n s f e r  function. ?he shape 

o f  the  p l o t  i s  always a semi -c i rc le  whose r a d i u s  and c e n t e r  is determined by the  







value of a. a is  the high frequency i n t e r c e p t .  Changing rL f o r  constant  a merely 
s h i f t s  the frequency po in t s .  

By p l o t t l n g  the  l a g  network t r a n s f e r  function f o r  severa l  values  o f  a, the  s t a b i l i t y  
of the basic  system with the  l a g  network added can be determined. Fig. 23 shows the  
method fo r  determining the n e u t r a l l y  s t a b l e  gain  f o r  a  given value of a and r L .  'Ihe 
basic system modulus and phase angle curves G ,  and Ang ( G v )  a r e  p l o t t e d .  'Ihe l a g  

network t r a n s f e r  function GL and Ang GL is then superimposed and posi t ioned by s e t -  

t ing  the break p o i n t  A a t  the frequency determined by rL. The values fo r  the  l a g  

network a re  p l o t t e d  t o  a  reverse  s c a l e  from those o f  the has ic  system so t h a t  d i s -  
tance between t h e  curves a t  any frequency i s  a  d i r e c t i o n  add i t ion .  In  Fig. 23 the  
zero angle l i n e  for  the l a g  network is  p l o t t e d  from t h e  -180° l i n e  f o r  the  bas ic  
system; the re fo re ,  the  frequency a t  which the  angle curves i n t e r s e c t  is t h e  f r e -  
quency a t  which the o v e r a l l  t r a n s f e r  funct ion z 0  is  180° o u t  o f  phase. For the  

- 
E 

p a r t i c u l a r  example shown by Fig. 23, t h i s  frequency is  46 C.P.S. f o r  a = . 2  and 
19.5 C.P.S. f o r  a = 0 .  For a = . 2  the  sum o f  t h e  two funct ions  is -1 .9  dec ibe l s .  
For a = 0  the sun, i s  5.8 dec ibe l s .  Since t h e  gain  f o r  the  b a s i c  system i s  1.34 x 
107 in . lb . / r ad . ,  the gain  f o r  n e u t r a l  s t a b i l i t y  i s  

1.34 x - . l o 7  
= 1 . 6 5  x l o 7  i n .  lb . / rad.  f o r  a =  . 2  

= .69 x l o 7  i n .  lb./rad.  for  a = 0 .  

n u s  by s h i f t i n g  the  l a g  network t r a n s f e r  funct ion along the  frequency a x i s  and 
cor rec t ing  the  gain f o r  n e u t r a l  s t a b i l i t y ,  the  s t a b i l i t y  border f o r  a  p l o t  o f  rL vs. 
gain can be t r aced  f o r  values o f  cons tan t  a. 'Ihis s t a b i l i t y  study can a l s o  be made 
by mul t ip ly ing  o u t  the combined t r a n s f e r  function and applying Rough's d iscr iminant  
t o  the  r e s u l t i n g  q u a r t i c  equation. I t  is f e l t ,  howver ,  t h a t  t h e  method i l l u s t r a t e d  
by Fig. 23 is e a s i e r  and i s  more conducive t o  synthesis .  Fig. 24 shows the  s t a b i l i t y  
boundaries f o r  the  b a s i c  system with  t h e  l a g  network added. 

Fig. 24 shows only the  s t a b i l i t y  boundaries f o r  values o f  a. I t  is  of  i n t e r e s t  a l s o  
t o  know the  l a g  network c h a r a c t e r i s t i c s  ( a  and rL ) necessary t o  produce a  given de- 
gree of  s t a b i l i t y  f o r  a  given system. The maximum closed loop response 1 

measure of  the  degree of  s t a b i l i t y  o f  the  system. Fig. 25 shows a  method f o r  making 

1 - +' ( Z W )  
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1 6 
is a  complex funct ion which is uniquely determined by t h e  open loop funct ion 2 (iu) , 
it i s  poss ib le  t o  draw curves of cons tan t  S o  , i n  the , phase angle so E 

S E E 
6 

plane. In  Fig. 2 5  curves o f  O- = 2.0 and 4.0 ( l o g  , so = 6 db and i 2  db)  a r e  
6% 

- 
i 6, 

shown. ?he open loop t r a n s f e r  funct ion i s  p l o t t e d ,  then moved v e r t i c a l l y  u n t i l  t he  
locus i s  tangent t o  a curve o f  constant  . The amount of v e r t i c a l  movement o f  

the locus  g ives  a  f a c t o r  by which the  g a i n  o f  the  system must be changed t o  produce 
the  value  o f  , 6, 

i- 
I 6 max 

In the  example shown, t h e  gain o f  the  system must be reduced by 3.6 d e c i b e l s  t o  
keep the  c losed  loop response 

-6 0 
t o  2.0 .  For -8 0 

= 4.0 t h e  ga in  has  

8,  max : s i  max. 
t o  be reduced by .4 dec ibe l s .  

6 0  
Fig. 26 shows rL vs.  gain  f o r  d i f f e r e n t  values  of - -  - 'for t h e  case  of a = - 2 .  

, S max 

Fig. 27 shows the p o l a r  p l o t  fo r  t h e  t r a n s f e r  funct ion inc lud ing  the  l a g  network 
wi th  rL = .03 and a =  . 2 .  

5 .  Dynamic Mode I and Non-Linear it ies 

To gain  background d a t a  on thd type o f  servanechanism t o  be used f o r  the  a i r p l a n e ,  a  
f u n c t i o n a l l y  s i m i l a r  bu t  non-scaled system was const ructed from e x i s t i n g  p a r t s  and 
t e s t e d .  (he of the  o b j e c t s  was t o  s tudy  t h e  e f f e c t s  of t h e  n o n - l i n e a r i t i e s .  The ana- 
l y t i c  methods above a r e  based on the  assumption t h a t  the  equat ions  o f  motion a r e  l i n e a r  
d i f f e r e n t i a l  equat ions .  However, some of the  components o f  hydrau l i c  servcmechanisms 
a re  d i s t i n c t l y  non- l inear .  Ihe  damping fo rce  from the  s u r f a c e  dampers v a r i e s  a s  the  
square o f  the v e l o c i t y .  The damper on the l a g  network is a l s o  o f  the  v e l o c i t y  squared 

type. The s p r i n g  r a t e  o f  the  c y l i n d e r  v a r i e s  wi th  the p ressure  because o f  t h e  trapped 
a i r .  'Ihe type of valve-cyl inder  c h a r a c t e r i s t i c  assumed f o r  the  l i n e a r  a n a l y s i s  i s  
shown by Fig. 28 ( a ) .  I h e  valve-cyl inder  c h a r a c t e r i s t i c  f o r  a  balanced type s l i d e  wi th  
no force  feedback i s  shown by Fia. 28 ( b ) .  Since  the system is  non- l inea r ,  t h e  t rans-  , - - . .  
f e r  funct ion 6 should vary wi th  amplitude a s  wel l  a s  wi th  frequency. 'Ihe ampli- 

2 (w) 
E 

1 

tude e f f e c t  was found on the  model t e s t s  a s  shown by Figs .  29, 30 and 31. Trans fe r  
func t ions  were measured a t  constant  valve  amplitude f o r  t h r e e  d i f f e r e n t  system pres-  
su res .  For each system pressure.  the  servo loop was c losed  with the  gain  r a t i o  equal  

f t o  1 and the  amplitude and frequency o f  t h e  s e l f - e x c i t e d  o s c i l l a t i o n s  observed. Des- 
p i t e  t h e  marked n o n - l i n e a r i t i e s  of the  components, t h e  system a c t s  much l i k e  a  l i n e a r  
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Fig. 32 shows two of  the curves o f  Fig. 29 canpared with the calculated l i n e a r  solu- 
t ions.  A s  can be predicted, there is  an amplitude e f f e c t .  l h e  chief  discrepancy of 
the measured with the calculated system is t h a t  there appears t o  be an a t tenua t ing  
fac tor  which the calculated motion does not take i n t o  account.' lhis observed attenu- 
at ion begins.to be e f f ec t i ve  a t  about 25 C.P.S. In Fig. 3 1  the  minor peak a t  60 C.P.S. 
was found t o  be due t o  the na tura l  frequency i n  bending of the push rod t h a t  actuated 
the valve. 

