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This zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAreport   deals  wi th  the problems of  measuring p i lo t   descr ib ing 
f lmct ions  in  mult i loop  tasks  wi th one control ler,  i .e.,  where the   p i l o t  
i s  contro l l ing two, o r  more, response  variables  with a s ing le manipu- 
l a t o r .  Both d i rec t  and imp l ic i t  measurement techniques were considered 
and tested  exper imental ly.  The experimental  task  used was a t t i t u d e  and 
a l t i tude  cont ro l   w i th   e levator  of an a i r c r a f t  i n  a simulated  landing 
approach. 

The experimental  results show t h a t   t h e  measurement of multi loop 
describing  functions i s  feasible  although  the  techniques  are  considerably 
more complex than  those  required  for  single-loop compensatory tasks.  How- 
ever,  there  are  certain  fundamental  l imitat ions on the  accuracy o f  some 
o f  t h e   r e s u l t s .  These are   d iscussed  in   de ta i l   in   the   repor t .  The experi- 
mental  data  also  provide a spot  check on the  ex is t ing  mul t i loop  p i lo t  
model. The resul ts  support   the  current model and, i n   pa r t i cu la r ,  show 
tha t   the   inner - loop  (a t t i tude)   c losure   i s   qu i te   s im i la r  t o  t h a t   f o r  
s ing le- loop  a t t i tude  t rack ing.  
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BECTION I 

INTRODUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The quasi-linear  pilot  model  has  proven to be an invaluable  engineering 

tool in  the  analysis  of  manual  control  of a wide  variety  of  vehicles. 

While  the  model for single-loop  compensatory  tracking  is  well  developed, 

see Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, expansion  and  refinement  of  the  model  in  other  areas  are  the 

subjects  of  current  research  activities.  This  report  deals  with  one  such 

expansion  effort,  multiloop  control  situations. 
* 

The  only  previous  data  on  multiloop  pilot  describing  functions  is  that 

presented  in  Ref. 2. The  task  used  in  that  experiment  was  essentially 

attitude  (bank  angle)  tracking  of  a  command  input  with  a  second  feedback 

(yaw  rate)  to  stabilize  a  secondary  mode  (a  dynamically  unstable  dutch 

roll). This  is an example  of  one  potential  function  of an inner  loop, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 

suppress  subsidiary  modes or degrees  of  freedom. 

Another,  and  perhaps  more  important  function,  is  to  provide  equalization 

for  outer  loops. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor example,  direct  control  of  altitude  with  elevator  is 

quite  difficult  because  of  the  lags  involved.  One  solution  is  to  add  a 

pitch  altitude  inner  loop  as  the  pitch  response  leads  the  altitude  response. 

The  research  reported  here  deals  with  control  situations  of  this  second 

type,  i.e.,  where  the  function  of  the  inner  loop  is to act  as  equalization 

for  outer  loops  and  there  is  more  than  one  feedback  to  a  single  controller. 

This  program  had  two  specific  objectives.  The  first  was  to  investigate 

techniques  for  measuring  pilot  describing  functions in multiloop  tasks  of 

this  type.  The  second  objective  was  to  spot  check  and,  if  necessary, 

revise  the  existing  multiloop  pilot  model,  Ref. 3. The  model  is  currently 

based on a  rational  extension  of  the  single-loop  data  and  that of Ref. 2. 

To date,  the  strongest  justification for this  model  has  been  that  it  has 

been  successful  in  several  applications.  Experimental  verification  for 

even  one  typical  task  would  greatly  increase  our  confidence  in  it. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
*As used  here,  the  term  multiloop  refers to two or more  interacting 

control  loops. 
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Section I1 of  this  report  discusses  the  selection of a representative 

task  and  set of vehicle  dynamics  for  the  experiment. An analysis  of  two 

techniques  for  measuring  the  multiloop  describing  functions is presented 

in  Section 111. An outline  of  the  data  reduction  procedure  used  is  also 

included.  Section IV describes  each  of  the  elements  in  the  experimental 

setup. The experimental  results  are  discussed  in  Section  V.  This dis- 

cussion  includes: 

1 .  The  effects of changes  in  the  inputs. 

2. The  results  of  the  on-line  performance  measures. 

3. Verification  of  the  direct  measurement  technique 

from  analysis  of  data  for an analog  pilot. 

4. The  describing-function  measurements for the 

human  pilot. 

5. The  remnant  data. 

The major  findings  of  this  study  are  summarized  in  Section VI and  miscel- 

laneous  detailed  developments  are  presented  in  four  appendices. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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SECTION I1 

COIQICIITRATION SELECTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Several  requirements  guided  the  selection  of  the  configuration  and 

control  task  used  in  these  multiloop  experiments.  Each  of  the  requirements 

is  discussed  in  this  section.  However,  before  reviewing  the  specifics,  the 

selection of a familiar  and  realistic  piloting  situation  may  be  properly 

cited as  an  initial  underlying  consideration.  The  realism  was  somewhat 

restricted by the  simplified  display  and  simulator  equipment  available, 

but by limiting  the  task to an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIFR flight  situation  the  face  validity  of 

the  simulator  was  enhanced.  A  longitudinal  control  task  was  selected  to 

insure  subject  familiarity  and  because  the  resulting  pilot  describing  func- 

tion  data  could  have  broad  application  to  the  handling  qualities  problems 

of  larger  present  -day  aircraft. 

The  fundamental  requirements  established  for  selecting  the  control  task 

are  listed  below: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 .  The  task  must  provide  a  multiloop  single-controller 

problem for the  pilot. 

2. The  dynamic  properties  of  the  controlled  element  should 
be  such  that  pilot  compensation  and  control  structure 
may  be  determined.  More  specifically,  since  the  pilot 
may  operate  in  either  a  parallel  manner or  series  manner 
in  the  multiloop  situation,  the  pilot  should  be  required 
to  generate  lead  in  the  inner loop. This constraint 
provides  the  means  for  identifying  parallel o r  series 
closures;  see  Section 111. 

3. The  pilot  should  operate  in  a  compensatory  manner  with 
reasonably  tight  loop  closures. 

Of  the  above  selection  criteria,  the  critical  requirement for the 

control  task  is  that  the  pilot  adapt  a  multiloop  control  structure.  Atti- 

tude  and  altitude  control  with  the  elevator  is a suitable  multiloop  piloting 

task. In fact,  from  the  analyses  performed  in  Ref. 4, this  technique  is 

the  best  method of control for a  number  of  familiar  longitudinal  flight 

situations.  Also,  the  pilot  is  forced  into  a  multiloop  control  structure 

to obtain  satisfactory  altitude  control. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Both  a  supersonic  transport  at  cruise  and  a  jet  transport  in  landing 

approach  were  considered.  The  landing  approach  task  was  selected  in 

preference  to  one  associated  with  the  supersonic  transport  at  cruise. 

The  principal  reasons  were: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  

3. 

4. 

Landing  is  a  precision  task  in  which  a  tight  closure 

of  the  altitude  loop is required. 

A realistic,  random  appearing  disturbance  over  a  broad 
frequency  range  may  be  used  if  the  input  signal is 
assumed  to  represent  both  gust  disturbances  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAILS 
beam  noise. 

A supersonic  transport  at  cruise  has  very  low  gust 
responses.  Unrealistically  large  gusts  would  be 
required  to  provide  inputs  of  adequate  magnitude  for 
measuring  pilot  describing  functions. 

A simulated ILS approach  is  a  much  more  familiar  task 
to  the  available  subjects,  commercial  transport  pilots. 

Having  selected  the  approach  task,  it  was  then  necessary  to  select  a 

specific  set of vehicle  dynamics.  According to  the  analyses of Ref. 4, 

the  requirement  for  pilot  lead  in  the  attitude  loop  could  be  satisfied 

by choosing  a  configuration  with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlow short-period  frequency,  roughly 

1 rad/sec or less. The  short-period  characteristics  of  the  Boeing 707 

aircraft  are in this  category, and the  use of 707 dynamics  had  two  other 

advantages: 

1 .  The  test  subjects  were  familiar  with  the  dynamics 
of  this  aircraft, so the  training  required  would  be 

minimized. 

2. The  approach  characteristics  of  the 707 are  typical 
of  several  current  aircraft. 

Consequently,  a  simplified  approximation  to  the  longitudinal  dynamics 

of  the 707 in  landing  approach  was  selected  for  the  controlled  element; 

see  Appendix A for details. A brief  preliminary  experiment  verified  the 

adequacy  of  the  simplified  dynamics  and  the  CRT  display. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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BECTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 

DATA  REDUCTION TECIIloIqlTES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In this  section  the  data  reduction  techniques  used  to  directly  and 

implicitly  measure  the  pilot  describing  functions  will be discussed.  With 

the  direct  measurements,  both  the  attitude  and  altitude  describing  func- 

tions  can zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe determined  from a single zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArun with  two  inputs. Two inputs  are 

required  because  the  number  of  measurable  describing  functions  equals  the 

number  of  uncorrelated  system  inputs  multiplied by the  number  of  pilot 

controls or outputs. For  the  particular  task  used  here,  the  two  describing 

functions  were  measured  directly by using  the  two  inputs, 0, and  he,  with 

one  pilot  output,  elevator. 

With  the  implicit  measurements,  two runs, each  with  a  single  input, 

are  used.  One run is a  single-loop  attitude-tracking  task  with  a 0, input. 

An  attitude-loop  describing  function  is  computed  from  this  run.  The.second 

run is  multiloop  tracking  (attitude  and  altitude)  with  only  the he input. 

From  this run the  altitude  describing  function  is  computed by assuming 

that  the  attitude  describing  function is the  same  as  it  was  in  the  single- 

loop  run.  Details  of  both  the  direct  and  implicit  computations  will  be 

discussed  later  in  this  section. 

