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SUMMARY

Objective
The objective of this study was to investigate the fidelity of the Simulator for Air-t o-A ir Combat

(SAAC ) motion system response s to inputs simulating contro l stick movements by the pilot in the
simulator.

Approach

Platform motion accelerati ons , velocities , and positions result ing f rom controlled electrical signal
inputs were measured and computed to investigat e system response.

Background

This stud y follows a number of similar e f for ts  condu cted on other simulators , in part icular  - the
Advanced Simulator for Pilot Training (ASPi’). eva l ua t ing  both the e ffectiveness and f ideli t y of ’ motion
systems in visual flight simulators.

Specifics

Controlled electrical signals were input th r ough system electronics at the anal og-lo-d t~~tal conver t er
(ADC) to simulate control stick movements. Resulting m otion platform accelerations were th en Iecll rded
by linear and angular accelerom eters strategically mounted along the body axis of the s imu lat or  and at its
cent roid.  Lags in response time betwee n command signals and platform movemen t w ere rec orded , and final
p latform position was measured as a function of leg length extensions. Ve locities It ) achieve final ~~~~~~
were computed . A comparative evaluation of response s of each leg disdosed discrepancies . including
excessive lag times and cross-coupling between movements , t hat indic at e errors eXi St in movement ot the
plat form.  This would suggest that erroneous onset cues are provided th e pil ot , tending to comj ~lund fu r t h e r

the dilemma of the u t i l i t y  of moti on systems emp loyed on visual svst er t l simulators.

Conclusion

The conclusion drawn from this investigation was that the fideli ty of the SAAC motion system is
suspect , and before use of the platform motion is continued for whatever purpose . t ra ining or mesc arc h . a

maior updating of the  system should be per f ormed.  Regardless of its degree of f i deli t y . how~ ’er . there
remains a reasonable doubt as to how well , if at all, t he motion sy stem onset cueing scheme contributes to

si mulator  effectiveness.

s’siosiNi.
NTIS GRAU
DDC TAB
Unann ounced
Justit!cation___________
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PRI-F ACE

The technical e f fo r t  included in thi s report wa conducted by L)r . John A. Seevers
as a part of the l~)77 U SAF/A Sl~l Summer F aculty Research Program , approved by the
Air Force Oftlce of Scientific Research. The intent  of pursuing this investigation w~~ to
evaluate the responses of the notion s~ stein fo r the Sim ulator for Air-to-Air Combat
(SAAC) to controlled signal inputs , and clma r a ct .~ri~e those respon~e~ to define the
frequency domain in which the system is capable of funct ioning.  Should operation of the
motion system he required for sort ie fu tur e  opera lional task or inve st igaliu n , the
recommendations ot ihis report include action to he considered to enhance the reliability
and fidelit y of the system ’s response .

This is to  acknowledge the effort s of Dr. Seevers in conducting essentially all of the
wor k in this inves t i ga h i on .  lbs technical approach and hindi n~s have not been a ltered.
Only the statements used in the  text  of Dr. Seevem ’s report alluding to the u t i l i t y  of
m otion syste ms , per se . was edited. Recent studies on the motion ‘t ill mo tion issue tend to
deny an~ positive contr ibut ion of the platform niot ion system - relative to high ly
m a n e u v e r a b l e  f i ghter  and t ra iner- type  aircraft . That a p l atform motion system , when
per forming properly,  i .e.. according to design . will enhance the uti l i t ~ of the simulator by
providing onset motion cues that  will he beneficial to the pilot is still an unsolved or
unanswered issue.
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SIMUL ATOR FOR AIR-TO-AIR
COMBAT MOTION SYSTEM INVEST IGATION

1.

The Simulator for Air-to-Air Combat (SAAC) was designed to provide pilots with a realistic
experience in training for air combat engagements, In addition to the visual images displayed , the system
has motion capabilities that allow onset motion cues to be presented . These cues are short duration
velocities and accelerations of the motion platform and were designed to present the illusion of the initial
phases of entry into a maneuver. The motion system was originally intended to provide a more realistic,
hence a better ,  training environment for pilots operating the system,

The SAAC consists of two F4E cockpits mounted one each on 60-inch stroke , synergistic six
degrees-o f-freedom motion systems . Cockpit movement is based upon the computed six degrees of aircraft
motion freedom and is correlated with the motion of the sim ulated aircraft . All aircraft stability derivatives
are accounted for in such a manner that aircraft movement in any degree of freedom will influence
movement along or about the axes of the motion system, The sen sations of motion are intended to be
representative , as nearly as possible . of sensations experienced in the operational aircraft .

In addition to being used as a research tool , the SAAC is being used as a training device for F-4E
pilots as part of their normal training sequence. Presently, the motion system has been found to differ
significantly from sensations experienced in the actual aircraft . In fact , instructor pilots actually feel that
better training is accomplished with the platfo rm motion system turned off, Hence , the motion system is
not presently used in pilot training.

As a first step toward characterizing the existing system , it was necessary to develop a program to
accurately describe the dynamics of the system. This characterization assumes added im portance in light of
tests, conducted for the Scientific Advisory Board , that seem to indicate exceptionally long system fags
between an input and the resulting motion. These tests conducted on the SAAC also suggest somewhat
irregular behavior of the motion platform (Note 1).