Fig. 33 shcnvs the t r ans f e r  function o f  a l a g  network t ha t  was b u i l t  up of a spr ing  and 
a velocity-squared damper. The bulge i n  the locus a t  frequencies of  20 t o  60 was caused 
by the resonance of  t h e  lag  network i t s e l f .  The resonant frequency o f  the l a g  network 
i t s e l f  with no o i l  i n  the damper was measured t o  be 63 C.P.S. The logari thim p lo t  of 
the t r ans f e r  function is  shorn by Fig. 34. Since the resonant frequency o f  the l ag  
network was above the i n s t a b i l i t y  frequency of  the bas ic  system and a l so  s ince the ad- 
d i t i o n  of a l a g  network decreases the frequency o f  180' phase lag,  t he  l a g  network was 
very e f f ec t i ve  i n  s t a b i l i z i n g  the system. Fig. 35 shows a t r ans f e r  fuliction of  the 
bas ic  system with a l ag  network added. 

One e f f e c t  of  the  non-linear valve cha rac t e r i s t i c  is t h a t  the e f f ec t i ve  gain can be 
changed without changing the maximum force o r  the  maximum valve t rave l .  ?his e f f e c t  
is  i l l u s t r a t e d  by Fig. 36. A valve land uncovering c i r cu l a r  por t s  gives a valve char- 
a c t e r i s t i c  s imi la r  t o  the  s o l i d  curves of Fig. 36 ( c )  . A land uncovering an inverted 
c i r c l e  w i l l  give a cha rac t e r i s t i c  s imi l a r  t o  the  dot ted curves. The e f f ec t i ve  gain 
given by the dot ted curves i s  l e s s  than t h a t  of the s o l i d  curves ye t  the maximum force 
and the maximum valve t rave l  a re  the  same i n  both cases. 

6. Conc lus ions 

From the experience of studying a d  designing a power-controlled elevon system, the 
following conclusions a r e  offered: 

1. The type and d e t a i l s  o f  the  control system w i l l  be determined by the aerody- 
namic performance required and by the  s t ruc tu ra l  l im i t a t i ons  of  the  airplane.  

2. A system tha t  requi res  high vel.ocities o f  the surface for  a shor t  time can be 
powered most e f f ec t i ve ly  by an hydraul ic  system with accumulators f o r  energy 
storage. 

3. ?he cont ro l  system can be s t a b i l i z e d  by su f f i c i en t l y  reducing the gain. Re- 
ducing the gain implies increasing the maximum er ror .  1t is f e l t  t h a t  the 
system w i l l  be more f l ex ib l e  for  future development i f  a s t a b i l i z i n g  network 
is added. Also, the s t a b i l i z i n g  network w i l l  help t o  minimize the e f f e c t s  of 
extraneous motions t h a t  w i l l  be present i n  the  airplane.  

4. ?he l i n e a r  type o f  system analysis  is  usefu l  -for a qua l i t a t i ve  survey o f  the 
problem and fo r  synthesis  techniques. It  helps t o  show immediately the impor- 

t an t  fac tors  i n  s t a b i l i t y ,  i .e . ,  which parameters can most e f f ec t i ve ly  be 
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manipulated. However, a de t a i l ed  knowledge of the system and f i n a l  adjust-  
ments wi l l  have t o  be found by t e s t i n g  the f i na l  system. Secondary f ac to r s  
which may present  se r ious  problems i n  any a i rp lane  i n s t a l l a t i o n  a re  

a.  S t ruc tu r a l  feedback - force feedback due t o  def lec t ion  of cyl inder  r e l -  
a t i ve  t o  control  l inkage. 

b. Resonance of con t ro l  l inkages. 

c. S igna ls  t o  the  cy l inder  from wing def lec t ion  due t o  a i r load.  

7 .  Recommenclations for Future Development of Hydraulic Servomechanisms 

I t  is evident t h a t  increasing use of  powered-control systems w i l l  be made fo r  a i r -  
c r a f t  i n  the future .  'Ihe requirements of high peak powers and shor t  time responsees 
po in t  toward hydraul ic  o r  pneumatic power systems. The t rend toward more completely 
automatic con t ro l s  f o r  such appl ica t ions  a s  f l y ing  by radar and s t a b i l i z a t i o n  by 
gyro control  suggests the development o f  e l e c t r i c a l  contr0.1 o f  the power. I t  is f e l t  
t h a t  research and development e f f o r t  f o r  power-control systems can most e f f ec t i ve ly  
be spent  on the  following: 

1. Gyro pickups. There i s  a need fo r  the development of gyros with f a s t  time 
response s . 

2. Hydraulic valves. F i r s t  there  i s  a need fo r  r e l i a b l e  e l e c t r i c a l l y  operated 
valves  t h a t  can control  high powers with small time lags .  'Ihere i s  also a 
need for  force proport ional  valves. In  general,  valve development should 
be toward the cont ro l l ing  of l a rge  powers with small forces ,  i . e . ,  l a rge  
power amplif icat ion.  

3 .  Non-Linear Analysis. Dynamic s t a b i l i t y  o f  the cont ro l  system is perhaps 
the  most important design problem. Hydraulic and pneumatic systems a r e  
decidedly non-linear and a r e  not always amenable t o  l i n e a r  analysis .  Qle 
way t o  a t t ack  the non-linear s t a b i l i t y  problem would be t o  compile a s e r i e s  
of pa r t i cu l a r  so lu t ions  of typ ica l  c i r c u i t s  by use of a d i f f e r e n t i a l  ana- 
lyzer .  Another might be t o  develop r e l i a b l e  methods of l i nea r i z i ng  the equa- 
t i o n s  o f  motion. Such methods would have t o  be confirmed by t e s t i n g  many 
d i f f e r e n t  systems. 
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D l  SCUSSION 

MR. FOLSE,  W e r :  I n  order t o  keep the  parameters of the lag network from 
s h i f t i n g  w i t h  change of v i s c o c i  t y ,  you w i l l  have t o  have a compensatory dev ice  i n  the 
p i s t o n  i n  the form, for ins tance,  of an o r i f i c e  which w i l l  c lose  as the temperature 
of the  o i l  increased t o  keep the  dashpot  t rave l ing  constant .  

