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entirely on l inear  systems analysis; the p r ed i c t i on  of full y—developed Pit)
frequency and ampli tude requires that  a l l  s i g n i f i c a n t  n on l in e a r t i e s  be
conside red. The theory postulates that PlO can develop  e i t h e r  as a r e s u l t  ot
closed loop control of pitch attitude or f rom abrupt  cont ro l  or a tmospher ic
inputs of size sufficient to excite a lightl y dumped , dominant , stick—fret’
airp lane mode. A number of PlO case histories are examined ; it Is shown that
these c o n f i r m  the proposed theory. i’he imp i Icut Ions of t he  theory to fit ght
test and to simulation are discussed . A generalized definition tot PlO Is
given w h i c h  permits distinc t Ions to he made between pilot—vehicle svst em
osc i l l a t ion s  due only to attitude control and those due to attitude plus path
control modes. It is suggested tha t the theory can be easily extended t o  the
t4tti~Iv of lateral—directional PR). A bibliography of PlO source’ material 1~
included with this report.

\j ’ ’~\
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SECTION I
THE PlO PROBLEM

A. BACKGRO UN D

The pilot— induced oscillation (PlO) phenomenon has long been one of the

most fascinating and baffling puzzles in manual control technology . The PlO

problem is complex , surrounded by con troversy , and has been poorl y understood .
It is a subject that is very important to understand because of the potential

impac t a P lO problem can have on an aircraf t’s development. Historically,  PLO
problems have tended to first appear in the final stages of flight test and

eval uation and are , therefore , very expensive to correct. There has been no

way to predict PLO encounter; it has not been clear whether simulation is a

viable way to diagnose PlO tendencies.

It is not known when PlO was first encountered in manned flight. The

documentation of PlO appears to have begun in earnest following World War II

at a time when combat a i rcraf t  performance was being extended by every possible

means and when fully—powered hydraulic control systems were being tested and

introduced into service.

A partial list of United States aircraft that have experienced PlO—

related difficulties is given in Table 1. In some cases, the PlO resulted

f rom experimental modifications made to the designated aircraft  and , therefore ,

is not necessarily a characteristic of that aircraft as it is normally used .

Many other undocumented PlO encounters have occurred . It is probably safe to

say that PlO should be expected to occur with each new aircraft until the

problem becomes sufficiently understood to preclude it by design. :
A bibliography of both longitudinal and lateral—directional PLO is

inc luded in this report. The reports listed are representative of the base of

data and info rmation available on the subject.  No attemp t was made to list

every report that addresses the PlO problem. The reports are listed in alpha-

betical order according to the surname of the first—listed author. A report

listed in this bibliography will be referred to in the remainder of this

1 
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‘ ‘I ’AIILE I .  SUMMARY OF A iRCRAFT KN OWN TO h AVE
EN COI TN ’l ’EREI ) P l O  (U SA O n l y )  —

1. X h ’ — -’+.~ I i . F— I O6,\
2. i’—tu IA—l i t t . F—4 C
I . SII2C—1 17. B— ’uS

4 . l” -’u V — -’t R  18. T— ’37A
5. A3h ) 19. T— 1i8
6. C — 9 7  20.  A 4 1) — l / 2
7 . F411 21. K C — 1 ) S A
8. A2F  2 2 .  F— S/c
9. F— SM) 2 3 .  X — 1 5