A major  objective  of  this  program  was  to  compare  the  direct  and  implicit 

measurements.  This  comparison  should  indicate: 

1. Any  changes  in  the  pilot's  inner-loop  characteristics 
due  to  the  addition  of  the  outer  loop. 

2. Any  effects  of  adding  the  second  input  to  the  multiloop 
tracking  task. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 .  Relative  merits of the  two  measurement  techniques. 

The  results of this  comparison  are  discussed  in  Section V. The  remainder 

of  this  section  describes  the  details  of  the  data  reduction  for  the  two 

measurement  schemes. 

The  basic  technique  used  in  both  measurement  schemes  is  to  compute 

the  cross-spectra  between  the  inputs  and  various  other  parameters.  The 



cross-spectral  apprcach  is  necessary  to  remove  the  effects  of  the  pilot's 

remnant.  Before  the  relationships  between  the  pilot  describing  functions 

and  the  cross-spectra  can be determined, we must  decide  on  the  form  of 

the  pilot  model  we  wish  to  use. For this  particular  task  there  are  two 

possible  forms  which  are  referred  to  as  series  and  parallel  closures;  see 

Fig. 1. In the  series  model  the  pilot  makes  altitude  corrections by 

mentally  biasing  his  attitude  reference  up or down  an  appropriate  amount. 

In the  parallel  model  these  are  separate,  direct  altitude  and  attitude 

feedbacks  to  the  elevator. 

Series  closures  are  more  consistent  with  pilot  comments  on  how  they 

fly so this  model  was  the  one  selected.  However,  either  model  could  be 

used  to  match  experimental  results.  The  ultimate  choice  should  be  the 

form  which  produces  the  simpler  model. To illustrate  this  point,  consider 

two  hypothetical  cases. In the  first  case  the  series  model  results  in  a 

pure  gain  Yh  and a Ye which  has  a  lead  term. It would  be  simpler  to  keep 

the  series  model  than to use  a  parallel  model  with  identical  lead  terms 

in both  loops. On the other  hand,  the  series  model  might  have  a  lag in 

Yh equal  to  a  lead  in Ye. Then  a  parallel  model  would  be  simpler  in  that 

the  outer  loop  would  be  a  pure  gain. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  discussed  in  Section V, the  series 

model  is  the  simpler  one  for  the  data  obtained  in  these  eqeriments. 

The  relationships  between  the  pilot  describing  functions  and  the  various 

cross-spectra  are  derived  in  Appendix B. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor 8, and  he  inputs  the  expres- 

sion  for Yo can  be  written  as 

where N1 and Dl can be expressed in  the  following  ways: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Airplane Dynamics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r-------- 

Airplane Dynamics 

I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b/ Puru//e/ C/osures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 1 .  Multiloop Models zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor Ser ies  and Parallel  Closures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The various  cross-spectral  ratios in Eqs. 2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 can be interpreted  as 

measured  closed-loop  responses,  e  .g. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, @ec6e/@ec0c is  the  measured  closed- 
loop  response  of 6, to  a 8, input.  The  characteristics  of  these  ratios 

were  investigated  prior  to  the  experiments by computing  the  various  input/ 

output  relationships  for  a  predicted  set  of  pilot  dynamics.  The  results 

are  shown  as  a  series  of  Bode  plots  in  Appendix C. 

Examination  of  Fig. C-6 shows  that  the 6, ratio (@~c~e/OOc~c) has  its 

greatest  magnitude  at  higher  frequencies  of  interest  (above 3 rad/sec) . 
At low frequencies  the  response is very small.  Consequently,  Eq.  2a 

should  be  adequate  at  high  frequencies,  but  at  low  frequencies  measurement 

errors  may  be  quite  large  because of the  low  signal  levels.  Fortunately, 

the  other  two  ratios  have  complementary  characteristics.  Figure C-3 shows 

that  the  @-response  is  largest  in  the  midfrequency  band  and  from  Fig. C-5 

we  see  that  the  h-response  is  greatest  at  low  frequencies.  Thus by using 

Eq. 2a at  high,  2b  at  mid,  and 2c at  low  frequencies  we  should  be  able to 

minimize  measurement  errors. In effect, we  take  advantage  of  the  signal 

conditioning  due to the  vehicle  dynamics to  maintain  a  good  signallnoise 

ratio  at  all  frequencies. 

The  above  discussion  has  shown  that  the  numerator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(N1)  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYe presents 
no  measurement  problems.  Unfortunately,  the  same is not  true  of  the 

denominator (Dl ) . Either  expression  for D1 , Eq. 3, involves  the  difference 

of two terms,  and  at  low  frequency  the  difference  is  relatively  very  small. 

Thus  small  errors  in  measuring  the  cross-spectral  ratios  can  produce  very 

large  errors  in Dl. Other  expressions  for Dl can  be  derived  but  they  also 

involve  the  relatively  small  difference  of  two or more  terms.  There  is 

no known way to  avoid  this  problem. It  even  exists  with  a  gust  and 0, 

or h, inputs.  The  net  result  is to place  a  lower  limit  on  the  frequency 

range  for  which  good  measurements  of  the  inner-loop  describing  function 

can zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe made. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 



The problem  does  not  exist at the  higher  frequencies. Then the   e r ro r  

r a t i o  (@ecee/@eCec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor @hche/@hchc)  approaches un i ty  and the second term 

becomes small. 

For t he   se r ies  model, the  a l t i tude- loop  descr ib ing f'uncti.on, Yh, can 

be  wr i t ten  in   the  s imple forms 

A s  with  the Ye numerator, we can take  advantage of the  signal  condit ioning 

provided  by  the  vehicle dynamics t o  improve the  s ignal /noise  rat io.   This 

can  be done by using Eq. 4a at  high, 4b a t  mid, and  4c at l o w  frequencies. 

Thus we have a simple,  yet  accurate, method of  measuring  the  outer-loop 

describing  function at  a l l  frequencies of i n te res t .  

The impl ic i t  measurement techniques  are  qu i te   d i f ferent  from the 

d i rec t  ones  described  above. The at t i tude- loop  descr ib ing  funct ion i s  

measured  from the  s ing le- loop  t rack ing  resul ts   wi th  a 8, input. The 

describing  function  expressions  are 

Equation 5a i s  used a t  high  frequencies and Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5b is used a t  the  lower 

frequencies where the  6, response i s  small. However, the  accuracy at the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L 



lowest  frequencies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill still be rather  poor  because  of  the low signal 

levels  of  the  attitude  error, 8,. 

The  outer-loop  describing  function is determined  from  the  multiloop 

tracking  with  only  a he input by assuming  that Ye is the  same as in the 

single-loop  case. The basic  equation for this  case  is 

or 

Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 could  also  be  written  as 

Signal/noise  ratios  are  maximized by using  Eq. 7 at  high  and Eq.  8 at 

low frequencies.  There  are,  however,  two  problems  in  computing  Yh.  At 

low  frequencies  the  he  response zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis small so the  measurement  variability 

will increase.  The  second  problem  occurs  near  the  inner-loop  crossover 

frequency. If the  inner  loop  is  closed  with  a  small  phase  margin,  then 

Y 0 0 8  -1 in  the  region  of  the 0-loop crossover.  Consequently,  the sum 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ Y006 will be quite  sensitive to variations  in Ye. 

Having  described  the  relationships  between  various  cross-spectra  and 

the  measured  describing  functions,  the  procedure  used to compute  the  cross 

spectra  will now be  outlined. This  procedure  consisted  of  three  steps: 

1 .  Continuous  analog  recordings  were  made  on an FM 
recorder. 

2. Four  minutes of data  for  each run were  converted to 
digital  form at a  sampling  rate  of 20 samples/sec. 

10 



3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlarge-scale  digital  computer was used to compute 
the  cross-spectra. Computations  were  done  using  the 
BOMM Program,  Ref. 5. 

Because the inputs  were  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsums of  sine  waves,  the  cross-spectra  were 

actually  evaluated by Fourier  transforms,  e .g., equals  the 

Fourier  transform  of 6, divided by Fourier  transform  of 8,. Furthermore, 

these  spectra  exist  only  at  the  input  frequencies.  Precise  determination 

of  the  input  frequencies was obtained by Fourier  transforming  the  inputs 

for  a  band  of  frequencies  centered  about  the  estimated  values.  From 

each  band  the  frequency  which  gave  the  maximum  magnitude  of  the  input 

Fourier  transform  was  selected.  Fourier  transforms of the  remaining 

parameters  at  these  selected  frequencies  were  then  computed. 

One  additional  step  was  then  required  before  the  describing  function 

equations  presented  earlier  could  be  solved. A s  the  two  inputs  had  to 

be uncorrelated,  they  had  no  common  frequencies.  Consequently,  the 8, 

spectra  could  be  computed  only  at  one  set  of  frequencies  and  the  hc 

spectra at another  set. To obtain  data  at  common  frequencies  it  was 

necessary to plot  the  individual  spectra  and  interpolate.  This  problem 

could  have  been  eliminated by using  two  independent  random  noise  gen- 

erators.  However,  with  random  inputs  the  variability in  the  measured 

cross-spectra  is  increased  because  the  input  power  is  spread  out  over  a 

frequency  band  instead  of  being  concentrated at a  few  frequencies. 

Whether  the  higher  variability  would  produce  larger  describing  finction 

errors  than  those  resulting  from  the  interpolation  errors  is  unknown. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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8ECFION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A flow chart  of  the  overall  experimental  setup  is  shown  in  Fig. 2. 

Each of  the  items  shown  in  the  figure  is  briefly  described  below. 

The  vehicle  equations  of  motion  were  mechanized  on  an  analog  computer. 

The  linearized short-period-approximation equations  given in Appendix A 

were  used. 