DR. CLAUSER: I th ink  there  are  two th ings  tha t  in f luence t h a t  and I was glad 
t o  read i n  somebody's paper t h a t  they  had been down t o  minus 70 and the  system was 
s t i l l  warm. True when you cool the sys tem,  i t  i s  l i a b l e  t o  become s lugg i sh .  Another 
th ing t h a t  i s  very  important here now i s  i f  you use the  flow across  an o r i f i c e ,  the  
pressure drop through the  o r i f i c e  t o  the  f i r s t  approximation i s  dependent upon the  
d e n s i t y  and not  the  v i s c o s i t y .  f i a t  means it  i s  des i rab le  t o  des ign  a sharp-edge o r i -  
f i ce  across  t h i s  p i s t o n .  I t  has t o  be sharp-edged because there c a n ' t  be any sur face  
for the flow t o  flow over because t h a t  becomes v tscous flow, you s e e ,  and then tha t  i s  
dependent upon the v i s c o s i t y  and not t h e  d e n s i t y .  Are you famil iar  w i t h  the  way ro ta -  
meters work 7 They are independent of  temperature.  They d i d n ' t  g e t  tha t  e f f e c t  u n t i l  
they  went t o  the  so -ca l l ed  sharp-edged o r i f i c e .  S p e c i f i c a l l y ,  the rotameter has very  
l i t t l e  area for the flow t o  flow by t o  develop v i scous  f r i c t i o n .  The pressure drop 
across the  o r i f i c e  i s  dependent almost e n t i r e l y  on one-half V squared and not  on v i s -  
c o s i t y  a t  a l l .  

DR. WILSON, Goodyear:  All o leo  s t r u t s  work t h i s  way and they  are independent 
o f  temperature t o  a large e x t e n t .  

MR. AHRENDT, Ahrendt  Instrumnt Company: I n  your paper you discussed a t  con- 
siderable l eng th  the  problem of s t a b i l i t y  of  t h i s  system and what you should do t o  
make the  system s t a b l e ,  but s u r e l y  you must have had other  performance requirements 
tha t  a f f e c t e d  the  choice o f  parameters i n  t h i s  system. You must have had dynamic per- 
formance requirements t h a t  suggested what those spr ing constants  should be and what 
frequency the corners would b e ,  and s o  on. I wondered where those or iginated and what 
they were. The problem c e r t a i n l y  c a n ' t  be one of j u s t  g e t t i n g  s t a b i l i t y .  

U A U S E R :  No. For example, I mentioned the  gain was determined by one of  the 
s p e c i f i c a t i o n  requirements,  meaning tha t  .05 of a second lag. That mears, we wanted t o  
keep the  lag up a t  v e r y  low frequency,  because w i t h  frequencies we are t a l k i n g  about,  
response t o  three  or  four c y c l e s  per second, you have t o  throw the surface a t  the ra te  
o f  50 degrees per second. We showed tha t  there  may be condi t  i i n s  t o  make i t  want t o  
go f a s t e r  than tha t  bu t  you are working w i t h  f a i r l y  low frequencies .  

AHRENDT: Are a l 1 your performance requirements a t  v e r y  low frequencies? 

CLAUSER: The th ing  t h a t  suggested t h i s  lag network i n  the  f i r s t  place was tha t  
we wanted t o  c u t  out  a l l  the high frequencies tha t  might i n t e r f e r e  w i t h  the f l u t t e r  f r e -  
quencies .  I t  was suggested a 1 i t t  le b i t  l a t e r .  Some of the  people who were doing the 
ana lys i s  were a l s o  fami l iar  w i t h  f l u t t e r  theory ,  you s e e ,  and they  were worried about 
t h i s ,  so  even before we suspected we weren't  going t o  have a s t a b l e  sys tem we ta lked 
about using lag networks.  



MR. HARRIS, Chance-Vought: I thought that  comment you made about tha t  apparent 
zero i n  the curve suggested tha t  perhaps somebody would have an answer t o  why your curve 
dipped. I $  i s  very in teres t ing ,  because we had almost the same frequency. 

. CLAUSER: Does anyone have any ideas 

MR. MONROE, North American: I had a thought that i t  might be the change from 
viscous t o  turbulent flow a t  that  particular frequency, since i t  i s  somewhat correlated 
wi th  v e l o c i t y .  A problem i s  what t o  do when you are i n  a t rans i t i on  region, whether 
you use turbulent flow charac ter i s t i cs  or v i scous ,  so  i t  might be wel l  t o  look i n to  i t  
from tha t  viewpoint. 

CLAUSER: I might mention a 1 i t t  le b i t  about some of the things we have thought 
about tha t .  F i r s t ,  every time you change, you have a s lope change by 6 db. I f  I say 
any of t h i s  wrong, somebcdy correct me. You'll  change by 6 d b  and i f  you have the type 
o f  thing we had, the asumptotes would look something l i ke  tha t .  ( i nd i ca t i ng )  We were 
up here and as far as we can we could go, we were r ight  down here. This means there 
was a d ip .  That means there must have been an asymptotes. There must have been some- 
thing that  kicked i t  back so  that  i t  went through t h i s  d ip  here and came on back again 
so  t o  bring i t  back. Th is  means a factor i n  the numerator t o  do t h a t ,  and since t h i s  
A fac tor  i s  i.n the denominator, i t  may mean that  there may have t o  be two factors .  

HARRIS: I am not sure whether t h i s  i s  the same thirig or not but I would l ike  t o  
show one of the plots  that might throw some l i gh t  on i t .  Th is  i s  the same p lo t  you had 
without any damping i n  i t .  I f  you change tha t  polar plot t o  e i t he r  t h i s  one or t h i s  
one t o  s t a r t  wi th ,  i t  w i l l  come daun t o  zero,  and would come out again, which i s  the 
same charac ter i s t i c  you have here. The only thing that brings tha t  i n  i s  t h i s  term 
which i s  the natural frequency, made by the mass or the s t ruc tura l  s t i f f n e s s ,  and i f  
that  goes t o  i n f i n i t y ,  t h i s  disappears and t h i s  curve comes down l ike  t ha t .  I would 
l i ke  t o  suggest tha t  there i s  qu i t e  an analogy between your hydraulic damping device 
and the tool  which e l e c t r i c a l  engineers use i n  notching e f f e c t  and I bel ieve the simi- 
l a r i t y  i n  those two points t o  the notching e f f e c t  of your damper where your damper ac- 
t u a l l y  becomes i ne f f e c t i v e  and then your system takes over a f t e r  t ha t .  An e l ec t r i ca l  
f i l t e r  network w i l l  act  exac t ly  the same way. 

CLAUSER: Yes,  tha t  i s  rigfit and that  i s  one thing I want t o  emphasize. I t  i s  
very s imi lar .  You are t ry ing  t o  f i l t e r  out the h igh  frequency e f f e c t s ,  and they get 
a notching e f f e c t  e xac t l y  l i ke  tha t .  I f  you have a system which i s  a very high res- 
ponse system and you get i n to  s t ruc tura l  disturbances, you want t o  cut your system o f f  
so  you would put an e l e c t r i c a l  f i l t e r  i n  there t o  cut o f f ,  and you can't  have a true 
cu t -o f f .  A l l  you hope t o  ge't i s  a notching e f f e c t  and tha t  bears a resemblance t o  
tha t .  

MR. RAHN, b e i n g :  I would l i ke  t o  ask a quest ion on the double spring. Why 
did you use two springs? Why not  jus t  one--one between the valve and the damper? 



CLAUSER: I think the reason we used i t  was t o  give a reasonable frequency res- 
ponse charac ter i s t ic .  You can't  say you don't  care about any of the high frequencies. 
Essen t ia l ly ,  we ' l l  plot attenuation, we ' 1 1  say, as a function *of frequency. You would 
l ike  t o  have some l e f t ,  you see,  some at tenuation i n  here and then as you go out i n  fre-  
quency, you wou1.d l i ke  t o  cut i t  down and t h i s  becomes asymptotic, depending upon that  
second spring and i t  i s  jus t  a matter of being able t o  shape t h i s  curve so you w i l l  get 
the response in t h i s  region. 