II. OBJECTIVES

The primary objective of this investi~~tion is to document the motion of the existing system in a state
of adjustment that is consistent with that normally seen by student pilots and to compare this performance
‘:4th established criteria, Additiona l objectives are to establish importa nt parameters that adequately
describe the system, establish the equipment necessary to monitor the system , recommend a test procedure
to check the motion platform for faithfulness, and identify weak areas whe re the system needs to be
improved.

Ill. BACKGROUND AND MOTION PLATFORM DESCRIIIION

Block Diagram Representation

A block diagram of the basic components that comprise the motion systeu. is shown in Figure 1.
Cockpit control movements are transformed to electrical analog sign als and then digitized by an
analog-to-digi t al converter (ADC ) at a frequency of 20 iterations per second . The digitized control inputs
are fed info the flight  equat ior ’~ which ar e updated 20 times per second. The output of this block is a series
of ’ dig ital signals that  represent aircraft  position and velocity and accel eration , both linear and angular
These signals are then fed into a program that computes platform leg lengths (at 10 times per second) and
are converted to analog signals by the digital-to-analog converter (DAC) at 20 times per second. These

7
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analog signals for the legs then are processed as analog signals by the motion electronics cabinet which
produces a reference signal that is nulled out when the platform achieves the desired at t i tude . As a result .
the platform accelerates , and a position change can be noted.

Aircraft  Inputs 1
~1~Transducers 

]

[ ADC/Dl~~~~~

[ F ’light Equations

L Motion P latform Software j

DAC j
1

Motion Electronics j

[ Motion Platform

Platform Accelerations

Figure 1. SAAC motion system block diagram.

In light of the block diagram in Figure I , the primary in fen f of the presenf investigation can be
restated: describe the system dynamics of the pertinent blocks individuall y and of the overall system . All
blocks taken together would be the through-system dynamics from the stick input to the platform motion
as the output. In the limited investigation undertaken here , it was felt that greatest emphasis should be
placed on instrumenting and documenting the right-hand half of the block diagram , i.e., from the motion
platform driving software package through the resulting platform motion.
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Pk: tfor in Acceler ation Equations

Ilet ore ins t rument ing  the p la t fo r m , the acceleration equat ions f~n an~ point on the platform need to
he established. Also , the angular acceleration of the platfor m needs to be expressed in terms of h r .
accelerations of points on the plat form. I runt Nic r ia m ( l~ 7 I 1. the absolute acceleration of any point P on a
tra nslating and rotat ing body expre sscd as a vector

~~~ 
= il~ 

+ c~ x + w ~ ( w x r 0 ) ( I )

w here 0 is any other point un t ime  saut e rigid body . ~ and ~ are the absolute angular  velocity and
ac celeration of the ro ta t ing  hod~’ and r~ ~ 

I~ the ve ct or  representing the distanc e front time point 0 to point
P. Using a i rc ra f t  axes w i t h  \ out the  IlI lse . V out the rig ht wing, and Z down , equation I can be expa nded

a 1) = :I() + t iq + p t )  + \ ‘( pq m )  
~~~~~~~ 

+ r ) (2)

a = a0 + /4 ~ ~ ‘
~ ( P 2 + r 2 1 + \(~

- + ~)(~) (3)

= 
~~~ ~~ + q~ ) + if p + qr 1 + \( pr q I 

~4)

s~ here p. q, and r are t i le a i r e r a l t  an g u l a r  V C I I I C I t I . ’s V. Ilk \ . \ . an d / are t i me co ordinate distances from
poI nt 0 to po int p. l’li~ slCa lI \  let  j m m i l t  0 he the  g e om e t r i c  c e n t r l n d  ot the  p la t form and point P m be the
location of the first l i n ea r  accel e’r l ) l) le!e r  and p~ he t i m e  c l i  I ln  11 the second linear acce lerometer. Assume
that  all points p and ( 1 are in the sau te \ \  p lane .  l i i id t i le  an gular  acceleration p using linear
accelerometers. ,.\ pp k e q u a t u l l n  4 ts~ ice ~ i th  X I = \~ I . lccelerlI l l )etei~ m ounted on the v .axis) . subtract
and rearrange. The result  IS as t ollos~

I~
) = I 

~~ 1 qi ( 5)
(v 1 s~~~) ‘ I “ 2

In a similar manner

= I 
~ j  

~~ 
1 ~ ~‘r (6)

(x , \ - )  “ .2 ‘I

= I ( a 1, 1
~~ 

‘ (
1
~~~m ‘ : 1  ‘2 ‘I

— 
~~ 

— 
_____________ 4 .I~ , j  1 IN (8)

~ 
..,.j  ‘ 1 ‘ 2

I n t he above equat ions , the  q u a n t m t ~ I ~., ~: ‘‘I I 1 is the distance betwee n the mountings for
accel erometers I and 2. Accord in g  t I  Singer s specif ica t ions  on the SAAC(The Singe r Company . 1972), the
m a.xi ntu mn angu lar  ve lo cities are I ~ degrees/second . Consequentl y - the product of angular velocities is less
than  0 .06~ rad~see 2 

. Fur thermore ,  if motion is dr iven about one axis at a t ime , only extraneous angu lar
velocit y terms would appear at all. The r esul t  is that  the product of angular  velocity terms can be dropped
from th e angular accelera t ion equations , leaving

I ( a ~ a ) (9)
( V 1 v 2 )  ‘I ~12

(a r, a~ ) (10)
( ‘ i - x 2 )  L-t
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(a s, — a r 
) (11)

(y1 — y2 ) X 2 X
1

or ~~~~ 
I 

— (a~ — a ~ ‘ ( 12)
(X i — x2) y 1 y 2

A difference in linear accelerations can easily be found using an analog “summin g” circuit .