The  display  was  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACRT. The  two  displayed  quantities  were  attitude 

error, Be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8, - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ,  and  altitude  error,  he = he - h. An "inside  out" 

attitude  display  was  used  with  a  moving  horizontal  line  representing  the 

horizon;  see  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Altitude  error  was  represented by moving  dot  with 

an  upward  displacement  of  the  dot  if  the  aircraft  were  too  high.  The 

attitude  display  was  scaled  at 20 deg/in. and  altitude  at 80 ft/in. 

Two subjects  were  used  in  the  experiments.  Both  were  commercial 

jet-transport  pilots.  Subject A had  logged zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2,300 hr of  flying  time  and 

Subject  B  had 2,100 hr. 

The  manipulator  was  a conventional-aircraft-type center  stick  with 

a  force  gradient  of  approximately 7.5 lb/in.,  measured  at  the  grip.  The 

control  sensitivity  was  varied  until  the  subject  felt  it  was  nearly 

optimum.  Both  subjects  used  control  sensitivities  of 15 deg/sec2/in. 

The inputs  used  were  the sums of  sine  waves. Ten sine  waves  were 

produced by a  series  of  motor-driven  resolvers.  Five  more  sine  waves 

were  produced  with  oscillator  circuits on the  analog  computer.  These 

were  combine'd  into two  inputs,  one  with  eight  components and the 

other  with  seven.  The  nominal  frequencies  for  the  eight-component 

input  are  given  below.  This  produced  a  random-appearing  input  with 

a  bandwidth of about 1 rad/sec and with  a  high  frequency  shelf.  This 

combination  was  used  either  as an attitude  input, Elc, or as  a  gust 

input, wg. 
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Figure 2. Flow  Chart for Experimental  Setup 



Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. CRT  Display 
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The nominal  frequencies for the  7-component  input  are  given  below. 

This input  was  also  random-appearing  with  a  high-frequency  shelf,  but  the 

bandwidth  was  somewhat  lower.  This  combination  was  used as the  altitude 

input, hc . 
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in 4 Minutes  (rad/sec)  Magnitude 
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The other  recorder w a s  a 7 - c h m e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM magnetic tape recorder. Those 

runs which  were to   be  used  for   descr ib ing  funct ion and other  data  analyses 

were tape  recorded. The seven  recorded  parameters  were Be, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.9., e,, hcJ hJ 

he, and 6,. 

Three  types  of  on-line  performance  measures were used t o  monitor the  

sub jec t ' s  performance,  especially  during  training. The most usefu l  

device was the  analog  pi lot .   This  predicted model  of t h e   p i l o t ' s  charac- 

t e r i s t i c s  was mechanized on the  analog computer. When a r e a l   p i l o t  was 

f ly ing  the  s imulator,   the  inputs  to  the  analog  pi lot  were t h e   s m e  as 

those  displayed  to  the  subject ,  8, and  he. However, the  analog  pi lot  

output was not  fed  back  into  the  vehicle  equations  of  motion; it was 

merely  put on the  str ip-chart   recorder for comparison  with  the sub jec t ' s  

output. Some runs were made without a real   p i lot ,   but   wi th  the  analog- 

pi lot   output  being  fed back into  the  vehic le  equat ions.  These  runs were 

used t o  check the  other  on- l ine performance  measures  and the  describing 

funct ion  calculat ions.  

The analog-pilot  output w a s  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

* The form of Ye i s  s l i gh t l y   d i f f e ren t  from that   used  in  Appendix C t o  
compute the  predicted  closed-loop dynamics. 
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The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnominal  values of the  parameters were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
KQ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 sec 

-2 

TI = 0.1 sec 

-r = 0.3 see 

Kh = 0.344 deg/ft 

After  the  pilot  training  had  been  completed,  a  brief  attempt  was  made  to 

improve  the  match  between  the  real  and  analog-pilot  outputs by adjusting 

these  parameters. No combination  which  was  superior  to  those  given  above 

was  found. 

The  second  type of on-line  performance  measure  was  the  average  absolute 

values  of  the  displayed  parameters, 8, and  he.  These  averages  were  taken 

over 100 see  intervals. 

The  third  performance  measure  was  the  Crossover  Model  Parameter  Tracker. 

This  device,  which  is  described  in  Appendix D, provided an on-line  con- 

tinuous  estimate  of  the  pilot's  crossover  frequency in the outer  control 

loop. 

16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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SECTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mama 

A major  reason for   the  success of the  experimental  part of the  present 

program may be a t t r i bu ted   t o   t he  comprehensive t ra in ing  program  conducted 

p r i o r   t o   t h e  main data- tak ing  e f for ts .  The primary  objective of t h i s  

t ra in ing  w a s  t o  allow  each  subject  to  reach a s tab i l i zed   leve l  of closed- 

loop  tracking  performance. I n  addi t ion,   the  e f fects  of input  type and 

magnitude were investigated;  see  Subsection A. 

Approximately ten  hours of s imu la to r   f l i gh t  time  were required  before 

each  subject  reached a s tab le  performance leve l .  A v isua l  comparison of the 

analog  pi lot  and  the  test  subject  performances proved  invaluable as a d i r e c t  

cross check on training  process.  Typical  before and a f t e r  performance i s  

shown i n  Fig. 4.  The most not iceable  d i f ference between these two s t a t e s  

i s  shown in   the  subject 's   output   (s t ick   mot ion) .   Pr ior   to   obta in ing  the 

t ra ined  s ta te,   h is   output  i s  hes i tan t  and re la t i ve l y  small, and i s  charac- 

te r ized  by the  apparent  lack of coordination between displayed  error  s ignals 

and s t i c k  motion. The output  control   s ignals  are  a lso  unl ike  the  " l inear" 

analog  p i lo t  and may be concluded t o   e x h i b i t  a nonlinear  behavior. These 

cha rac te r i s t i cs   a re   i n   d i rec t   con t ras t   w i th   t he   a f te r - t ra in ing   s ta te  shown 

i n  the  adjacent  t races. Here the  analog and human p i lo t   outputs   appear   to  

be synchronized  except for  the  small-amplitude  high-frequency component. 

In  the  remainder of th is   sec t ion   the  major  experimental  results which 

were obtained  are  discussed.  For  convenience,  this  discussion  has  been 

subdiv ided  into  the  fo l lowing  f ive  topics:  

A. Effects of Input Type and  Magnitude 
B. On-Line Performance  Measures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C. Analog Pilot  Describing  Functions 
D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHuman Pilot  Describing  Functions 
E. Remnant Data 

A. EFFECTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF INPUT TYPE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND MAGNITUDE 

During  the  training  sessions  the  input  type (ec, hc, wg, or combinations 

of these)  and  magnitude  were var ied.  The p i lo ts   p re fe r red   tha t   the  conmand 

s igna ls  approximate  the aircraft response  to a ver t ica l   gust .   In   the  op in ions 
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Gust  lrlput 

uwg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8.4 fbs RMS 

Pilot "A" 

Initial Sessions After Training zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

-20 

s e  

(deg/sec2) 

Trained Subject "B" 
During Data Runs 

eC = 2deg rms , h,=8ft  rms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. Typical  Stick  Input Time H i s t o ~ ~ i e s  Showing the  Effects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Training on Subjects 



of the  test   subjects ,   they  could  f ly   the  s imulator   regard less zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  input 

s igna l   charac ter is t i cs ,   bu t   the  ILS task  was more r e a l i s t i c  and t h e i r  con- 

t ro l   react ions  and  impressions were c l o s e r   t o   a n   a c t u a l   f l i g h t   s i t u a t i o n  

when the   ver t i ca l   gus t   inpu ts  were used. 

However, a gust  input i s  not  a good input  for   measwing  descr ib ing 

funct ions.  The dynamics of the  a i rcraf t   severe ly   a t tenuate  the  response 

parameters at  high  frequencies;  see Appendix C. Thus the  high-frequency 

measurements  would suffer from  very  poor  signal/noise  ratios. A secondary 

and re la t i ve l y  minor  disadvantage of using a gust  input (and 8, or h,) i s  

that   the  re la t ionships between the measured cross  spectra and p i l o t  

describing  functions become  somewhat  more complex; see Appendix B. 

A s  a resu l t ,  it w a s  decided  to  use command-type inputs   fo r   the  data runs 

but   to   sca le   the  two inputs (0, and  he) t o  approximate a gust  d isturbance. 

Except at  extremely low frequencies (much less  than 0.1 rad/sec) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, the open- 

loop  a t t i tude and alt i tude  responses of the  s imulated  vehic le  to a gust   are 

p ropor t iona l   to   each  o ther   in  a r a t i o  of approximately 4 f t /deg. The  command 

inputs were s e t   t o  have  bandwidths  roughly  equal to  the  short-per iod  f requency 

and with rms magnitudes i n   t h e   r a t i o  4 f t  of h, per  degree of Be. This  pro- 

vided a f a i r l y   r e a l i s t i c  approximation to   the  gust   d is turbance  except   for   the 

high-frequency components  due to  the  input  shelves.  The high-frequency 

per tu rba t ions   in   the   a l t i tude   d isp lay  were par t i cu la r ly   d is tu rb ing   to   the  

subjects.  After  being  told  the  high-frequency  alt i tude  perturbations were  due 

t o  ILS beam noise,   the  subjects  again  considered  the  s imulat ion  sat isfactory.  