MR. MONROE: I might add one remark t o  t h i s ,  and that  i s  that we put t h i s  device 
on the valves .  Ch one occasion we had an opportunity t o  go t o  an airplane w i  thout much 
theoret ical  calculat ions t o  t r y  something. We had an idea of the transfer  function, 
the type i t  was, so we decided the most logical so lu t ion  would be a lag network. We 
added that  i n  the form of a dashpot througha control linkage t o  the valve.  I t  did 
s t ab i l i z e  the airplane immediately. We d idn ' t  have an opportunity t o  make any ca l -  
c u l a t i i n s ,  so  we had three d i f f e r e n t  s i ze  o r i f i c e s  and two springs t o  t r y ,  and i t  had 
other bad e f f e c t s  so  we d idn ' t  continue wi th  i t .  



APPLICATIONS OF THE ANALOG COMPWER 

TO CONTROL SYSTEM DESIGN 

B Y  

R. R .  Wilson 

Coodyear A i r e r a f  t C o ~ p a n y ,  Akron .  O h i o  

I am primarily a guided missi le  man. I have never had anything t o  do with in-  
habited a i r c r a f t ,  and I am not r e a l l y  an aeronautical engineer or anything remotely 
resembling tha t .  I have a l o t  of aeronautical engineers doing tha t  s o r t  of work 
while I s i t  by. I have been s i t t i n g  here for  the l a s t  few days learning a grea t  deal 
a b m t  the way you-people operate and I want to  say tha t  I admire what you have done. 
It is a b i t  of an eye opener t o  m. 

In ta lk ing  about the  computers I thought we might t r y  f i r s t  t o  see the way i n  
which they f i t  i n t o  the  overa l l  schem of things; second, t o  take a look a t  the com- 
puters  themselves, t o  see hav they work; and, th i rd ,  t o  t a l k  about the spec i f i c  ap- 
p l ica t ions  t o  the power boost problem. As has been brought out here i n  t h i s  me t ing ,  
power boost design, a s  is the  case with most engineering design, has gone through a 
good many stages and is s t i l l  i n  most of  those s tages.  

Some of you, doing the work still  based en t i r e ly  on your engineering in tu i t i on ,  
good comnon sense and cut-and-try methods, are apparently turning out perfect ly s a t -  
i s f ac to ry  devices and since the proof of the pudding is i n  the eat ing,  I don't  see 
t h a t  anyone can r e a l l y  complain about tha t .  Others of you, e i t h e r  because you have 
developed an i n t e r e s t  i n  it o r  because you have hired some men who got s t a r t e d  in 
t h a t  f i e l d ,  are  going i n t o  the frequency response analysis method, which r e a l l y  
amounts t o  j u s t  applying the general f i e l d  of  mathematics t o  your engineering design; 
and you w i l l  f ind a s  you do i n  other  engineering f i e l d s  t h a t  as long as you can s t i c k  
t o  l i nea r  d i f f e r en t i a l  equations, everything is rosy. As soon as  you ge t  i n t o  non- 
l i nea r  d i f f e r e n t i a l  equations, you begin t o  have trouble, and you use the usual meth- 
ods t h a t  mathematicians use when they solve non-linear d i f f e r e n t i a l  equations. You 
a re  using small perturbat ion theory and so t a c i t l y  assuming t h a t  everything is l inear ,  
or you are using s e r i e s  so lu t ions  and again i n  a way operating on small perturbation 
theory, using probably step-by-step calculat ions i n  which you again assume t h a t  your 
system is l inear  and change the i n i t i a l  conditions and boundary conditions a t  each 
s tep.  Probably some of you are even using graphical methods. A l l  those methods apply 
t o  the solut ion,  by hand, of non-linear d i f f e r e n t i a l  equations. Occasionally, it is 
t rue  t h a t  you f ind an equation t h a t  you can solve d i r e c t l y  without the  use of these 
various approximate methods, but t ha t  is uncomnon. 

Now, the f i r s t  thing &at an engineer who wants t o  analyze h i s  device--instead 
of j u s t  building it and then f i x ing  it u n t i l  i t  work--when he runs up against a non- 
l i nea r  mathematics and f inds he can ' t  get  a nice clean ana ly t i ca l  so lu t ion ,  is t o  be- 
gin t o  think about models. 

In the aerodynamics f i e l d ,  o f  course, they went i n t o  the  wind tunnels and b u i l t  
models and they ran up against  the  pr inc ip le 'o f  s imil i tude.  They found out t ha t  the 
wind tunnel t e s t s  d idn ' t  qu i t e  check the actual  airplane performance and so  we have 
pressurized wind tunnels and we have ful l -scale  wind tunnels and s o for th .  As we ge t  



up t o  higher and higher  speeds we st i l l  have p len ty  o f  t r o u b l e ,  because you can' t do 
a l l  the th ings  you want t o  d o  i n  the  wind tunnel .  

I n  o ther  engineer ing f i e l d s  one o f  the  modern methods has  been t h e  use of e l e c -  
t r i c  analogs o r  mechanical analogs o r  hydrau l i c  analogs ,  depending on what system you 
a re  working on, and what system you want t o  change t o .  Sanetimes I f i n d  i t  is more 
convenient i f  you a r e  working i n  e l e c t r i c i t y  t o  t r y  t o  work wi th  t h e  mechanical analog 
and vice  versa.  

But what a r e  you t o  s t a r t  wi th?  And what is t h e  f i n a l  r e s u l t  of such developments? 
We have e l e c t r i c a l  analog computers which a r e  r e a l l y  j u s t  network ana lyze r s .  I n  opera- 
t ion ,  one decides  what the  e l e c t r i c  analogs o f  a mechanical system a r e  and s e t s  them 
i n t o  the  network ana lyze r ,  pu t s  i n  a s  an inpu t  func t ion  what e v e r  form he wants t o  put 
i n ,  and g e t  t h e  answer a s  a vol tage.  

There are  some d i f f i c u l t i e s  involved. Time s c a l e s  g ive  t roub le ;  leakages  give  
t rouble ;  d r i f t s  g ive  t roub le ,  and the re  a re  some o the r  t roub les  i n  t h a t  a l l  t h a t  you 
can s u b s t i t u t e  fo r  a mechanical mass is an inductance.  You c a n ' t  have a pure induct-  
ance. You have t o  have some r e s i s t a n c e  connected with it .  Those t r o u b l e s  a r e  inher -  

are  s e v e r a l  of them o p e r a t i n g  now. 
The next  type of analog computer is t h e  t r u e  d i f f e r e n t i a l  analyzer  and t h e r e  a r e  

two va r i e t i e s - -poss ib ly  more than t h a t ,  but  two v a r i e t i e s  o f  d i f f e r e n t i a l  analyzers--  
t h a t  a r e  we l l  known. One is t h e  mechanical analyzer  of which the  Wlsh analyzer  a t  
MIT is perhaps t h e  most famous example, but  no t  by any means the  f i r s t .  There have 
been d i f f e r e n t i a l  ana lyze r s  fo r  a g r e a t  many yea r s .  

Mechanical d i f f e r e n t i a l  ana lyze r s  b a s i c a l l y  use a v a r i a b l e  speed d r i v e  f o r  t h e  
i n t e g r a t o r .  One has  a d i s c  which r o t a t e s ,  and a wheel r e s t i n g  on the  d i s c - - t h i s  is 
not  t r u e  i n  a l l  cases ,  but w e ' l l  c a l l  i t  a wheel which s l i d e s  on a s p l i n e d  s h a f t  i n  
and o u t  a long the  rad ius .  The func t ion  t h a t  one g e t s  o u t  then is the  r o t a t i o n  o f  t h e  
sp l ined  s h a f t  on which the  w h e e l  s l i d e s  a s  i t  tu rns .  It is a f u n c t i o n  of the  speed 
of t h e  d i s c  and of t h e  r a d i a l  p o s i t i o n  o f  t h e  wheel, and s o  one comes o u t  wi th  the  in-  
t e g r a l  o f  the  r a d i u s  t imes--well ,  le t 's  make i t  wdt-- i f  t h i s  i s  run wi th  a cons tan t  

I f ,  le t  u s  say ,  the  d i s c  is turned through an  angle  8,  then t h e  wheel t u r n s  
through W .  So t h i s  is an i n t e g r a t o r  which is very f l e x i b l e  and ve ry  use fu l .  You 
can t u r n  it around and u s e  i t  a s  a d i f f e r e n t i a t o r .  You can use i t  without any auxi-  
l i a r y  equipment t o  genera te  a g r e a t  m n y  func t ions  such a s  squares ,  s i n e s ,  cos ines ,  
tangents ,  and s o  f o r t h  and s o  on. 