IV. APPARATUS

A plan view of the motion pla tform showing the locations of the accelerometer mounting points is
shown in Figure 2. All accelerometers are mounted within I inch of the plane defined by the pivot points.
A complete detailed listing of the test equipment used to monitor the motion of ‘~e p l a t f o r m  is in
Appendix A.

/
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!‘igurc .2. Accelerometer mounting locations.

In the electronics of sign al processing sen se , the measurement is dealing with a very , very low

frequency phenomenon , and as a result any deterioration of the signals due to the ni~~iit oring equipment is
not expected. The linear accelerometers have a natural  frequency around 110 Iii . which is 10 times greater
than the ID liz maxi m um of excitation of the platfor m for the experiments. The angular accelerometers list
a natural frequency of 29 liz which indicates deterioration can be expected to start  above 6 or 7 lii .  In
actuality, platfo rm response deteriorates so badly befo re 5 lIz that this restrict ion is ra ther  academic . The
gain-filter circuits have a one-half power frequency of 30 lIz which is also well above meaningful data. lit

addition to the equipment shown in Appendix A , a “mixing box ” was utilized to fac i l i t a te  gather ing data

and switching circuits.

V . PROCEDURE

The procedure was essentially the same for ~~theri ng all data : (a) use the signal generator to establish
the input , either a sine wave or an extremely low frequency square wave to be used as a step. (h) monitor

10
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the reference signal on an oscilloscope and/ or the brush recorder , and (c) record the syste nt ’ or subsystem ’s
responses (displ acenteril s or accelerati ons) on the brush recorder or the FM recorder.

l )ur ing testing, it was found that if accelerations were to be recorded , the air condit ioner for the
plat form ’s visual ss ste in had to be turned off. It generated vibrations that were t ransmi t ted  to the platform
struc ture .  These vibrations created extreme noise in ter ference  in all accelerometer measurem ents.

VI. RESULTS

Numerous tests were conducted to investigate various aspects of the to tal system . Each phase of the
in vest igat ion will he discussed separately.

Posi t ions

Five separate articles of informat ion  were gathered in this series of tests .  First , a common analog Step
input signal was app lied at the m otion electronic s cabinet by passing all dig ital computer  hardware.  Since all
legs wer e driven with the  sante signal . it was expected that  the responses would he identical . The results for
a step input  of — 5 volts to +5 volts are in Table I . The accuracy of the length n mea sur emn ent is ± 1 /32 tnch
for  all legs. Considering the maxint t in i allowable errors ,  there is stil l a discrepanc y of 7/ 16 inch in the
extension of the legs for an identical signal . F xtending this test to examine veloc ity for a step inpct t of 6
volts (approximatel y  16 inches). the  output  displacement calibrations , max imum velociR of each ieg and
dli  ter enc e in leg extensions at a nominal point halfway into the step are shown in Table 2. There is indeed a
cl )rls i der ahle d i f fe rence  in legs . In fact , the maximum velocities of the legs diffe r b y 13 percent.

Table I. Leg Scale Fac tors

Leg Scale Factor
Leg Leg Travel (inch) (in/vo lt -i nch )

5 15/1 6 2. 594
2 25 2 /32 2.584
3 26 ~/32 2 .628
4 2 6 1 1 / 3 2  2.634
S 25 27/32 2.584
I) 2 t~ i / l b  2.606

Table 2. Leg Ma ximum Veloci ties

Disp lacement/Out put Max
Leg tin/out ) (in/ sa c) I = 1/2 Ut. Dill . (Inch )

1 .3 39 14 .04 ()
2 I .3 1Q 14 .52 0

4 1 .345 15 .83 +0,3
5 1.3 1 ’) 14 . 1 0 +0 .2
6 1 .331 l 5 .l~

) +0,’)

I - m I m i t h e ’ data in Table 2. the different  slopes can he seen , as well as different values of the legs, at
the same point in t ime.  The data also show that  the motion can he grouped into three categories: (a)
.ccuIer a t1 ,~n f ro m 4 I )  millis ec onds (Ins) to 104 ins after t he  start of the  input . (h) a t ime of aIn iost constant
VelocI t (104 ins t o  6% ins) and (c) a t ime of deceleration (from 6% ins to 1 .120 see). The motion has
essential l y ceased .11 ic r  I .1.2 0 seconds .