The se lect ion of the  input magnitude w a s  a compromise between real ism 

and signal  levels.  Realism  puts  an  upper bound on the  input magnitude, 

whi le  large  inputs  are  desirable  to  provide good s igna l   leve ls   to  minimize 

the   e f fec ts  of p i l o t  remnant. A t  one po in t   in   the   t ra in ing   sess ion  a var ie ty  

of gust  magnitudes were simulated. The pe r t i nen t   p i l o t  comments a re  summa- 

r ized  in  Table I. The largest   reasonable  gust   leve l  was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.5 f t / s e c  .* The 

command input   leve ls   f ina l l y   se lec ted  (e,, 2 deg rms; hc, 8 f t  rms) c losely  

approximate t h a t  magnitude gust  d isturbance. Although other  combinations 

* See  Ref. 8 f o r   d a t a  on probab i l i t y   d is t r ibu t ions  of gus t   in tens i ty .  
According t o  R e f .  8, rms i n t e n s i t i e s  of 8.5 f t / s e c  or  greater  have a 
probabi l i ty  of roughly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.03. 



TABU I 

EVAWATION OF GUST  MAGNITUDE 

RMS GUST 
MAGNITUDE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(F'T/SEC) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.7 

8.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.4 

14.2 

PILOT COIvlMENTS 

Reasonably  smooth IFR flight. No gusts. 

Reasonable  control for I F R  flight.  Light 
gusty  condition. 

Moderate  gust.  Reasonably  good  performance 
considering  disturbance. 

Large  gust.  Unusual  for IFR flight.  Positive 
control  of  vehicle. 

Very la.rge  gust. Poor performance.  Doubt 
if  landing  possible. +80 ft excursions. 

Largely  out  of  control  relative to scope. 

of inputs  and  a  variety  of  magnitudes  were  tested,  the final selection  of 

input  type  and  magnitude  was  based  on  the  considerations  given above. The 

resultant  experimental  plan  is  indicated  in  Table 11. 

TABLE I1 

EXPERIMENTAL PLAN 

REPLICATION: 

Single - loop ( e) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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B. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAON-LME zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPERFORMANCE MEABURES 

The on-line  performance  measures  provide  valuable  clues  about  the 

p i l o t s '  dynamic charac ter is t i cs ,   espec ia l l y  when compared with  the  analog 

p i l o t   r e s u l t s .  A sample  time h is tory   for   the  mul t i loop  task  wi th   the 

analog  pi lot   c losing  the  loops i s  shown in   F ig .  5a. This  can be compared 

d i rect ly   wi th   F igs.  5b  and  5c  which show time h is to r i es   w i th   t he   rea l   p i l o t s  

in  the  loop.  Also  included  in  Figs. 5b and  5c  are  the  outputs of the  analog 

p i l o t  which  were not  fed back into  the  vehic le  equat ions of motion but 

merely  recorded  for  comparison  purposes. 

Examination  of  the  f igures  indicates  that  the dominant di f ference 

between the  analog  and human p i l o t s  is  a t  relat ively  h igh  f requencies.  

The outputs of t h e   r e a l   p i l o t s  have considerably  less  high-frequency con- 

ten t .  The s im i la r i t i es  between the  analog  and human p i l o t s  i s  a lso  shown 

i n   t h e  measured average  absolute  values  and  crossover  frequencies, summa- 

r ized  in   Table 111. Considering a l l  these  data  together,  it i s  c lea r   t ha t  

the measured descr ib ing  funct ions  for   the human subjects  should  not be 

d ras t i ca l l y   d i f f e ren t  from  those of the  analog  p i lo t   in   the  reg ions of 

inner- and  outer-loop  crossovers. However, at  higher  frequencies  the 

descr ib ing  funct ions  for   the  real   p i lots  should have considerable  amplitude 

at tenuat ion.  
T B L E  I11 

AVERAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAON-LINE PERFORMANCE MEASURES 

TASK 

Multiloop 
8, and h, Inputs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-____ 

Multi loop 
h, Input 
" " 

Single-Loop 
8, Input 

A 

B I 0.6 

21 



Sample  time  histories for the  multiloop  task  with  only  the  hc  input 

are  given in Figs. 5d and  5e,  and  the  performance  measures  are  listed  in 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111. With  the  elimination zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the 8, input,  the  pilot's  output  and 

the  vehicle  responses  are  significantly  reduced in magnitude. From the 

predicted  loop  closures  of  Appendix C, the  average 8, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh, responses 

should  be  roughly 0.6 of  the  values  with  both  inputs$.*  This  agrees  quite 

well  with  the  measured  average  absolute  values  shown  in  Table 111. Thus 

we would  expect  the  pilot  characteristics  with  one  input (h,) to  be  quite 

similar  to  those  obtained  with  both  inputs  and  to  differ  significantly 

from the  analog  pilot  characteristics  only at  higher  frequencies. 

Sample  time  histories  for  the  single-loop  task (e, input)  are  shown 

in Figs. 5f and  5g.  The  most  significant  feature  of  these  responses  is 

that  the  pilot's  output  is  considerably  more  bimodal or like  a  square 

wave.  This  is  particularly  pronounced  with  Subject B. 

C ANAL00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPILOT DEBCFUBING F'UNCTIONS 

The  analog  pilot was used  to  check  the  direct  measurement  technique. 

To separate  the  describing  function  errors  due to  the  errors  in  measuring 

the  cross  spectra  from  those  due to the  errors in interpolating  between 

input  frequencies,  two  sets  of  calculations  were  made.  One  set  used  the 

measured  cross-spectral  ratios  for  those zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAruns during  which  the  vehicle 

was  being  controlled by the  analog  pilot.  The  other  set  used  computed 

values  of  the  cross-spectral  ratios  at  input  frequencies. 

The  calculated  cross-spectral  ratios  were  plotted  and  interpolations 

were  made  between  input  frequencies.  The  direct  measurement  expressions 

of  Section I11 were  then  applied  in  computing  the Ye and yh describing 

functions  presented  in  Figs. 6 and 7. In general,  the  errors  due to 

interpolation  indicated by these  results  are  relatively  small.  The yh 

calculation  confirms  the  pure  gain  outer  loop  using  either of the  indi- 

cated  cross-spectral  ratios.  However,  the  calculated yh derived  from 

the 6, ratios  has  somewhat  less  variation; i.e., interpolation  of  the 

6, ratios  was  more  accurate  than  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ratios. 

*The factor of 0.6 is  determined  by  combining  the  predicted  contributions 
of the  sine  wave  component  of  the 8, and  he  inputs  to  the 8, and  he  responses. 
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IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

-10 

IO 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0, 

(deg) 

8 

(deg) 
-10 

10 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
40 

0 

4 

(deg) 

hc 

(ft) 

-40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( a )  Multiloop, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, and h, ILlputs, Analog P i l o t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Sample T i m e  Histor ies 
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(b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMultiloop, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, and h, Inputs,  Subject A 

Figure 5. Continued 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(c) Multiloop, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, and hc  Inputs,  Subject B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  Continued zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(d) Multiloop, hc Izput, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 1  A 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Continued 
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(e) Multiloop, h, Input, Subject B 

Figure 5. Continued 
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( f )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASingle Loop, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9, Input,  Subject A 

Figure 5. Continued 
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( g )  Single Loop, 8, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAInput, Subject B 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  Concluded 
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0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 6. 

Theoretical Value 

' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ I  

Theoretical Value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw (rad /sec) 

10.0 

Calculated  Analog  Pilot  Describing Function, Yh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 

I 



0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ye 

1 - .  

w (radlsec) 
10.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 .  Calculated Analog Pilot Describing Function, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYe 
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The most s ign i f i can t  result of t h i s   exe rc i se  was a c lear   ind icat ion 

of the d i f f i c u l t y  Yn computing the inner-loop  describing  function, Ye, 
at  low frequencies. From Fig.  7 we note  that   apprec iab le  scat ter  exists 

at a l l  frequencies below 1 rad/sec  in  both  the  ampl i tude and  phase  cal- 

culat ions.  some improvement is obtained  by  using (Qhche/Qhchc) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- ( Q ~ ~ ~ / Q ~ , ~ , )  

f o r  the  denominator  calculation. This aspect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmay be concluded  based on 

the more consistent  trend  evident  in  the  ampli tude  plot  and  the smaller 

scatter  in  the  phase  anqle  p lot .  This r e s u l t  w a s  anticipated  because  the 

di f ference at  low frequencies of the (Qhche/ohchc) - (oe,e/oe,e,) expression 

i s  a l a rge r   f rac t i on  of ei ther   term  than  for   the terms in  the  corresponding 

expression, ( Q ~ ~ ~ ~ / O ~ ~ ~ , , ] -  (Qhch/@hchc). However, the measured values of 

of the   c ross-spec t ra l   ra t ios   in   the  f i rs t  expression  should  be  less 

accurate  than  those of the second  expression  because of lower s igna l   leve ls .  

Thus one form of the  denominator  should  have  lower measureffient e r ro rs  and 

the  other  lower  interpolat ion  errors.  

While the yh discussed above has a consistent  t rend throughouC the  

frequency  range, some evidence of  the  in terpolat ion  er rors  i s  present.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
For example, pa r t  of the   var iab i l i t y   in   bo th  Y and Y describing  functions 

i s  due t o  t he  in terpolat ion of the  calculated  cross  spectra between the  

he  input  frequencies  in the region  of 1 rad/sec. An examination  of  the 

calculated h, cross  spect ra  in   F igs.  8 and 9 shows tha t   accura te   in te r -  

polat ion i s  sometimes d i f f i c u l t  because  of  the  sharp  variations  in  ampli- 

tude and  phase  between the  calculated data po in ts .  It should  be  noted 

a l s o  that the  closed-loop modes resu l t ing  from the  c losures  using  the 

analog  pi lot   descr ib ing  funct ion are wel l  damped so that the  var ia t ions 

shown in   F igs .  8 and 9 are  not  necessarily  an  extreme. Also, the  rap id 

changes in  the  closed-loop  cross  spectra may r e s u l t  from the  presence o f  

l i g h t l y  damped zeros as wel l  as poles. Thus, because  the  numerator  (zeros) 

d i f f e rs  f o r  each  cross  spectra,  the  problem of in terpolat ion w i l l  general ly 

b e   l e s s   c r i t i c a l   f o r  some rat ios  than  o thers.  

h 0 

An important a i d  to   the   in te rpo la t ing   p rocess  is obtained  by  judicial 

se lect ion and  comparison of cross  spectra from d i f f e ren t  command inputs.  