You can couple i t  wi th  va r ious  kinds o f  mechanical dev ices  such a s  d i f f e r e n t i a l s  
and o rd ina ry  gea r  t r a i n s  and s o  f o r t h .  You can s e t  up d i f f e r e n t i a l  equations w i t h  
d e r i v a t i v e s  wi th  r e spec t  t o  time o r  with respec t  t o  any o t h e r  v a r i a b l e  s o  it is a very  
useful  device.  It is capab le  o f  high accuracy and t h e  only  drawback t o  i t  is t h a t  it 
is a l s o  v e v  expensive,  a s  any accura te  piece o f  mechanical equipment is, and i t  t akes  
up a considerable  amount o f  space ,  bu t  it has some advantages t h a t  o the r  computers do  
not  have, such a s  r a t e  of d r i f t ,  f o r  example. It s t a y s  where it is pu t .  Its speed 
of response is low. T h i s  may be overcome by changing the  time base o f  t h e  ~ r o b l e m .  

The o the r  type of d i f f e r e n t i a l  ana lyze r  wGch is more comnan and l e s s  expensive,  
a s  well  a s  somewhat more convenient t o  opera te ,  is t h e  e l e c t r o n i c  analog computer, 
which uses  a s  t h e  b a s i s  o f  i ts  operat ion a feedback ampl i f i e r .  In  Figure  1 w e  have 



Fig. 1 - Genera l i z ed  computer c i r c u i t .  

a s i g n a l  feeding i n t o  an a m p l i f i e r  through an impedance, Z i p  and from the  output  of 
t h a t  ampl i f i e r  we b r i n g  a feedback, Z,, back t o  t h e  inpu t .  &r a m p l i f i e r  has  a high 
ga in ,  and a l s o  reve r ses  t h e  s i g n  a t  the  output ;  then,  t h e  vo l t age  between the  i n p u t  
and ground is going t o  be e s s e n t i a l l y  zero ,  because the  ga in  o f  t h e  ampl i f i e r  a s  i n  
any s e r v o  network reduces t h e  e r r o r  t o  a s  nea r ly  ze ro  a s  poss ib le .  We have an i npu t  
vo l t age  ac ross  Z i  and an ou tpu t  vo l t age  across  Zo, and because the  vol tage a t  the  
a m p l i f i e r  i n p u t  is e s s e n t i a l l y  zero ,  the  c u r r e n t s  pass ing  through, though the  two 
impedances a r e  equal  and s o  we can s e t  up an equat ion:  

and we can s e t  up our  equat ion then: 

T h i s  t h e  b a s i s  of the  opera t ion  of the  e l e c t r o n i c  d i f f e r e n t i a l  analyzer .  What happens 
i f  we put  a r e s i s t o r  a t  the  inpu t  and a condensee in t h e  feedback is t h a t  

where s is the  d i f f e r e n t i a l  ope ra to r ,  d e r i v a t i v e  w i t h  r e s p e c t  t o  time. I h i s  is an 
e l e c t r o n i c  i n t e g r a t o r .  I f  we r e v e r s e  t h e s e  two impedances, p u t  t h e  condenser i n  the  
i n p u t  and the  r e s i s t o r  i n  the  ou tpu t ,  then we come o u t  wi th  sRC and t h i s  is then a 
d i f f e r e n t i a t o r .  And i f  we use  only  r e s i s t o r s  i n ' t h e s e  p o i n t s ,  t h i s  is then a simple 
s c a l e  changer. I f  t h e s e  have d i f f e r e n t  values  o r  i f  t h e s e  a r e  both equa l ,  l e t  us  
say equal  t o  u n i t y ,  then i t  s imply changes the  s i g n  from p o s i t i v e  t o  negat ive .  Sev- 
e r a l  i n p u t s  can be fed i n t o  one a m p l i f i e r  which then a c t s  a s  a summer. 

So we have' b a s i c a l l y  i n  a l i n e a r  e l e c t r o n i c  ana lyze r  i n t e g r a t o r s ,  d i f f e r e n t i a -  
t o r s ,  s i g n  changers and s c a l e  changers and any combination o f  r e s i s t o r s  t h a t  we want 
We could,  f o r  example, feed o u t  o f  o u r  a m p l i f i e r  i n t o  a potent iometer  and s o  again 
change the  s c a l e  a t  t h a t  p o i n t .  l%at i s  found t o  be very convenient a t  t imes f o r  
changing parameters i n  a problem. 



't 

A typical  d i f f e ren t i a l  analyzer--I am not advert is ing Goodyear Aircraft  compu- 
t e r s  here although my boss thinks tha t  I should--a typical  d i f f e ren t i a l  analyzer has 
a jackboard of s d  ' s b r t  on which are generally mounted condensers of  whatever s ize  
is chosen as uni t ,  which i n  the Goodyear computer is one microfarad, and arrangements 
t o  couple these condensers and plug-in res i s tors  i n t o  the amplifiers i n  whatever way 
one wants. Ch the f ront  of  t h i s  par t icu lar  computer are a row of d i a l s  which repre- 
sent the potentiometers I w a s  ta lking about, so tha t  parameters can be varied or the 
equations can be varied f a i r l y  simply by e i t h e r  plugging something d i f f e ren t  i n  o r  
changling a jack cord o r  by turning the d ia ls .  

I n i t i a l  conditions a re  s e t  i n  by charging the condensers t o  voltages represent- 
ing the desired conditions. ?he function t o  drive the whoke network can be put i n  
e i the r  as a s t ep  function o r  a s  a r a t e  or  a s  a s ine function o r  anything e l s e  one 
chooses. Usually any of the values tha t  you are in teres ted  i n  can be taken out a t  
appropriate points and I w i l l  show you sane typical  examples shor t ly ,  so  we can see 

1 how t h a t  works. 

I These are the devices used by a l inear  computer. 'Ihe l i n e a r  computer is capable 
[_ of taking account of a great  deal of  non-linearity without being actual ly a non-linear 

computer. For example, it is very easy i f  you have a servo which has a de f in i t e  
l imit ing top speed, which is always the case, t o  represent the servo by the proper 
equations and.exactly l imi t ing  the r a t e  o f  the simulated servo i n  the machine i t s e l f .  
I t  is f a i r l y  simple t o  simulate a servo on a l inear  computer; for  example, a relay 
servo is about as  non-linear as  anything one can think o f ,  ye t  it is quite  simple t o  
put i n to  a simulated re lay  servo, the dead space which a l l  relay servos have. A good 
many of the charac ter i s t ics  of your devices which are  e s sen t i a l ly  non-linear can be 
simulated with a typica l  l i nea r  computer. 