An additional discrepanc y in leg velocities was noted on a test  when the nllmtil)n platform software
was dr iven  wi th  a vertical command , and the inputs  4I )  the motion electronics showed the ntaximum

I I
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ve lociti es of legs 1 ,2 , 4 . 5 , and ~ to b ’  about  140 I m ~ sec . m~lii le lee ~ L~ as .1I ) 1 W 110 111 5CC . I ) m i ~ is d is turbing
and indicates a defini te problem in th e s o t l s ~ , I I L ’ or t h e  l ) \ ( . I i i  h I l l e l  m I h I d e s  I I I  i r I & ) t i l r n . t his c I I u l d  p m I m d u c c
extraneous accelerat ions 10 the’ pla lhr r in .

Another positional finding was t hat in as~ t he an gula r  displacement Is a l i l l ( r s t  l i n e a r  s~ It Im in put . The
followin g yaw scale factor s~as obse rved for inpu t s  0.1 , 0 .2 . ( i .~. and 0.4 L I h I t  . r e sp cc tmve ls SS . 4 .
55 .3 , 56.4 and 56.8 degrees vol t .

After the motion of the p lat t o i i r i  s~ as observed . ii s~ as fel t  t i t a t  it ss I lu ld he benefic ial I I I  d e t e r m i n e
t he location of the axis about which an angular  a c celera t ion 5’ es o ccur r ing .  Consider pr of i le . ( I - c o m e
3) showin g two linear accelerometers wi th  an angular a c cel em .11 I I I  suc h as to produce linear acceier at Ibns

along the sensitive ax is of he accelerometers ,  l e t  d , he t Ir e di st n ice f r o m  acc elerometer I I I )  t i r e  point of
rotat ion ( mn a~ he positive or neg ative) and I) he the distance b etwe en a cce l ero mim ete r s  \ ( I t t ’ d 1 = I) +

A ~~~~~~~~~~~ 

‘

d~ ~~~~~~~
__  I)

~

1, _

IICIhrI - .~~ Ls> cation of as is for acceleratj o

Let A~ and ..\
~ 

he t ir e l inear  acceleration of t i re  :iccelcr ~I rl re ’ier s mm :iddimn mn t u  tha t  I I !  p oint I )