10. F—l 0Oc 24~ M 2 — F 2
11. F—lOlB 25. YF—1 2
12 .  F— 102 1\ 2 b .  ‘t’ F — l t t
I t . XF— 104 27. YF_ 17*
14. F—104B 28. A —7

~~~~~ a tut u lo t  i’d w i t h  t he NT— 1 iA on I v

Se’c’t [ott bc t h e ,’ p c - c t  ix It(ttir examp li’ , 1112) . A sep ar a t e  Reference’ sec t  Ion w i l l

list p r i n c i p a l  documents supporting the a n a ly se ’s of th is report ; seuuiie oh ’ t hes e’

w i l l  a l s o  be t’ound In t h e  it t h u  ogr op hv

Tlt c 1’ R) problem is one in wit [cit an os c 11 Ia t Ion o t t lie’ a I rc ra I t  oct ’ n c-s

• porpeuising , dcitcht—roll , etc .) that ,  Is clI ff [cult or impo asliule for the’

p i lot to s top .  ,\ centra l characteristic of liii’ phenomenon Is I Itat t hit ’ ,u i t ’ —

p l an t ’  is stable both Stick—fixed or stick—free; Itonci’ tite name r~ 
I h u t  — l nelue’t’el

oscIlla tion.

Op in Ion varies wide lv on the causes ci t  P10. ‘11w tivuam I c -s  c i i  t he i- tint t o h

sva tern have boon imp 1 lea ted liv numerous Invest I got I tins .is .i p t  l i l t ’ ft.i l 0
for P l O  (e.g., B4 , B5 , B8 , 1315, B20 , 1321 , 1132 , 14 34 , 835 , 134 h , 1157 , Ittt t , ouc h

1471) . Feel or control system item 1 [near I t  te a  have been neut i’d ,u a  impo i t  an t  t 0
P it) by metal investigators; among these, 1415, 1454 , l%t’uti • and 1171 are c m l  p .i F t  i c - t i —

b r  t n t  crest  . Bohwc ighits have’ been ident If I eth Lw severs i Invest I g a t  i i i  i i  u s

pcu ssible PLO initiators (e.g. , 144 , 141 ‘m , 132 1) , 1121 • 11 38, 1154 , uu n cl it’u 7 )  . Stui’—

pr is [ugl y I’ ow c i t  a t  ions ltave been made o I baa I i ’ .t ic - I t onic ’ dvnam ic ’s as c ’ , u ’

- ‘ - ~, ‘—~~~~~- -— ______________________ ___________ ____________ -



-~~~~~~~~ c ’ ~~~~~~~~~~~~~~~~~~_ . ’~~~~~~~~~~~~~~~~~- -~~~~~~

fo r  PLO;  1346 is one of the few references to suggest that airframe properties

are’ at fault. ln  1415 , t he  ro l e ’ oh the  a i r f r a m e  I s  con s lde’rt’d as an Important

r t c i t  I lit ’ c iV i -F  a l l  dvnarn Ic sy s tern ;  lit 1122 a P 10 cr1 t o r i  on is propo sed t hat

t’t i i l u ht . tS I .~t’s t Ito t ’o le,’ c i t  a i r  f t-aunt’ t h V u i O f l l  I c  a .  A few at ud l e’s have sugge’s ted t h e

impor tance of pilo t task requirements t o  Pit) (145 , 1415, B54 , 1366, and 8 7 1) .

“Abrup t” control I n p u t s  have of ten been connected with the onset cii P lO

( e . g . ,  1415 , B 27 . 1454 , B66 , and 1 4 7 1 ) .  1’Ite [‘h o r a t i n g  scale —— shown In

Figcire lh and t Irst introdcuce’d at Mct)onne l 1 A l r c r a t t  du r ing  t h e ’ F—4 deve lop—

uncut —— emp has I .~e’s the  si gni I [canoe ’ to I’ll) of ab r u p t  cent rt ) 1 ( 1121 )

l ’hi e ’  p 1  le i t t u g  c i i i ’  t h a t Is most c en t r a l  to Pi t )  Is a point , on witicli sharp

ci [aag ree ’rne’nt i s  I tunnel in the Ii terotciri- . Norm a l load factor response itas

boon c i  t Oi l  d i r e c t  lv or by inip it  c-a t  I on liv nume’ rous I ttves t I gato r a  ; among t h ose

144 , 145 , 118, and 1154 ar e representative . The i mp o r t a n ce  of load fa c tor  as t h e

pr  [mar c- p1 lii t ing cue is discounted in  1412 whor e it Is scugges t Oil tlta t p I t  cli

u t  t it  uchc ’ i s  the  pr (m a r y  cut ’. The i_ I  ost ’d loop c r1  t or i  on fo r  P10 ptcu Iuosc ’ei in

1122 i s  based la rge ic ’  on p i t c h  a t t i t u d e , ’  t r o t - k i n g .