When we come t o  non- l inear i t ies  which are  more fundamental, such as parameters 
which vary with, l e t  us  say,  veloci ty,  o r  vary with time or vary with def lec t ion ,  it 
is necessary t o  go t o  the t rue non-linear conputer. 'Ihe difference there is largely 
tha t  one then has a servo system, which takes the variable with which one is dealing, 
such a s  the veloci ty,  and l e t  us say,  perhaps we want the drag as a function o f  veloc- 
i t y  squared. 'Ihe servo amplifier takes the velocity and dr ives  a potentiometer with 
the servo motor t o  change the parameter representing the drag, as  a function of the 
veloci ty squared. One could have a square law potentiometer or  two potentiometers 
i n  cascade, buffering i n  between, s o  tha t  one d idn ' t  load up the f i r s t  ~otent iometer .  
We do the same thing with our own computer, having put  together a few standard pa r t s  
t o  come out with a per fec t ly  sa t i s fac tory  parameter changer, which is actual ly a 
servo mult ipl ier .  

The true servo mult ipl ier  is a l i t t l e  more convenient than t h a t ,  although not  
very d i f ferent  i n  operation. Suppose we have: ? +  x i  = F. Now, the x i  term is the non- 
l inear  factor and +we- can take care of t h a t  by feeding x and ;,. t o  our servo mult ipl ier  
and coming out with a product. I f  we have enough amplifiers and enough mult ipl iers ,  
we can solve prac t ica l ly  a l l  of the non-linear d i f f e r e n t i a l  equations tha t  one can 
s e t  up. Having enough amplifiers and servo mult ipl iers  sometimes is a troublesome 
feature, but we f ind  t h a t  as  out analysts  work with,the equipment, they become more 
and more ingenious a t  finding t r i c k s  t o  use fewer and fewer amplif iers  s o  tha t  we 
can get more and more done with one niece of equipment. 'Ihere' is a,  limit however. 

In addition t o  the servo multipliers,  one other piece of  equipment which i s  stan- - 
dard on the non-linear computers is the function generator and tha t  can be of two 



forms: the function generator, which generates a spec i f i c  function such as sine, ex- 
potent ia l ,  cosine and s o  forth,  or  one tha t  generates a perfect ly a rb i t ra ry  function; 
t ha t  is, you choose your function, and s e t  i t  in ,  and the function generator then re- 
produces it. Most computers a re  equipped with both types of function generators. 

Having a l l  t h i s  equipment, one is  i n  a position t o  s t a r t  analyzing a system with 
a canputer. Unfortunately, the computer is  jus t  l i ke  a s l i d e  rule. I f  the wrong 
person picks i t  up, it won't do any problem solving for  him because he doesn't know 
how t o  run the s l i des ,  and the same thing is  t rue  with the computer. In spi te  of a l l  
the advert is ing tha t  analog computers have gotten recently,  a high school g i r l  can't 
tackle an analog problem alone because i t  takes somebody f i r s t  t o  s e t  up a differen- 
t i a l  equation. Chce one has the d i f f e ren t i a l  equations, a high school g i r l  can set  
up the computer problem and get  the answers. It takes us about three months to  t rain 
a g i r l  t o  the point where she is quite  adept with the computer and I am sure that  
other computing companies are finding exact ly tk same thing t o  be true. 

Now, to  indicate something about haa one might s e t  a problem up on the computer. 
I have prepared a few figures here and I would l i k e  t o  go through those showing about 
what the setup procedure is. 

A mass-spring-damper setup, with the d i f f e ren t i a l  equation of which you are  a l l  
famil iar ,  is represented i n  Figure 2a. 

Fig. 2a - Simplified dynamic system.  



Now, f o r  purposes o f  accuracy and the  convenience of  the computer, we t r y  never t o  
use  a d i f fe ren t ia to r  because, as  you probably know, when noise is d i f f e r e n t i a t e d ,  i t  
becomes much worse. When noise is in tegra ted ,  i t  i s  reduced. So whenever we possibly  
can, we solve the  equat ion f o r  the highest  order  der iva t ive  and then i n t e g r a t e  i t  
u n t i l  xe come ou t  with the f i n a l  varic&le. 

In Figure 2b we have two i n t e g r a t o r s  which give u s  -i and x ,  respect ively.  
Since 2 = - w ~ s i n w t  we sum a l l  these  values a s  shown here  t o  give Y. Ris is 
the s u m i n g  amplif ier  which adds them a l l  together.  W e  take x ,  which we want, and we 
multiply i t  by K over M, t h e  feedback impedance being l / M  and the inpu t  impedance i / K .  
We take and ins tead  of  adding i t  d i r e c t l y ,  we have t o  change the s i g n ,  which is 
minus, and s o  w e  b r ing  i t  through a s ign  changer, and a t  the same time we mult iply  i t  
by B/M. We are  adding i n  here a l s o  A Sin  ot and coming out  with the  sum of a l l  three ,  
t o  g e t  '3. In  order  t o  f i n d  o u t  what r is going t o  do, then, we dr ive  the system with 
a s i n e  generator,  g iv ing  the amplitude desired,  and we can read o f f  the  values with- 
out  any d i f f i c u l t y :  x ,  i ,  and %, which are  i n  t h i s  case ,  a l l  o f  the  q u a n t i t i e s  t h a t  
we might want. 

Now, i f  we happened t o  have l i m i t s  on the system, s o  t h a t  i t  would only go s o  
f a r  before i t  banged aga ins t  s t o p s ,  we  could a t  the  proper point  pu t  i n  an e l e c t r o n i c  
l i m i t e r ,  which j u s t  c o n s i s t s  o f  a biased diode, s o  that. t o  l i m i t  n, the  voltage can- 
not increase fu r ther ,  and s o  we would then g e t  the r e s u l t s  d e s i r e d o f  the problem, 
showing what happens when one has an o s c i l l a t i n g  system which can bang aga ins t  s tops  
i f  it is driven too hard. 

Fig. 2b - Computer analog of dynamic system. 

I n  Figure 3 is a boost system, which I have s i m p l i f i e d  somewhat, s o  it is a 
l i t t l e  hard t o  see. Th is  is  t h e  pivot  here ,  s o  t h a t  t h i s  i s  a t rue  boost system with- 
out  f e e l - - t h i s  is n o t  a power system--this is a power boost system. And over here 
( ind ica t ing)  we have a rudder pedal and a s p r i n g  and t h e  var ious  coupling systems. 
The valve is  up here and the cyl inder  i s  a t  t h i s  po in t .  
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Fig. 3 - Rudder boost system. 

7hese are the four equations which specify the complete kinetic performance of 
the system and, as I did in the previous problem, I have solved each one of these for 
the highest derivative. 



Now, t h i s  i s  a case i n  which you can ' t  do everything j u s t  a s  you want t o ,  and in 
equation (4 )  we have an 2, which is not qui te  what we would l i k e  t o  have, because w e  
can only solve fo r  ; i n  equation ( 3 ) .  

Figure 4 represents  the system as  i t  is  s e t  up. I am sor ry  t h a t  we can ' t  r e f e r  
back and for th  t o  !be equations conveniently, but we s t a r t  o u t  here with one equation. 
We s t a r t  out with Bo. We s t a r t  out the second equation with Bi and we s t a r t  out t he  
t h i rd  equation with i i ,  and t he  l a s t  equation with 4, and a t  the proper points we 
take o f f  Bo and w e  br ing t ha t  down t o  add it i n t o  a s w i n g  amplif ier  here t o  get  ; 
and we pick of f  d i  a t  t h i s  po in t  and add it i n  here,  and s o  fo r th  through the whole 
problem. It is r e a l l y  j u s t  a simple proposition of  taking your equation and adding 
terms through amplif iers  in tegra t ing  where you have t o ,  t o  g e t  what you want, and 
coupling the whole th ing  t o  solve simultaneously. In  t h i s  case,  we were in te res ted  
i n  seeing how you could ge t  the s t i c k  fee l .  This is a proposi t ion of having a forced 
f e e l  back through the  system, a s  you saw, because the p ivo t  and the  cyl in4er  a re  o f f -  
center  and s o  we take out the various required functions, 8, and ;,, ~d O2 here, and 
sum them up, and a t  t h i s  po in t  are ge t  an e l e c t r i c  s igna l  which is proportional t o  the 
s t i c k  fee l s .  We can then d+ve a servo mechanism with t h a t .  This is not  very c l ea r  
because w e  don't  know what B  and Oiand ; and s o  for th  a re .  I think Mr. Harr is  does 
s ince  t h i s  is h i s  device. 