then A = A + ..~I to ta l
and A 1 = d~o

A 2 — d 2 a

subtracting -‘ 2 ‘I = - ( .I ~ d 1 k i  = lkr

subst i tu t ing and solving I or d~ 1’ 11, 1

A 1 A 1 x l )
• d 1 =—

~~

— =

~~~~ •~~ ,

The distance 1) f , n r  m i ll , p i t c h . . e ~d % . I5 ~ - r m ’ .p. ’ c t rvm ’ls - is I 2 . 1 7 , 16 .47 , a nd 16 .04 feet , and t ire
, t ce e lc romcte rs  a re symmetricall y i r m t i u r i t e ’d about t i re  pl a t f o r m  f ’e ’mn e t r i c  ce n i ro id  see I q m I re 2 ) .

There ’ are two i f r r p o r t an t  p o ints to he made h~ t h e s e  h I i , i . I lls ? , the pla t f orm is p i tch ing about a
point considerably in front of the geometric c e n t r m l i d  - and S C C I h T LI . t he point aho ri t  which rotat ion ‘e cu m s is
not consta n t . i.e.. i f  illt )S’CS around I~ a sig n i f i c a n t  ~-~ te nf 5CC 1 .Ih~L 1) .  Tire first po int is c oin s? Cr1!  wi th  t i re ’
fact tha t  the plat form is Ireav ier , and tire center ot f r a s l t s  is l a r t i r e r  forward than or ig ina l l y  believed . Tire
center  of gravity being f u r t h e r  forward arid hig lte ’r than originall y calculated m i g ht al so hel p ex pl a in  t h e
variation of rotation point.  (Tire irran u fac tu m e r  reported that  the cen ter of g r a v i t y  “ as t~ 22 feet a f t  I f t i re
f l m r w a ,  pivot and 4 .43 feet above the plane I l l  p i s o t s )

______ - -~-- .— - . —. . __
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“I

I’la (for liI Rotation Points

Ref erence
Ax is Accelerom eter Po~ it lv e J.rI, d , ( fee t) Negati ve Jer k

i’I I s i t i V e ’ Roll +\ (1.b9 (i .6(i (I S’)
Negat i ve Rol l +\ 76 6  ~ .60 -~ 6~m

l’trs it ive l’itc ir + \ 8 ,24 S 49 4 , 1)4

Negat i ve Pitc h +\ 5. 44 (i . 54 7~~3
Positive \ av, + \ 8 .62 7 . 1 1  8 .6( 1
N~g .i t iv ~ Y,i o. +.\ S ~ 7 ,57 5 1)2

Dead Ti nre

Dead t u n e  re f  e l s  to t i re  i i tne hetwecir ct f nu c i r  air event should occur wit h out air y sy stem dela y s and tire
uric tire even t r a ct  ua llv does occur . In t i re  pr ,‘se iii c on t ex t  , it me ’ t e i  s to tire t ime he’t s~ c’c-ir air app lied s t ep

input  air el t i re  I inn e s~ ite m result in g tr io t i otr  n ’ecl i rs ,  l us t  it should he mn ent j otted t lrat  no r one test air 8 ms
clif f  ere tic e i~ dead  t u ric was ob served bet weei r t i re  six legs when a step was applied 1(1 t I r e  rnicr t ior r  s l I t  I ware
program aird t I r e’ lei ~ cn rn nrmrai rd sign als were  moir i to r ed . A  discr epancy this large ‘~as obse rved ur n s once in
ah ot it I S tests , but  even It  t h i s  1 s t  r a r e , could pro ve’ i tn i t i b le’sorire.

the data d c  .ir is’ slit ‘st t i r e  d i f f e r e n c e  in ol)servcd ,l~ad t inn e of ’ posit j oin a r id  accelci a thin for t in e  sainn e
ste p i i i  put - l ’inis st e  p tin put  in  f l e a s  e as ap plied at iii ,’ nn n n i t  In m ekc I ro n k’s cab irr e t . flrc di f t c  R i t e , ’ bet w cern
t ire 40 m s  pos t r~’ir ls .n do uble i r n i C i m  i t  ion of acc elc iat ion and th at accc ’lc’i a t i tn i r would have hr Incc ’t in  115Cr
sn r mrre period of t inn re  b e fo r e  p o s m t i o t n  &lisp I~icei t t~m i t could be’ se,’r ~. I xpress ed ar rnn t l r c ’m way , if t he t ime rate of
clra irge iii acccler .it ion ( t e n k  f t s , n h n b ut  SiZ~se~~, then it i t  is assri n n ed t h a t  0.t ) t .)5 in ch or more of pl at f ’om nr
inove’nrcn t cain he se em . i t  wnni l  ii t ake  about 25 ms t nt p iat for in acceleration before ans p I n t  I n i rm mot ion at
all coul d he seen. ‘I ’Inns would be ar m addit ional 2 5 iris dead time in t ire pos it ion ~h sen vat  r , in ov er
accel erat ion.  (‘onse’d l ue’nt Is . i t s?  Ii ~ O5l t i oi l out p u t s  t on ails t pe of absolut e’ dea d t i i n r e i i lVc ’ct igat ion ri
ext r e n n ei v dangerorts in best -

Ove r a series n i t  2’~ step i ir pu t s  t I n  t h e  ‘~ . 1. roll , p i tch , ~nd y aw .is.es , t ire I hi erveel icc ’elcmat j nnr r  dead
t i nr es range t ’r orni 0.080 to 0 , I 68 second ss in In air uncei t a in t s  for each re’,n c h u g  n i t  about e) (8)5 se,’Ihmr d  - I - se ’ir

ta king tn t  o add b l u n t  this once r t mu int  s - I h cr e is about an 80 ms cliff er c ’ircc i n dead t jute ’ for observed
;iece lera l ion.  Tin t s is rrot su rpr i s irr g as t Iris iii put w is processed hs tire ill t a r e  pi ogram at the rate  n i t ’ it )

• I i r n r c ’s per sec r nd . rr 0 , 1 (X) second hetts d e n  S1ilni l ) lCS.

Acceleration Step Responses

At iris poi mi I - SI I Ilk’ rnr e ’n n t i l l  Ii slim itil d be m ade of win at  v .111 Ic’s .i me ii ppropr i ate t i n  accel eration levels in