For example, the r e l a t i v e l y  smooth, continuous  trend  of  the @h,h,/oh,h, 

(Fig. 8) represents  an  obvious  interpolation  between  input  frequencies, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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while  the  peaked  interpolat ion  near zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'I rad/sec shown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor the Qhce/Qhchc 

rat io   (F ig .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 )  requi res some jus t i f i ca t ion .   In   suppor t  of th is   in te rpo la -  

t ion,  consider  the  calculated  0eCe/0e 0 cross-spec t ra l   ra t io  of Fig. 10. 

This BC spectrum is def ined zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor different  input  frequencies.  (For  experi- 

mental  data,  the  frequency  separation i s  required  because two uncorrelated 

inputs are needed t o  reduce  the  data.) The intermediate  value of the 8, 

ra t io   prov ides a data   po in t   in   the   c r i t i ca l   reg ion .   S ince  Yh i s  given by 

( ~ h , e / @ h c h = ) / ~ e c e / ~ e c ~ c )  , the peaked in terpolat ion of @hc@/@hchc i s  neces- 

sary t o   avo id  a n  unrea l i s t i c   peak   in  Yh.  The Yh describing  function is a l s o  

est imated  f rom  the  al ternate 6e r a t i o s  as ind icated  in   F ig .  6. The i t e r a t i v e  

procedure  implied by the  foregoing  does  ease  the  interpolat ion  task  involved, 

and t h i s  approach  provides a d i rec t   c ross  check of the  cross  spect ra l   data.  

c c  

The theoret ica l   c ross-spect ra l  data analyzed  in  the  foregoing  are a 

bas is   f o r  comparison  and evaluation of e r ro rs   i n   t he  measured data. The 

measured c ross-spec t ra l   ra t ios   fo r   the   ana log   p i lo t *   a re  shown fo r   se lec -  

t ive  responses  in   F igs.  1 1 , 1 2, 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3,  and ; 4. These da ta   a re  shown f o r  two 

data runs which are   iden t i f ied  by the symbols. In  general,  the  magnitudes 

and  trend of these  resu l ts   a re   in   c lose  agreement  with  the  theoretical  cross- 

spec t ra l   ra t ios .  The only   s ign i f icant   d i f ferences  are  rest r ic ted  to   the 

low-frequency  regions.  These  measured data are  a lso  repeatable  over  the 

entire  frequency  range  except  for  the low-frequency  extreme. In   genera l ,  

the small var iance  in   the  data  does  not   in f luence  the  fa i r ing of the  curves, 

and  theref  ore t'ne in terpolat ing  task i s  no more complex than  that  for the 

theoretical  data  considered  in  previous  paragraphs. 

The var iance  in   the  data due t o  measurement e r ro rs  i s  also  inf luenced 

by the   re la t i ve   s igna l /no ise   ra t io  of the  cross  spectra.  Figures 1 3 and 14 

both  ind icate  that   the measurement e r ro rs   a re   la rges t   fo r   the   recovered 

c ross-spec t ra l   ra t io  when the   s igna l   leve l  is  small. The accuracy  can be 

improved,  however, by using  di f ferent  parameters  in  d i f ferent  regions. For 

example, for t he   a t t i t ude  command responses shown in   F igs .  13 and 14 the 6e 

cross  spect ra  are  bet ter   for   the  h igh  f requencies,   whi le   the 0 cross  spectra 

are b e t t e r   f o r   t h e  low frequencies. 

*Since the  analog  p i lo t  was completely l inear and t ime-invariant,  there 
w a s  no  remnant. Thus, analys is  of analog  p i lo t  data w a s  done under  the 
most ideal   condi t ions.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 8 Calculated Ohch,/O~,h, Cross-Spectral Ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
34 



J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

Note : 
- l Symbo/s indicate /he - 

frequencies at which 
theore/ica/ values  were 
co/cu/ated 

2. fnterpo/ation was used 
between  freuuencies to 
define  curves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(radlsec) 

\ 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. Calculated  O~,e/(D~ch,  Cross-Spectral  Ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
35 



I I I 111 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1111111111 I I  I 

2c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

-2c 

IO0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

h 

[3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a, 
-0 
v 

a, 
m 
0 

-100 

- 200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I l l  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Note : 

L Symbo/s indicafe /he 
frequencies af which 

" fheorefica/ d u e s  were 
ca/cu/af ed 

2. Inferpohfion was used 
between frequendes to 
define curves 

h 

w (rad/sec) 

b 

10.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 10. Calculated @~,9/0~,9, Cross-Spectral  Ratio 

36 



20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 

IO0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

- 
a 
rn 
-0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 -100 

a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

- 200 

-300 

w (radlsec) 
10.0 

37 



20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 

-40 

200 

100 

- 100 

0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w ( radlsec)  10.0 



r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-20 

IO0 

0 

-100 

-200 

- 300 

0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .o 
w ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArad /sec) 

10.0 
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The yh and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYe describing  functions  derived  from  the  measured  data  are 

plotted  in  Figs.  l5a  and  15b. In the  case  of  the  outer-loop  describing 

function  the  pure  gain  is  clearly  indicated.  The  inner-loop  describing 

function Ye is well defined  at  the  higher  frequencies,  but  at  the  lower 

frequencies  the  function is not  clearly  defined  due  to  the  variability. 

No improvement  was  obtained by using  a  different  numerator  ratio  since 

the  problem  exists  in  taking  the  difference of two  nearly  equal  cross- 

spectral  ratios  in  the  denominator.  The (~ecee/mecec) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- (~h,h/~h,h,) 
denominator  was  not  computed  for  the  measured  data  because  in  the  digital 

conversion  process  the  h  data  was  lost. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A comparison of these  measured  analog  pilot  describing  functions 

with  the  theoretical  values  shows  basically  good  agreement.  The  variance 

in  both  Yh  and  Ye  is  greater  for  the  measured  results.  The  larger  variance 

indicated  is due primarily  to  measurement  errors  since  the  errors  caused 

by  curve  fairing  and  interpolation  of  the  cross-spectral  ratios  were 

essentially  the  same  for  either  the  calculated  or  measured  data.  This 

brief  comparison  of  the  errors  suggests  that  the  measurement  errors  are 

roughly  comparable  to  those  due  to  curve  fitting  and  interpolating. 

Several  conclusions  may  be  expressed  regarding  the  direct  measurement 

technique  based  on  the  preceding  results  and  discussions.  The  basic  or 

theoretical  limitation  of  the  method  occu1"s  in  computing  inner-loop  Ye 

describing  function  at  low  frequencies,  and  this  aspect  has  been  substan- 

tiated  by  the  results.  In  addition  to  the  above,  the  following  are  con- 

clusions  which  pertain  specifically  to  measurement  errors: 

1 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  

Measurement  accuracy  can  be  improved  through  increased 
signal/noise  ratios  by  using  different  parameters  in 
different  regions,  e.g., h cross  spectra  at  low fre- 
quencies  and 6, cross  spectra  at  high  frequencies. 

Outer-loop  describing  function  can  be  accurately  measured 
over  a  wide  frequency  range. 

Errors  due  to  curve  fairing  and  interpolation  between 
data  points  can  be  significant  in  the  regions  where 
lightly  damped  poles or zeros  occur. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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D* HUMAN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPILOT DESCRIBING  FUNCTIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The  following paagraphs discuss  the  describing  f’unctions  measured 

for  the  two  subjects  used  in  the  experiments.  The  emphasis  here  will  be 

on  the  implications  of  these  results  with  regard  to  the  multiloop  pilot 

model.  However,  some  brief  comments  on  the  data  reduction  technique  and 

associated  errors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill be  made. 

Let  us  start  by  examining  the  attitude-loop  describing  function, Ye. 
The  results  for  the  single-loop  tracking  task  (attitude  alone)  are  pre- 

sented  in  Fig. 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.* Several  significant  features  are  shown  in  this  figure: 

1 .  The  results  for  the  two  subjects  are  nearly  identical 

except  for  a  slightly  lower  gain,  roughly 2 dB, for 
Subject B. 

2. The  advantages  of  using  the 6, instead of the 0 cross 
spectra  at  the  higher  frequencies  is  shown  by  the 

lower  variability. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. The  data  accuracy  at  the  lowest  input  frequencies  is 

relatively  poor;  this  is  due  primarily  to  the  low 

signal  level  of  the  attitude  error, 8,. 

These  single-loop  results  will  now  be  compared  with  the  multiloop  data. 

The  measured  inner-loop  describing  functions  for  the  multiloop  two- 

input  task  are  shown  in  Fig. 17. The  results  shown  are  the  averages* 

over  the  three  repeat runs made  for  each  subject.  The  main  conclusions 

to  be  drawn  from  Fig. 17 are: 

1 For  frequencies  less  than 1 .5 rad/sec,  the  data 
appears  to  be  quite poor. 

2. At  frequencies  above 1 .5 rad/sec,  the  results  for  the 
two  subjects  are  nearly  identical  except for a  slightly 
higher  gain,  roughly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 dB, for  Subject B. 

*The  solid  curves  are  curve  fits  of  the  data  which  will be discussed 
later. 