Figure 5 shows an a i rp lane  i n  aerodynamic f l i g h t .  This  is the l a t e r a l  p a r t  of 
the problem. Here we have the a i le ron  deflect ion and here we  have the rudder def lec-  
t i on  going i n t o  t h i s  amplif ier  and I don't  know what the r e s t  o f  these gadgets repre- 
sent .  %is represents  the  69-2 Goodyear A i r c r a f t  amphibian which we s e t  up with a 
mock-up cockpit ,  s o  the p i l o t  could actual ly  f l y  it. We put i n  the a i le ron  and rud- 
de r  def lec t ions  a s  voltages, which came from an ac tua l  rudder bar ,  and s t i c k  deflec-  
t ions.  Then we brought ou t  f l i g h t  information t o  cross-pointer  meters s o  one could 
see  what was happening t o  the airplane.  It was a crude a f f a i r ,  but  ac tua l ly  the p i l o t  
thought it was qu i t e  r ea l i s t i c :  He flew the airplane and we changed parameters by 
changing these potentiometers t h a t  a r e  shown here. We could change the control  power 
and we could change the damping, and s o  when w e  got  through, between the  p i l o t  and 
the  designer of the a i r c r a f t  and us with the computer, we had decided p re t t y  well 
how we wanted the cont ro ls  set up, so  it would be easy f o r  a p i l o t  t o  f ly .  

Well, these a re  sane Gpplications of analog canputers. As you can see,  I have 
made it sound very easy t o  operate  them and i t  actual ly is p re t t y  easy. You have 
some trouble; sometimes the  answers don't come out r i g h t ,  and then you have t o  f ind 
out what is wrong, and t h a t  takes our people some time. Occasionally the computer is 
r i gh t  and they th ink  it i s  wrong and then they have more t rouble than ever because 
they can ' t  f ind any mistake. So sometimes they have t o  ca lcu la te  the answer out i n  
longhand t o  convince themselves t h a t  the  computer is r i gh t .  

.Well, now the  next questicm i s  how the computer f i t s  i n t o  your   articular scheme 
of things.  No. 1: I f  yau a r e  using the frequency response system and you get  your 
d i f f e r e n t i a l  equations s e t  up, you don' t need t o  ca lcu la te  the  frequency response - 
Set  it up on the computer, drive. the  system a t  various frequencies and out comes your 
frequency response. I f  the system i sn '  t r i gh t  and you want t o  change it and ge t  it 
t o  be what you want i t  t o  be, t u rn  stme d i a l s  and run i t  through again and keep turn- 
i ng  d i a l s  u n t i l  i t  comes out  r igh t .  Spme o f  the d i a l s  you might have t o  labe l  "do 
not  touchn a t  the start because you know t ha t  you can ' t  ~ h y s i c a l l y  change the 







corresponding parameters. Others you w i l l  be able t o  change and so you change those 
and when you get through, you read o f f  the values and see  whether you can physically 
change them tha t  much and so  make your compromises j u s t  a s  you do now, but the point 
is tha t  when you ge t  through, without ever  having b u i l t  your system, you w i l l  know 
what you are  going t o  have t o  require of your system i n  order t o  ge t  the  response 
tha t  you want. 

I f  you have non-linear elements i n  your system, as  a l l  o f  you do now, you have a 
choice. You can take the l i nea r  computer and you can use l imi ters  i n  some cases t o  
change the slopes of some of.your functions. Or you can build some parameter chang- 
e r s ,  or  you can operate by step-by-step calculat ions,  i f  you want to. 'Ihe l a t t e r  on 
the d i f f e ren t i a l  analyzer is f a i r l y  simple, because you can s top  your problem when- 
ever you want to,  s o  i f  you want t o  run your problem over a small range and change 
your parameters and run it over another small range and change your parameters, you 
run i t  u n t i l  your deflect ion g e t s  t o  the value which you have decided w i l l  be the 
f i r s t  increment, s top your problem s e t  i n  the  new conditions and s o  forth. A step- 
by-step calculation then is  very simple and rapid. 

I f  you can afford a non-linear computer, which is usualIy not much more expensive 
than the l i nea r  canputer, then you can s e t  your non-l ineari t ies  i n  d i rec t ly ,  e i t h e r  
in the mult ipl iers  as  squared functions o r  cubed functions, o r ,  i f  they are  purely ar -  
b i t r a r y  functions, you can s e t  them up on function generators and ge t  your answers out 
in tha t  way. So tha t  is point number one. 

You can design your device e n t i r e l y  on the e lec t ronic  computer. Now, t h i s  as -  
sumes t h a t  you know what you can get i n  your hydraulic devices. Presumably you w i l l  
know how t o  produce it o r  a close approximation of it. 

No. 2: The analog computer cannot only simulate your device but it can a l so  s i m -  
u l a t e  the airplane, as  you f l y  it, e i the r  on the ground or  i n  flight--anyway you want. 
For example, i n  the GA-2--now I r ea l i ze  tha t  some of you are  gding t o  take issue with 
me, because I sa id  j u s t  a l i t t l e  while ago tha t  we always assumed tha t  a l l  a irplanes 
a re  a l ike  and I f ind t h a t  a l l  airplanes aren ' t  a l ike,  even when they a re  of the same 
model, and make, and stand side by side on the assembly l ine- -so  l e t  us say t h a t  we 
can put a typical  airplane on the computer, which is rea l ly  a l l  you do anyway when 
you f l y  t h i s  system i n  an airplane,  and you can couple your gadget i n t o  the simulated 
airplane e i the r  a s  the ac tua l  device o r  a s  a simulated model, and so  you can wring it 
out through a long s e r i e s  o f  t e s t s  without ever taking a valuable airplane or  test 
p i l o t  o f f  the ground. 

To turn the s i t ua t ion  around, i f  you have an airplane and you want t o  know how 
f a s t ,  f o r  example, the cont ro ls  a r e  going to have to  t rave l  i n  order  t o  do what is 
required, you can s e t  the airplane up and you can find out  how f a s t  the controls  have 
t o  t rave l  i n  order t o  do what you want them t o  do because you can put the s i m l a t e d  
airplane through maneuvers j u s t  a s  i f  you were flying. You can measure control r a t e  
and control posi t ion d i r e c t l y ,  s o  t h a t  ycu can answer d i r e c t l y  with the analog compu- 
t e r  some of the questions tha t  you have been asking here. 

The great  advantage, I think, of  using the analog computer i n  t ha t    articular 
respect is tha t  you can put the whole thing i n t o  a closed loop and the closed loop 
response is always d i f f e ren t  from what you expect it t o  be when you t e s t  it on the 
open loop. 