order t i n present a proper cue to mu pilot. ( u mr d rs  ( 1976) est abl i sh ed tire ’ tact tha t  su hl i i rni na l  levels change
I l L ’ pt ’rr dnr g no r t i re  di t l i c ’ t i l t s  n i t  the tasks bein g performed by th e’ p i l I l t  As air .to ’air c , i nmh at  is s-er
demaird ing. accepted li l erar s values may not be applicable. 111155 ever , due ni l t I~ lack of better data. tire
cn ’n er ahlv accepted hre ’rc e ’Pt ion values ot 0.08g for translat ional  and 0.01 mad see 2 tc r r  angular accelerations

i l l he h iS c’ , f A ty p ical vai t ie lor subliminal translational t erk value is O .08g/sec.
set ic ’s iii , ic c clcr at i nn ir  tests were conducted where the motion e lect r onics cabinet was d r i v e un  ss ith  a

step i npu t  t o  den e r n i r i n e  t ime absolute capah il it s of tire pin s ste al plat t’or i nr  . l)ur ing this test - two  l in ear
.n~ cc’ l e r n m i n n e t e i v  were nn ou mr ted  on the  pla t f o r m , one S teet  fo rward arrd t i t le  5 feet aft of t ine geometric
c,’i r t r n n i d .  l o t  a c , r i n n i r r a r r de d  pla n for m step of 7 .2 incites up. the f r o n t  accelerometer showed a maximum
.n cec ’ le ra t i o i r  ~if 0,3S

~ .n~d a maximum t erk of b.SgJsec while the hack accelerom eter showed 0.45g and
I i  . 2g, see For a p h a t t n n m n r  dn rwn command , tire front sh owed 0.32 g and ? .lg/ scc while the back indicated
0 . 4t) g an d 12 . S g see , respectively. The dura t ion of positive accelera t ion w~~ abou t 0.4T0 sec. The difference
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between the front and rear accelerometer indicates a pitch acce leratio t r coup iiir g of 0.235 rad/sec 2 
- This is

23 tinres larger than threshold values. Tire excessive weig irt amn d t ’orw ;. rd ceirte r tn g ravi t y  would comrtr i h ute
to this problem. Apparentl y, Military Standard 1558 establishes the re q u i re m nn e’ir t t l r a t  tire ln rn g i tu d ir ra l  and
lateral accelerations should be at least ±0.6g. with tine vertical bei n g at least ±0.8g. ( ‘iear ly the SAAC does
not have the capability to even come close to this level.

Next , the mot ion software prugra r rr 55 as e lriv e i r wi t h  a I nnn g  period square wave to generate step
responses about a neutral p latfor i rr p ositi om r . Tine results a re  su m t mrnn ar i ie d  in Tabl e 4 . i t should he p o inted
out that platform up is +Z motion (as erpposed to  down l’nrm a i r c r a f t  mixes ) .

In Table 4. jerk was deternrined hs grap iricall~ taki mn g t I re ’ slope of t I re  a c ce l c r a t u n n n  curve at its
steepest point. This rapid change in acceleration wou ld i rran i t ’est it sel f ,is a chmmu ng e u n  seat piess ure on tire
pilot and should he quite noticeable. Was ir erut values mina ~ he ft ru r r d mu t I r e  table f I l l  a p usm mmv e’ ir rotion by
looking at the maximum negative value for tire acce lem atio r r of tha t  s .uuimu h le .

Table 4. Platform Step Responses

p q —_________ y S fir S
Mot io n — — — * — * + — +

+5”Y .20 .20 .08 .08 .50 .68 04 . 12  .01 .01 .8 1, 9
5”Y .25 .20 .06 .06 .20 .15 .1 2 .05 .01 Oh 2.0 . 5

+lQ”Y .30 .33 .12 . 12 .l~ .45 . 10 . 1’) .02 .02 .9 2 4
—1 0 ”Y .35 .33 .06 .06 .15 .20 .19 . 1 1  .01 .01 2 . 8 .9

“Noise
Level” .08 .03 .04 .006 .006

+5” Z .19 .19 .08 .12 ,lR .18 .01 .02 .04 .14 .8 4.4
- 5”Z .15 .10 .16 .08 .20 .35 .02 .02 .16 .04 2.7 1. 1

+10”Z .35 .25 .16 .12 .30 .28 .01 .03 .05 .26 1.5 8 ,5
— lO” Z .38 .25 .16 .12 .35 .63 .04 03 .27 .07 5.4 1.6

+ .2Q .70 1 .30 .12 .16 1.10 .55 .10 .22 .04 .02 6.0 27 ,2
.2

~ 
1.55 .65 .16 .12 .80 .55 .17 .10 04 .04 23.6 6.3

+2 0  .25 .30 .47 1.33 .9 .95 .06 .05 .12 .05 5.6 24 ,1
-- .20 .20 .10 1.41 .55 l . l S  .70 .04 .06 .02 .08 32.6 7 ,0
+.40 ‘30 .20 .86 2. 11 1 .00 1 .00 .10 .07 .17 . 14 15 .2 39 ,1

.40 .20 .20 2,3 5 .78 1,2 5 .75 .0’) I i  .O~ 14 34.3 1 1 . 9
• + .2~ . 10 .10 0.0 .12 45 2 .25  .02 62 05 .02 ~2. l  104 .2

.2~ .30 .25 .16 .16 1. 65 .55 .03 02 .04 0( 1 28 .4 1 1 . 8
+ ,4~i .~ 5 .37 .25 .43 1 .30 2 . 81 . 12  .14 .0~ .W 4 1 . 1  130.2

.4~ .30 .18 . 24 59 2 , 75 1. 75 .05 67 ,t t ~ . 11  50.4 22 .0
Notes . — I - Ma ~um n nirri I .itni ,” arc indi,’atcd

~ t~ n nis  r u t ’  S1’I , r ,id s,’c , (2,

The linear mentions of Y and / are not too had as far as inducing extraneous linear accelerations.
However , by almost any conrpariso fl t h a t  can be drawn , the angular accelerations are not consistent wit i m
des ired values. Washout values are excessive and cross-couplings hetwe emi desired platf orm motions and