?Phe various  cross-spectral  ratios  were  averaged  before  the  frequency 

interpolation  and  subsequent  describing  function  calculations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApoor accuracy at the  lower  frequencies w a s  expected.  Section I11 

discussed  the  basic problem i n  t r y ing   t o  make low-frequency measurements 

of the  inner-loop  describing  functions. The gain  dif ference between the 

two subjects is especial ly  interesting  because i t  i s  the  reverse of the 

single-loop  dif ference.  In  the  single-loop  task  Subject zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA used a higher 

gain  than  Subject B, but  in  the  mult i loop  task  Subject B had the  higher 

gain. 

Comparison of Figs. 16 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17 shows how the  subjects  modified  their 

a t t i tude   con t ro l  i n  going  from  the  single-loop  task  to  the  multiloop one. 

Although there may have  been some minor adjustment in   the  high-frequency 

character is t ics ,   the major  adjustment  appears t o  be a gain change. Thus 

the  major  dif ferences  in Ye between subjects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor from single-loop t o  

multiloop  are  gain  changes, which are  summarized i n  Table I V .  

TABU I V  

FU3LATIVE GAINS OF 
ATTITUDE LOOP DESCRIBING  FUNCTIONS 

I SUBJECT I 
TASK 

A B 

Single-loop -2 dB 0d.E 

Multiloop 0 dB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-3 dB 

A difference  in  pi lot ing  technique seems indicated.  Subject A had a 

higher  gain  than  Subject B for the  single-loop  task,  but  reduced  his  gain 

i n  going to  the  mult i loop  task. On the  other hand, Subject B used a 

higher  gain  for  the  multi loop  task. However, it i s  important t o  note  that 

the  gain  d i f ferences among a l l  four  cases are re la t i ve ly  small, 3 dB or  

l e s s  . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Let us now examine the  outer- loop  (alt i tude)  data. The d i rec t  

measurements of Yh from the  multiloop  two-input  task are shown i n  Fig. 18. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
For both  subjects  the magnitude of Yh i s  quite constant  over  the  frequency 

range, and the  phase is nearly  zero  except  for some lag  at the  highest 

frequencies. The di f ferences between subjects are again  quite small, with 

Subject zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA showing a slightly  higher  gain,  roughly 2 dB. Subject A ' s  higher 

gain  largely  of fsets  h is  lower  at t i tude- loop  gain so that   the magnitudes 

of Y@Yh f o r   t he  two subjects are nearly  equal. 

The impl ic i t  measurement technique w a s  a lso  used t o  compute Yh.  The 

averaged  data  are shown in   F ig .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19. The resu l ts   a re  poor when compared 

with  the  d i rect  measurements; the  impl ic i t   data show a considerable  scatter. 

The major problem i s  probably  the  sensit ivi ty of the  impl ic i t   resu l ts   to   the 

at t i tude- loop  descr ib ing  funct ion.  The resu l ts  of Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19 were computed 

assuming tha t  Ye was the same in  the  multi loop  one-input  task as it was i n  

the  single-loop  task. We have already shown tha t   there  is at least a gain 

dif ference between Ye for   the  s ingle- loop and multiloop  two-input  tasks. 

There is,  however, no way of determining what Ye was used in  the  multi loop 

one-input  task.  This i s  a basic  l imi tat ion of the  implicit  technique and 

severely  restr icts  the  usefulness of the method f o r  measuring outer-loop 

describing  functions. 

The multiloop  one-input  data  did, however, prove usefu l   in  one  way. 

The  he cross-spect ra l   ra t ios f rom the  multi loop  two-input  task  (used  in  the 

d i rec t  measurement calculat ions) had a great   deal  of s c a t t e r   a t  a frequency 

of 1.28 rad/sec.  This  scatter made the  fa i r ing and interpolat ion  very 

d i f f i c u l t .  On the  other hand, the  scat ter  was much less  for  the  one-input 

task;  see  Fig. 20. A s  the  data a t  other  frequencies matched qui te  c losely,  

the  one-input  data were used as a guide i n   f a i r i n g  and interpolat ing  the 

two-input  data. 

The reason  for  the  two-input  scatter at  7.28 rad/sec i s  not  completely 

understood. A s  the   sca t te r  i s  much less  with  only one input,  the 8, input 

appears t o  be the  cause.  Apparently some  of the  pi lots'   response t o  8, i s  

spi l l ing  over   to   the hc input  frequency of 1.28  rad/sec . Since  1.28  rad/sec 

i s  the f i rs t  component on the he shelf and 8, has a large  amplitude component 

at  0.97 rad/sec,  such  spillover  could have s ign i f icant   e f fects .  Time 

var ia t ions i n  p i lo t   charac ter is t i cs  could  produce  such a spi l lover.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 19. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYh Implicit Measurements 
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F" - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The remainder  of  this  subsection  discusses  the  analytical  fits  of  the 

describing-function data.and ramifications of the  data on the  multiloop 

pilot  model. The analytical fit  for  the Ye data  was of the  form 

Numerical  values  selected for the  parameters  were 

2.1 sec for Subject zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, single-loop  task 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.5 sec-* for Subject A, multiloop  task 

1.7 see  for  Subject B, single-loop  task 

2.1 for Subject B, multiloop  task zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-2 

-2 

TL = 0.89 sec 

(N = 0.40 

= 4.7 rad/sec 

0: = 0.1 8 sec-1 

-c = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.17 sec 

These  fits  for  the  single-loop  task  are  plotted  in  Fig. 16. 

One  unusual  feature  of  this  model  is  the  presence  of  a  relatively 

low-frequency  pair  of  complex  poles.  Previous  single-loop  experiments 

(e.g., Ref. 1 )  have  also  indicated  complex  poles,  but  at  considerably 

higher  frequency.  The  lower  frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis attributed  to  manipulator 

differences.  The  experiments of Ref. 1 used  a  low-inertia  side  stick, 

whereas  the  experiments  reported  here  used  a  conventional  center  stick 

with  appreciable  inertia.  These  complex  poles  are  the  reason  the  human 

pilots'  response  had  considerably  less  high-frequency  content  than  did 

the  analog  pilot. 

The  analytical cwve fit  used  for Yh was  of  the  form 
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1 

and the  numerical  values  used were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.45 deg/f t   for   Subject  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

0.36 deg/ft  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor Subject B 
Kh = { 
Th = 0.1 SeC 

These f i ts  are   p lo t ted   i n  Fig. 18. 

The c losure   c r i te r ia   used by the   p i lo ts  were studied by c losing  the 

a t t i t ude  and a l t i tude  loops  wi th   the models of Eqs .  12* and 13. Bode 

and root  locus  plots  of  these  closures  are shown i n  Fig. 21. The key 

closure  parameters  are summarized i n  Table V. The c losu re   c r i t e r i a  shown 

i n  Table V must not be in terpreted as the  precise  values  achieved by the 

p i l o t s  because  the  closures were made with  approximate  models of the 

p i lo ts '   character is t ics .   Table V should be considered  only as ind icat ive 

of the  actua l   c losure  character is t ics .  

TABLE V 

LOOP CLOSURF: PARAMETERS FROM ANALYTICAL MODELS 

*In closing  the  loops  the a term i n  Ye was dropped. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Closed Loop Polcs.Subject A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAClosed Loop Poles, Subject B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I I 1 I 
-4.0 -3.0 -2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAtt i tude Loop 

Figure 21. Loop Closures  with Analytical Models 



J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(b)  Altitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALoop, Subject A 

Figure 21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Continued 
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Figure 21 . Concluded 



As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcross  check  on  the  above,  the  altitude-loop  closure  was  computed 

from  the  ratio  @h  h  /@hehe,  which  can  be  written  as 
c e  

where 

Solving  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%, we  get 

The  results  of  these  calculations  for  the  individual  multiloop,  two-input 

runs are  shown  in  Figs.  21b  and 21c. Unfortunately,  the  results  are 

inaccurate  at  the  very  low  and  very  high  frequencies.  At low frequencies, 

ah  h  /ah  h  is  inaccurate  because  the  signal  level  of  he  is  too  low.  At 

high  frequencies,  ah  h /ah$,  is  nearly  equal  to  unity so that  the  com- 

puted  Gh is extremely  sensitive  to  small  errors  in  oh h /ah h . However, 
in  the  region of crossover  the  results  should  be  fairly  accurate. 

c e  c c  

c e  

c e  c c  

These  data  suggest  some  revisions  in  our  estimated  closure  parameters. 

In particular,  it  appears  that  the  crossover  frequencies  and  phase  margins 

for  the  two  subjects  are  nearly  equal,  roughly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.9 rad/sec  and 25 deg. 

These  crossover  frequency  estimates  are  identical to those  obtained  from 

the  Crossover  Model  Parameter  Tracker  (Table 111). 

Let  us  now  consider  the  implications  of  these  results  with  regard  to 

the  multiloop  pilot  model,  Ref. 3. As  the  two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmajor findings,  listed 

below,  are  in  complete  accord  with  pre-experimental  expectations,  we 

believe  the  results  are  applicable  to  a  wide  variety of similar  tasks. 

1 . Pilot  closure  of  an  attitude  inner  loop  is  very 
similar  to  that  used  in  a  single-loop  task. 

2. When  the  pilot  is  controlling  both  attitude and posi- 
tion  through  a  single  manipulator,  the  series  closure 

model  is  more  appropriate  than  the  parallel  one. 
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While it is physical ly  impossible  to  prove whether the   p i l o t s '   i n te rna l  

organizations  correspond t o   t h e  series or  p a r a l l e l  model, the  data pre- 

sented  here are more simply  described  by  the  series model.  With a p a r a l l e l  

model one would have ident ical   lead  equal izat ion  in  both  feedbacks. 

Furthermore,  the  series model i s  more i n  accord  wi th  p i lots '  comments  on 

how they   f l y   an   a i rp lane.  