Now, one o f  the  p o i n t s  t h a t  I breezed over here r a p i d l y  when I was t a l k i n g  about 
p u t t i n g  t h e  a i rp lane  on t h e  s imulator  s o  you could f l y  your power c o n t r o l  system, was 
the  p i l o t .  We have done a l i t t l e  a long t h a t  l i n e  and some o t h e r  people have done a 
l i t t l e  i n  s imula t ing  a cockp i t  wi th  controls and l e t t i n g  the  p i l o t  f l y  the  plane. 
Some of  you a r e  going t o  o b j e c t ,  I suspect ,  t h a t  t h e  p i l o t  doesn ' t  have the  proper 
a c c e l e r a t i o n  and, o f  course ,  he doesn ' t .  You can put i n  a l l  of t h e  acce le ra t ions  
t h a t  he f e e l s  except  tk l i n e a r  a c c e l e r a t i o n s  which a r e  probably somewhat important. 
P i l o t s  no longer f l y  by t h e  s e a t  o f  t h e i r  pant ,  I ' m  t o l d ,  but I am s u r e  they take, 
i n t o  account the  l i n e a r  acce le ra t ions .  7he r o t a t i o n a l  a c c e l e r a t i o n s  present  no g r e a t  
d i f f i c u l t y .  The p i l o t s  who flew t h e  G4-2 f o r  us  had no complaints because t h e  accel-  
e r a t i o n s  were n o t  provided, b u t  t h e  GA-2 is a r e l a t i v e l y  slow plane. When you g e t  up 
i n t o  high-speed l i n e a r  a c c e l e r a t i o n s  a r e  probably considerably  more important. 

Well, t o  summarize, then,  t h e  e l e c t r o n i c  o r  mechanical d i f f e r e n t i a l  analyzer is 
no t  the  s o l u t i o n  t o  a l l  your p rob lem by any means,, b u t  i t  is a very important t o o l ,  
a t o o l  which, i f  you want t o ,  can adapt  and use t o  save yourselves  a l o t  of time 
and avoid a l o t  o f  mistakes.. You can save your computing personnel-- i f  you a l ready  
have computing personnel--a l o t  o f  p e n c i l  pushing and g e t  your answers quickly ,  which 
is genera l ly  e c m a n i c a l l y  of importance, t o  t e s t  o u t  new i d e a s  very quickly ,  which is 
again  econanical ,  and you can r e l y  on t h e  computer f o r  accurac ies  o f  about the  o rder  
of t h e  magnitude t h a t  a i r c r a f t  people genera l ly  need. 

Accuracy--just t o  c o n c l u d e - - t k  accuracy o f  t h e  ordinary e l e c t r o n i c  analog com- 
puter  is of the  o rder  o f  one p e r  c e n t  and our  own ae ronau t ica l  people a r e  genera l ly  
s a t i s f i e d  with th ree  o r  four  per  cen t ,  s o  t h a t  we f e e l  t h a t  we have l i t t l e  d i f f i c u l t y  
i n  producing what is wanted. 

One small  danger i n  g e t t i n g  an analog computer--that i s ,  you' 11 f ind  t h a t  once 
you have an e l e c t r o n i c  analog computer and use i t ,  you w i l l  do wi th  a computer severa l  
times more work on t h e  same Problem than  you used t o ,  because it is s o  e a s y  t o  do. 
That is, r a t h e r  than c a l c u l a t i n g  out  one curve,  you w i l l  f i n d  yourse l f  running fami- 
l i e s  o f  curves  and s e l e c t i n g  t h e  optimum o r  something of t h a t  s o r t .  So an analog can- 
pu te r  saves  time, bu t  i f  you a r e  no t  c a r e f u l ,  it won't save a s  much time a s  t h e o r e t i -  
c a l l y  it might i f  you j u s t  f igure  the  time a c t u a l l y  saved on t h e  hand c a l c u l a t i o n s .  

DISCUSSION 

MR. CHATTLER, Wlreau o f  Aeronautics: Would you l ike t o  cover one other point 
of  using non- linear elements, the actual physical elements? 

DR. WILSON: Using actual physical elements with the conputer i s  generally 
not very d i f f i c u l t .  I t  only involves one thing and that i s  devising or buying a 
transducer which can take the quantity from the element to feed back into the analog 



computer the de f l ec t i on  or ve loc i t y  or whatever you are ordinari ly  feeding i n to  the 
airplane. And, second, a servo mechanism which puts i n  the proper input from the 
computer in to  the non-linear element. Generally, that  doesn't pose any problem. We 
have had no d i f f i c u l t y  ye t .  We have run a system of auto-pi l o t s  and servo mechanisms 
with our system. At present with the servo mechanisms we use which are about as non- 
linear as an electromagnetic servo mechanism can be, we get exac t ly  the same re su l t s  
wi th  the simulated mechanism and s o  we don' t  very o f t e n  use the actual device.  mere  
are two reasons for tha t :  (he i s  tha t  when we use our actuators,  we wear them out 
and we don't wear the sinurlated servo, and the second one i s  that i t  i s  more conven- 
ien t  t o  t i e  a simulated servo i n to  the system, On a l l  checks that we have carried 
out so far when we ,have sinualated a device on  the computer, we have gotten ident ical  
r e su l t s  w i t h  those that we have gotten by putting the actual device i n  the system. 

CHATTLER: You mean, even i n  non- 1 inear devices i n  your linear computer? 

WILSON: No, as I see i t  we have various t r i c k s ,  such as l imi ters ,  of nuking 
the 1 inear computer produce non- 1 inear resu 1 t s ,  and anyone learns those fair  l y  
rapidly .  

QUESTION: Do I understand that to  mean you include the simulator i n  t ha t ,  
too? 

WILSON: Yes, for example, when we are t e s t i ng ,  l e t  us  say, an airframe, with 
an electromagnetic actuator i n  i t ,  we simulate the electromagnetic actuator. 

QUESTION: Can you make the computer perform the function of both the compu- 
ter  and the simulator as o f t e n  as you l i k e?  

WILSON: That's r igh t .  We can put the actuator behind a screen and from the 
r e s u l t s  that would,come out  of the computer,'you wouldn't be able t o  t e l l  which i s  pro- 
ducing the r e su l t s ,  the real actuator, or the simulated actuator. 

QUESTION: Why don' t  you build them? Others do. 

WILSON: We don' t .  We use the c o q u t e r .  Perhaps other people l i ke  them bet-  
ter b u i l t .  I t  i s  a simulator, yet i t  i s  a simulator i n  a l i t t l e  d i f f e r en t  respect 
than the usual sense o f  the simulator in that you are simulating through the d i f f e ren -  
t i a l  equations and not through the actual electromechanical analogy. I think we might 
quibble and say that i s  the d i f f erence .  I t  i s  a simulator, though. 

MR. BURSTEIN, Consolidated-Vultee: I might add a l i t t l e  b i t  to  Dr. Wilson's 
ta lk .  We have taken actual records i n  f l i g h t  of t h i s  XF-92 and put i t  i n  a simulator 
and made sure that  i t  i s  exac t ly  the Sam,  response that we got i n  f l i gh t .  m e n  we 
s tarted varying various parameters and we got a whole family of curves. 



WILSON: AK has a pair of our computers which they use and Mr. Altnrn would 
l ike to  run frequency response characteristics from them. We don't have an output 
device just  now that would record i t  d i rec t l y ,  but i t  would be very simple to  do that ,  
as you could measure phase and amplitude. 

CHATTLER: Instead of building an expensive mock-up, could we take our hydrau- 
l i c  or control system and t i e  it into a computer that w i l l  simulate a l l  of our loads 
and e lininate that kxpense which has to be duplicated? 

WILSON: You couldn't eliminate a l l  of the expense, because you have t o  use 
some servo mechanisms to  get your response back i n t o  the computer and you have to  use 
some transducers but you could eliminate most o f  the weight and coaplexity. As a 
matter of fact,  we do that .  