other axes are alarn n in g . Cross.coup bng sheru ld he restricted to that induced b y the so f twa re  package logic
where desired representations for platform posit ion nn f the SAA(’ are as fu ll 55 i.

X~~= 4 ( 2 . 2 5 A ~ sin 0)

Y
P

= 2 ( 2 r A — A y ) 36~~

/ = 2 1 l + A 7P
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= 0.62S sin 0+ 0 ’3125 ~~

(I 16) 1’ A + ~ h / l 6 ~~ )

wheie ~~~ ‘1A’ amid 1A are in rad /sec.

, and A7 are in units ti f g.
.\ .\

us m r de gree’s.

\~~. \~~~. and Z~ are in inches. (Note: hrr tIne platform equations . is positive upwards. )

~~ ~~ 
ant] are in radians.

Clearly , the lateral and longitudinal modes of motion should trot he coup led. Table 4 shows coupling.
especially pitch inducing yaw which indicates the motion system is not behaving properly. Much of thi s
coupling was visual ly evident during the acquisition of tine data .

Strip chart recordings clearly demonstrate the washr out pr oh le mnr . Tine washout phase of tIre motion
which is supposed to he below a subliminal level is almn,n st 50 perce nt of the cni e sigir al. This washout is
governed by a linear washout scheme , and the probleur could he greatly reduced if a mro n lin ear washout
scherrte sirmnilar to Parrish’s was employed (Parrish & Martin . 1975). The effect vertical m otion has on yaw
and roll was illustrated. This is undesirable and no yaw or roll acceleration sirould he observed for vertical
motions. Also, tire slope of the acceleration curve changes abruptly several times dur imng the course of the
cues. TIne cause of this hehaviQr has not been determined ,

Frequency Response

Linear systenis theory states tirat for a sinusoidal input  to stable linear ds nanric sy stems the steady
state output  will he a sine wave of the sante frequency. As a result , linear dynamic systems ni r ay be
comp letely character ii ed by the sunp litude ratio and the phase angle of ’ the output as a function of the
frequency of the input signal. One grap hical rep resentation of these data is the Bode plot where the
amplitude is expressed as log’t r r agn itude . m r . wIn ch is defined as:

Lnr(G) = 20 logi 0 1

where (.(ka ) is the transfer function of tire proce~ relating the output to the input .

Sinusoidal position respomrses were recorded for each of the six legs. in add it iorn . t’requencv responses
were recorded (‘or tine p (atfnrrmn acceleration in both heave and pitch for snra hl mumnph i i ue l e u l m n I t i o n .  Um ’de plots
of the results were drawn ,

The data used ti n generate these Bode plots showed several interesting featur es t hat cann ot be
included on the plots ttren nsel ve s , F irst , at frequencies above 2 IL ’. there was a noticeable lack r nf ss mn me t m~
in the p hatfm nmnn s mn ro ti on , i.e . the amplitude and velocity of the up nro t ion 55 mi s less than the dowmr mint m m ,
Also , above 2 ii, , large vari a t io urs developed in the peak amp litudes at a constant frequenc y and hig her
I ia r mrn m n n ics appeared in the output .  Sonne degradation of the motion occurred at input trequemr cies under I
Ii,,

Based on tI me Bnnde plots aird the tinre histories for sinusoidal inputs, it is the aut lnor ’s opin innn that
platfor r ir unot ion iras deteriorated to the point where it must he considered non -linear for input  signals
above 3 lit . In some cases, the nmnum4 inea r aspect of the motiour may sign i fi camrtl v affect results at
frequencies as low as 0,5 II ,,
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Front tire Iii ide plo us t i  r 1 iw I mt ’qni e ’imcics f lu e’ pla t I I in m r  s r t ’%j nn m use p~e i t ~ well behav es like an
tnve rd am m rpe d second n n r eicm l iuu e ’ai s~ m a r i n e ss s t e I n  55011 .1 sligh t d n h t e n e ’m ice u n  each ind i v idual  leg . It the m ratura l
f req uency is t aken  as tine f ret h tme ’mn c ~ 55- i n c ur t i re  ph ase’ ang le n s ~() degree s . timeu n t hnc iratural treq uencies of the
si~ legs are 0,52 . 1,162 , O. S6 . (1,5 1 . 0,6 1 , and ~~~~ resj iecI iv eh ~ . l ine Itniele’ plot s f i r accelerations also suggest
an overdamnpe d second-order s y s t e m r r  S5 n i l  a m r mi tum .u i  t r e n l u i e ’ulc\  I t  abtit u t I .~ ii, ,

flue t o t ini e’ hi nnit  mit in i mi s , ( m i  ,nt te ’mn m l m t nt _ is mu _ id e’ m t i  u m i n i _ u t’ .u miimul  ht’ nm nj i  ica l ni,sl e’l II  In th e’ svsteni

t’ronm the l3nneie piflt s .

VII. ( O% ( t t Sit I~~S .t~~I) R i - t i  %IM1 ~~~~ Iii ~~S

Tire conclusions to he drawn f ro n t  ti n s ~‘ H o T l  m m m l  t l m s t  f it ’ l l e t a c e’d h~ a s ta t eur me ’int m e ga mdin g  t Ire