The only real  surpr ise  in   the  descr ib ing  funct ion data w a s  t he   ra the r  

low-frequency p a i r  of complex po les   in   the   a t t i tude   loop .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAS noted 

earlier, the  low frequency is attributed t o   t he   re la t i ve l y   h igh   i ne r t i a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of the  manipulator  used.  Since  these  poles  could  s igni f icant ly  restr ict  

t h e   p i l o t ' s   a b i l i t y   t o   c l o s e  a t i g h t   a t t i t u d e  loop, addit ional   research on 

the effects of manipulator  character ist ics i s  needed. Some preliminary 

work i n  t h i s  f ie ld  was reported  in  Refs.  6 and 7. 

Although the  primary  emphasis in  these  experiments was on the 

describing-function measurements, some analys is  of p i l o t  remnant was 

made. The quant i t ies  which  were  examined are  re la t ive  corre la ted  output  

( re fe r red   t o  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApg i n  Ref. 1 ) , the power spectra of the  p i lo ts   outputs ,  

and the  ampli tude  distr ibutions of the   p i lo ts  ' outputs. Each of  these 

quant i t ies  i s  described below. 

The relat ive  correlated  output i s  the  f ract ion of the   p i lo t ' s   ou tpu t  

power  which i s  correlated  wi th  the  input.   In  other words, p$ i s  t ha t  

por t ion of the  output power which ex i s t s  a t  input  frequencies  divided by 

the   to ta l   ou tpu t  power. It w a s  computed by  summing the  squares of the 

Four ier   coeff ic ients of 6e a t  input  frequencies and dividing by twice  the 

mean square  value of 6e. The resu l t s  , averaged  over  repeat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAruns, are  

shown i n  Table V I .  There a r e  no consis tent   e f fects  due to   va r ia t i ons   i n  

e i ther   the   task  or  the  subject .  

The power spectra of the  p i lo t 's   output ,   6e,  were a l s o   d i g i t a l l y  

computed. The autocorrelat ions were computed f o r  a maximum of 41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 lags 

(0.m sec  each).  The autocorrelat ions were mult ip l ied by a Hanning lag 

window and then  Fourier  transformed.  This  gave power spectra  values 

every 0.15 rad/sec  from  zero  to 62.8 rad/sec (1 0 Hz) .  These data were 



TABm V I  

RELATIVE COFEELATED OUTPUT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Pg) 

SUBJECT 
TASK zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A B 

Multiloop, 8, and he inputs 0.28 0.42 

Multiloop, he input 0.36 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.35 

Single-  loop, 8, input 0.36 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.30 

care fu l l y  examined f o r  any  spikes which could have  been caused  by p i l o t  

nonl inear i t ies  or sampling. None were  found. The frequency  variat ions 

were  smooth  and the  data were qui te  repeatable.   This i s  in  accord  wi th 

the  Ref. 1 conclusion that the major source of remnant i s  nonstationary 

p i lo t   behavior .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A complete presentat ion of the power spec t ra l   resu l ts  i s  both 

impract ical  and unnecessary. However, the   resu l ts   a re  summarized i n  

Fig. 22. The data  points shown in   th is   f igure   a re   eyeba l l   averages  

taken  over  the  three  repeat runs and several   adjacent  f requencies.  

Peaks at  the  input  f requencies  are  not  shown. Data for f requencies  less 

than 1 rad/sec  are  not shown because  the   e f fec t i ve   f i l te r  bandwidth was 

not narrow  enough t o   g e t  between the  input  frequencies. The estimated 

noise  level  i s  based on ident ica l   ca lcu la t ions   fo r   the   ana log   p i lo t  runs, 

for which the  output  should  be  zero  except a t  input  frequencies. 

The shape of the  spect ra  are similar to  those  given i n  Ref. 1 and 

have an  amplitude  attenuation  of  roughly 30 t o  40 dB/decade. A s  with 

the pa data,   there  are no consistent  var iat ions due t o   e i t h e r   t h e   t a s k  

or the  subject .  

2 

The ampli tude  distr ibutions of the  p i lo t 's   output  were computed f o r  

a l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe recorded runs. The d is t r ibut ions  for   the  mul t i loop runs general ly 
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appeared  to  have  a  Gaussian  form  although  in  some  cases  the  distributions 

were  much  flatter  than  Gaussian. As the  amplitude  distributions  of  the 

inputs  also  differed  appreciably  from  Gaussian  because  of  the  limited 

number  of  components,*  the  observed  output  distributions  are  not  too 

surprising. 

The  amplitude  distributions  for  the  single-loop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0, input)  were 

considerably  different  and  exhibited  a  bimodal  tendency  which  was  especially 

pronounced  for  Subject B. Sample  output  distributions  of  both  subjects 

are  shown  in  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23, and  portions of the  time  histories of these  same  two 

runs were  given  in  Figs. 3f and  3g.  Differences  in  piloting  technique 

are  clearly  shown  in  both  the  time  histories  and  amplitude  distributions. 

Subject  B's  output  was  consistently  more  like  a  square  wave  than  Subject A's. 

Bimodal-like  output  distributions  have  frequently  been  observed  for 

controlled  elements  which  required  significant  pilot  leads,  e.g.,  Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .  

*The  amplitude  distribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 8, is  governed  primarily  by  the four 
lowest  frequency  components  and  that  of h,  by  the  three  lowest  frequency 
components. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn either  input  the  shelf  (components  with  one-tenth  the 
amplitude)  has  little  effect  on  the  distribution. 



20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

M "0, & -20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 5  a 

-40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-60 

Average 1 -  Symbol - Task RMS Ouput 

Multiloop 

9, and h, Inputs 
70 deg/sec2 

A Multiloop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h, Input 

4.3 

Single Loop 
9, Input 

5.8 

(a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASubject A 

Figure 22. Output Power Spectrum 

64 



20 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw u  

d b -20  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+ e 4  a 

-40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-60 

l -  Symbol Task 

Multiloop 

8, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhc Inputs 

Multiloop 
h, Input 

Single Loop 
9, Input 

Estimated 
Noise  Level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

m 
Average 

RMS Ouput 

0.0 deg/sec 

5.6 

4.4 

lo*o w (rad /set) 

'i 

(b) Subject B 

Figure 22. Concluded 

65 



(a) Subject zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

(b) Subject B 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 3 .  Amplitude Distribution of Pilot's Output, 
Single-Loop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATask, 8, Input 
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SECTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI: 

CONCUTBIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The resu l t s  of a br ie f  set of multi loop manual tracking  experiments 

have  been  discussed. The two major  objectives  of  this work were t o  sub- 

s tan t ia te   the   ana ly t i ca l   p red ic t ions   regard ing   the   feas ib i l i t y  of  measuring 

mult i loop  describing  functions,  and  to  provide a spot check  of the  mul t i -  

loop  p i lo t  model. The key  conclusions  reached  relat ive  to  both  these 

object ives  are summarized  below. 

A.  MJI%cII;oOP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADESCRIBING FUNCTION XUS- TECHNI€#JES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. 

5.  

Measurement of mult i loop  describing  functions is feas ib le  
although  the  techniques  are  considerably more complex 
than  those  required  for   s ingle- loop compensatory tasks.  
However, there   a re   cer ta in  fundamental  limitations which 
res t r i c t   the   accuracy  of some of the  mult i loop  resul ts;  
see  items 2-4, below. 

The d i rec t  measurement technique  can  provide good resu l t s  
for the  outer- loop  descr ib ing  funct ion,   but   for   the  inner-  
loop  describing  function  the method i s  l im i ted   to   f re -  
quencies i n   t he   reg ion  of the  inner-loop  crossover  and 
above. 

Good low-frequency  data  for  the  inner-loop  describing 
funct ion can  only  be  obtained  via  the  implici t   technique, 
i . e . ,  from single- loop  ( inner- loop  alone)  tests.  Com- 
parison of the  high-frequency  direct  and  implici t   results 
can  be  used t o  determine  minor  differences between at t i -  
tude  loop  alone  and as an  inner  loop. 

The impl ic i t  measurement technique  for  the  outer- loop 
describing  function i s  inadequate. However, the data 
from  multi loop,  single-input tests can  be  quite  useful 
i n   t h e   f a i r i n g  and interpolat ion  of   the  mult ip le- input 
data.  

I n   e i t h e r   t h e   d i r e c t  or implici t   technique, it i s  advisable 
to  use  di f ferent  expressions  for   the  descr ib ing  f 'unct ions 
involv ing  other  cross-spectral   rat ios i n  the  var ious fre- 
quency regions. The use  of  dif ferent  parameters at dif- 
ferent  frequencies  takes  advantage  of  the signal condi- 
t ion ing  inherent   in   the  cont ro l led  e lement   to   mainta in  
good signal /noise  rat ios.  It can also reduce  interpolat ion 
errors. 
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1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The  results for the  one  test  configuration  support  the 
existing  multiloop  model.  The  measured  describing 
f'unctions  agree  quite  well  with  the  pre-experimental 
predictions. 

The  attitude  inner  loops  were  closed  veYy  similar  to 
the  closures  for  the  attitude-alone  task.  Consequently, 

single-loop  attitude-tracking  results  should  be  directly 
applicable  to  inner-loop  closures. 

The  series  closure  model  is  the  more  appropriate  one  for 
multiloop  feedbacks  through  one  controller. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA series 
model  to  match  the  data  is  simpler  than  a  parallel  one 
and  is  more  consistent  with  pilot  comments  on  how  they 

fly  an  airplane. 

The  relatively  low-frequency  pair  of  complex  poles  in 
the  altitude  describing  function  was  probably  due  to 
the  relatively  high  inertia  of  the  manipulator  used. 

Since  these  poles  can  significantly  affect  achievable 

crossover  frequencies  and  performance,  additional 

research  on  the  effects of manipulator  characteristics 
is  highly  desirable. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IcqUATIOmS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF m 1 0 N  AIJD TRANSFER FUNCTIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Linearized  perturbation  equations of motion  were  used  in  the 

experimental  simulation.  These  equations  were  further  simplified  by 

the  following  assumptions: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 .  Constant  airspeed  (short-period  approximation). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  Operating  point  conditions  are  straight  and  level  flight. 

3. Stability  derivatives & and Zg are  negligible. 

4. Gust  disturbances  act  only  through  static  derivatives, 
e 

i  .e. , gust-gradient  effects  are  negligible. 
Under  these  conditions  the  equations  of  motion  in  stability  axes  are 

simply 

and  the  kinematic  expression  for  altitude  is 

or 
1 

h = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs (Uo8 - w) ( A - 3 )  

The  numerical  values  which  were  used for the  parameters  of  Eq. A-1 

are : 

Uo = 223 ft/sec Z, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-3.585 sec 
-1 

= -0.0026 (ft-sec)-l Mq = 4.007l see-' 

= 1"  
Mse 

The resulting  transfer  function  elements  are  shown  in  both  literal  and 

numerical form in  Table A-1 . 
* 
The  value  of  is  completely  arbitrary as  the  subjects  were  allowed 

to  adjust  the  control  sensitivity  to  provide  whatever  angular  acceleration 
per  stick  deflection  they  preferred. @ is  defined as unity  only  to 
simplify  bookkeeping; as  a  result,  eleva-for  deflection, 6,) has the  dimen- 
sions of angular  acceleration. 
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Characteristic 
Denominator 

Elevator  Numerators 

Attitude 

Altitude 

Gust  Numerators 

Attitude 

Altitude 

Coupling  Numerator 

TABLE: A-1 

TRANSFER  FUNCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAELEMEXITS 

SYMBOL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI LCTERAL FORM 

e 
N% 
h 

Nge 

8 h  
Nge.wg 

o r  

NUMERICAL FORM 

s[s2 + 0.592s -I- 0.5841 

s[s2 + 2(0.387)(0.764)s + ( 0 . 7 6 4 ) ~ ]  

ox 

(0.0026)s 

-0.585(s + 0.0071) 

-0.58.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

-. 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

APPENDIX B 

DERIVATION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF DIRECT MEAS- EQUATIOIJB 

1 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, and h, Inputs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe  ser ies  c losures  (F ig .  1 ) t he   p i l o t ' s   s t i ck '   de f l ec t i on  i s  

given  by 

where n is t h e   p i l o t ' s  remnant. Forming the  cross-spectra between s t i c k  

def lect ion and  each of the two inputs  gives 

and 

Solving  the two simultaneous  equations, we get  

Equations B-4 and B-5 can  be  simpli f ied  by  using  the  identi t ies: 
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The resul t ing  expressions can be  wr i t ten as 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

and 

N1 Ye zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - 

(B-8) 

(B-9) 

(B-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 )  

(B-11 ) 

(B-I 2 )  

(B-14)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

73 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh, and wg Inpute zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The  simultaneous  equations for this  input  combination  are  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB-3 plus 

The  resulting  expressions for Ye and  Yh  are 

(B-16) 

(B-1 8) 

These  expressions  can  be  rewritten by using  the  identities  of  Eq.  B-9 

through  B-11  and  the  following 

With  these  identities Ye can  be  written  as 

(B-21) 

N2 
Ye zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - 

D2 
(B-22) 
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" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

where 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Yh can  be wr i t ten  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Og @h,h 

H6N2 @h,hc 
="  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAInputs 

The simultaneous  equations fo r   t h i s   i npu t   pa i r  are Eqs. B-2 and B-16. 

The following expressions  for Ye and Yh resu l t  from those  equations: 
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By using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB-6 through B-8 and B-19 through B-21, Ye can  be  rewritten zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 

where 

and 

N3 Ye = - 
D3 

( B-28) 
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Yh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be  written as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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During the  pre-experimental  analyses,  a  predicted  set  of  pilot  loop 

closures  were  computed. The primary  objective  was  to  provide  estimates 

of  the  closed-loop  dynamics  which  could be used in preliminary  evalua- 

tions  of  potential  data  reduction  techniques. 

The  inner-loop  (attitude to elevator)  closure  was  based on  the  quasi- 

linear  pilot  model  of  Ref. 1. Because of  low short-period  frequency 

(wsp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.764 rad/sec)  the  controlled  element  appears  as K/s2 in the  region 

of crossover  (roughly 2-3 rad/sec); consequently, the pilot  should use a 

low-frequency  lead so the  net  open-loop  transfer  function looks like K/s 

in the  region of crossover. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA n  appropriate  pilot  model is therefore 

In calculating  the  closed-loop  characteristics,  it was convenient to 

replace  the  time  delay  term  with  a  suitable  approximation.  The  model 

actually  used was of the  form 

The numerical  values  used  for  the  various  parameters  were 

K~ = 1 secW2 

TL = 2 sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T = 0.4 sec 

This  results in a  crossover  frequency  of 2.3 rad/sec with a  gain  margin of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 dB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand a phase  margin of 30 deg;  see  Fig.  C-1. 
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40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure C-1 Predicted Inner-Loop Closure 
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For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe  outer,  or a l t i t ude ,  loop a ser ies  loop  s t ructure w a s  assumed; 

see  Fig. C-2. The t o t a l  loop  transfer  function i s  then  given by (outer 

loop open, inner  loop  closed) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

'hYeN8e 
h (e) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= A' 

where A' = A + Y0N8e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

(c-4) 
= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( s +  0.288)(s+ 1 .31)(s+ 19.3) [s2+ 2(0.298)(2.83)s+ -___________ ( ~ . 8 3 ) ~ ]  

( s +  

A pure-gain  element was assumed for   the  outer   loop,   i .e . ,  Yh = Kh because 

r e l a t i v e l y   l i t t l e  is known about p i l o t  dynamics  and adjustment  ru les  for  

outer  loops.  Furthermore,  performance  with a pure-gain  outer  loop  appeared 

adequate.  For 

Kh = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.006 rad / f t  = 0 . 9 4  deg/ft 

a crossover  frequency of 0.8  rad/sec was obtained  with a gain  margin of 

6 dB and a phase  margin of 25  deg;  see  Fig. C - 2 .  

For  the  p i lo t  model described  above,  the  closed-loop  responses  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeC, 
hc,  and wg inputs were  computed. These resu l t s  are shown in   F igs .  C - 3  

through C - 1 3 .  In   these figures 
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Figure C-4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPredicted Closed-Loop Response, ge/gc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

83 



w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(rad/sec) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure C-5. Predicted Closed-Loop  Response, h/Bc 
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w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(radlsec) 10.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure C-11 Predicted Closed-Loop  Response, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe/w, 
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mIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CROSSOVZR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMODEL PAMETER TRACKBIR 

The purpose  of  the  Crossover Model Parameter  Tracker" (COMPT) i s  t o  

provide a simple  on-line  approximation t o   t h e  crossovFr  frequency  of a 

p i l o t   i n  a t racking  task.  It caa be  used e i t h e r   i n  a single-loop  task 

or the  outer-loop  of a mult i loop  task. The operation of COMPT i s  based 

on the   f ac t   t ha t  a p i lo t   genera l l y   ad jus ts   h is   charac ter is t i cs  so tha t  

in   the  reg ion  o f   c rossover   the  to ta l   (p i lo t   p lus  cont ro l led element) 

open-loop transfer  f 'unction i s  approximately (c+/s)e*' (Ref. 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA). 

I n  COMPT the  t rack ing experiment error  ( input,  i, minus control led 

element output),   e, i s  compared t o   t h e  model er ror ,  e*, which i s  given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
bY 

The model matching error,  E = e - e  , i s  then  used t o  vary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcuC t o  minimize 

E . The adjustment  equation i s  

3c 

2 

The key feature of COMPT i s  the  use of t h e   f i r s t   d e r i v a t i v e   t o  

approximate the   e f fec ts  of var ia t ions   in  uC. A nominal  value or  pre- 

experimental  estimate  of (wco) i s   s e t   i n t o   t h e  model and the model 

matching er ro r  i s  approximated by 

E =  e - e *  = e - (eo -I- ne*) 
* 

*This  device was developed by L. Gregor Hofmann and John J. Best, 
Systems  Technology, Inc . 
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where eo* i s  t h e  model e r ro r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= wco and ae*/&oc i s  evaluated at 

we = coco, i .e., 

-eo* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 s  - e 
S - - 

1 + - e  OCO 4 s  
S 

A complete  schematic  of COMPTI i s  shown i n  Fig. D-1 

I n   t he   ac tua l  mechanization  of C O m  the  time  delay,  e , i s  
-TS 

represented  by  a  suitable Pade approximation. It i s  also  des i rab le 

t o  f i rst pass  the  input, i, and tracking  error,   e,   through  ident ical  

high-pass f i l t e r s .  The f i l t e r s  reduce the  low-frequency  portions  of 

the  s ignals so that  the  crossover  region i s  emphasized. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
All t he  elements  of C O W ,  except  for  the two mult ipl icat ions  by 

he*/&, are  l inear   constant -coef f ic ient   f i l ters ,  and it can  be shown 

that the  tracking  loop i s  globally  asymptotically  stable.  Including 

the  high-pass  f i l ters,  the  device can  be  mechanized on an analog computer 

with only I 3  amplif iers and 1 mult ip l ier  ( i f  the   mu l t ip l ie r  can  form the  

two products zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAxy and xz).  The primary  disadvantage of C O W  i s  that  the  

estimated  crossover  frequency (meo + Aut) can have appreciable  errors 

i f  the  nominal  value (wco) d i f fers  widely from the  t rue  value. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD-1 COMpTl Schematic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

95 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANASA-Langley, 1968 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 5 CR-1238 
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