u t i imR -  of mmiot ui i nr  sn s t e r n s i nn s i m u i u l a t u n n  I i i  h ing hi l ~ n m n . u u i e ’n ivi ’ r j h ihn ’ t i e t l m e l  or t m a u t m e m . u % - p c  a r r c i _ u t t  Rec eurt
studies tin titus area have po ‘dtict’d e’vit kirce tim mit se i i i  ntmsi ~ ~ 

ue’s m ii ‘ins t i n ’ en ‘ml t  r ihu t i n  inn  r m rade h~ tI ne ’ p1_ i t t I n i nn
nr tnt iemn s%smcr r ~ toward e ’nhn at rcerm i e’m r t  I t  the ’ tuauumumlg e l  c’~ t ive ’r ress u t  s n r r n l m l : i t u i l s  I m I n i s  t \  p

~
’ One’ n r nig h n u

conclude th at the phy sic a l c om n s tr mulmn t s  ui mdu ce d h\’ he u mr g boil ed to ll ~~i . .u T ln i  l e s r l i \ l i l n i r s  to leg It ’ i l g u i I
e’ s_ t e’ m rsinnmns preclude imparting c t ie ’s of s l i t  t l e ie’nr t mmm a gn i t  uelt ’ a mid dii m ,, t il inn m~ he n$ise ’e’r ,n ihl t ’ I i i  t i r e  St 1151 1

s~ste ’im n n i t tIre lnumrn amr body . Since on tine case of ’ tine S.\ ,.\( . t h e l l l \ ,’ I I I I ’ H I  1 t  t I nt ’ m m l i i t u t n m r  pl _ u t f i n n n m r  Is

dist ractimrg and , in the op in iom m n i t time Instructor Pilots nit tliiung tim e dcvie’e. di ~‘s iii i t  , n - ~ l l r , n r , -Is replica m e t in t ’
“feel” of’ the aircra t ’t , it is no longer being used in the training programm n .

From this investigation it has been dete rnnii red the SAA(’ m nmot  io n ss s t e I n  Is lou  pen f u r  mnrim r e mit .u les e ’i
sufficient for t ra ining purposes. Before fu tu re  e m m np h i i y m nn em mt  l it t h e s~ s t e r r l , s i lu l t u l n I  th e’ m e n t n i i n e m m r c u n m  . i r rs t ’ .
there are four areas ss h er e’ deiIcmencie.s should he assessed t o n  possible correct iv e hi 11 1 11  I l I s t , t i l e  ~l l  ese ’rl t
motion hardware is not mcchanicalI~’ f’urmctionimng p m n n p e ’rl ~ aind shn nul d hc “t n i n m t ’d l i i i ” to  spe’cit n e at  ll ’ i lS
Specifi c problems that shnnnu ~d he re’mmredied are the en i i s s ~c I r n i ~n h i n n g s  It  u r m n r u i i n m r s muimt i  t i ne  . n h rn ip m un e ’ss of ~e r t . u l u r
nrtndcs tn t ’ nr t nt ion. Secondly - t ine re •s a quest inir m mt 55’ bet lie r m lie ’ l iar  d ss m u re ll ,ns t i r e’ h,i 5k mi pmihi lit Ii i n r t’e t m m ig
M u l i t a r ~ Standard I 558 which governs i mno t in i ur  p l a t t n n r i m m  s~ s t e r r n s  Tire ’ m h n u m d  .u u e ’ a r s i n time ’ su i t t t t  n r c ’ p.i~ k .ige
associated with the SAAC~ as an ex amp le . tim e prese nt Inigic call s I I  t ime acce’le ’r mu t r Im t i f  t i n e  I n f a t t l n m m r n

centroid . rat iner tiran a point correspom id ing to tine piln it The t ’n i tu r thn  a r e a  uinmm t in e’e’ds i u i m p m n i v e ’ u m m t ’mu m ns i n n t i r e ’
basic smmirulator logic and cnnncerns the best method tn i prescimu cues m n n  t i r e ’ pi l o m t n i  r e x a m r n  pI e’ , .u rnnn .Iimrcar
washout scheme simtntild greatl~ imnpmn nve the ullnu sin n i r of aircraft nn rt itu on -
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APPENDIX A- - DESCRIPTION OF TEST EQUIPMENT USED IN THIS STUDY

I .  50 rad/sec 2 angular ae’celer omet ers. Schaevit i. Engineering Model ASBC39-50 :

a. Yaw axis Serial Nt) . 3372G .
b. Roll axis Serial No. 3373G.

2. 2-g linear accelerometers . Schaevitz Model LSB(’.2:

a. Y axi s Serial No. 3672.
b. Front mnn ount for pitch axi s Serial No. 3681.
c. Rear mount for pitch axis Serial No. 3679 .

3. Cannister No, 5 with 3 orthogonally nnounted 5g linear accelerometers supplied by Air Force Weapons
Laboratory. Kirtland AF B , as described in Technical Note No. DE-TN-76016. Accelerom eters wer e
manufactured by Enderco.

4. Gould six channel brush recorder Model 260 .

5. Two Lambda power supp lies , Models L.P-522-FM (0.40 volts) and LP.52 1 -FM (0-20 volts).

6. Function Generator , Hewlett-Packard Model 33 lOB.

7. Time Code Generator , Model 111.188.632.

8. 14 channe l FM tap e recorder , SANGAMO Sabre VI Model 632 , Tap e Transport Serial No. 6221 ,
recorder Serial No. 772.

9. Amplifier — Filters built aro un d 747 ampliflers. All signals have a 30 Hz , one’half power frequency.
The angular acceleromet ers have a gain of 20 . the linear 2g has a gain of 4 , the difference circuit (used for
pitch accelerations ) has a unity gain , and the cann ~ ter accelerometers have a ga in of 10,

Note: Linear accelerometers were cross.checked against each other while the angulars were checked with
the difference circuit. The scale factors for the accelerometers are as foUows:

Cann ister A~ = 8.25 volts/g

= 8.25 voltsfg

8.35 volts/g

Linear 2g A l0.Oovolt s/g

Angulars a5 = 2.00 volts! tad/sec2

Difference a 1 .28 volts/tad/ sec2
(pitch)
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