One no t ab le ’  , u t ’ea o I’ u nt v e r sa .l ogr ee~’mi ’tt r ( a t  l e a s t  in the  11 t o r ot u r e )  i s

the’ importance ’ c it visua l i I n~ the  p i l o t  ~ia a I c ir c e  pr odut ’ lug  dy n a m I c ’ e,’lemt,’nt .

I t I s s u g, ’, t ’s ted in  1315 , however , t li , i  t t h e  p 11 ot sheet 1 d also be cons idered  as

dci lOt ’ t [tin produc t img s e rvomechanism in  ana l v z Ing for  poss 11) 10 1’ 10—pron e

.1 i c ’ I I I — Oc m t i t  c-t m 11e~r ,,‘ciinb I not Ions .

A lot era 1—el I t ’ c ’ i’ t lena I P l O , known t tu  exist In ac test I f 1 ight . has been

chip I I cat  oil In a I Ixed—hase at mu lot  ion In a t  1 e’as t one’ l u s t  OnOe ’ (114 ) and

p o s s ib l y  o the r s  as well (1173?). However , to  t h i s  au thor ’s kuow l e’dge , a

I ong t u th I tu , i  1 P10 has never lueen c’rca tech In  a I I xeih — ha so ai mcii a t  I on,  a i t  hoe ugli

.it 1, - t a t  one ’ sort t i tus . undoecutnen t ~eI a t t emp t t o  do so was mac it ’. What  was

,u 11 e’cl .i ic ing I t  cu d m l  P lO  I t t  a I I xc ’d— base s Initu t a t  I tin was ob ta ined  liv l i i  rsc’It

.i u tci ~tc ’t ’c m rnu[c ’k (1119) i n  a I a ac  m a t  I ng  ~ t ii d c ’ ; t h i s  was a ct in t r l v e d  e x p e r i m e n t

lit wIt b I t  ra p i i i  and i t on — p ht vs i c - a l  , on~ lint’ var I at ions c i I I /T 0 tcc i~ Ft

ma~1. ’ I i i  i i i ’c le ’t’ I c m  c- a t  , u  i v  ~c ’ ,t sitS t a I ned ac’ atom c isc ’ i i i  a t  I t i n—— :ippar t ’n  t l v  hecacist ’

,i  I’ h i t  c ’ c m cu I c 1  ne i l  lie’ I i i  i t  I i t  ott cit  ite’ t~~I Si’! l i l t ’ t L c ’ I i — e ’X I ;  ( once ’  i l l  1 ciug it citi I no I mode

mode ’ 1’ i i i  I n  I I xe - t i -  l i t  so a Im cu l o t  I outs is t’egarileti liv t l ila :icit hoc- as ,u f o o t  of
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sonic impiur tance .  i t  Is a! sc m not  eweur thy t hat For tenhaught (li_lU) Iii loch to

o t ’ c’O t o  1’ Ic 1 in a no t-tu.u 1— .ti ’ i t ’ l o t-at  tc m n — d i ’ p r  i vod a inici ( a l l  out wit b i t  di ci I tic icicle’ l i i i ’

p i t  clt rtu t it  I c ilia I at’ Oe ’l t ’t ’O t lout i t

The ciV e’t’ .t 11 a t  O t t ’ ii I the  art c i t l’l 0 cinders t and I ng may be best  infer rod

bc th e  i e.ude ’r a I tec- he h a s  st cud led ( h i t ’ 1uub lI t ’ deba te  L iv Ashtkenas and A ’ Harrahi

( 1 4 1 2 , H~’ , and H I  I )  . ‘I’hi is c-al eu _ t i m  io c-ee oc-c l scigges t a t list tile’ c-c’ a t i -  many wac- s

ii i  WIt  i i ’ ii t he ’ t u , u t  u n ’  ci t  P l O  m a y  be’ V I a t i , i l I ~~~ and t hi s t cad - l i  c m i  t hea t ’ c .u t i

Oc i it  t t ’ I l u c i t e ’ I c i c i Ut ’  cu I t tuna t t ’ cuti d e’ t’st ~i uid I itg ci t  (tie iu lit ’noctm e~utmn

II , l i i i :  HANr fl_ t Sc: ~ I ’ A l , l I ’ l E S — — p 1 c t  L ) h c ’l l& ) 1’0~’t\

I t i s  H O t  _ u t a l l  0 Ie .ue ’  wl t i ’ [h i t ’ u ’ P i t )  ne’ce’ssa ui lv resu i t s  [rein h i _ us  I c o l i c -

ti~i I t ch i i  it g qu a  l i t  i os . l ’hie , ’ c-c’ I d ent ’ e’ Is t Ito t it doe a ito t . Thi at  is , I’l 0 ht as

c i O c t 1 1 ’ Ft ’ ci w i ( I i  ,i [c-c ’ i - a t  t h a  t have’ tm _ usa e’d I ii gh t teat c’ei’tI f l i _ u t  l imit and mac-

l t e ’i c i  O F t ’  bc 1ut’ e’~ tmted t i m  have ’ ge’ne ’t ’ a L i v  oc -c c ’pt  ,t li Ic Itnuici I lug qcual It i t’ s ( t h e  T—

ISA i a _ u u i  t ’x _ iu t t ’  I t ’— —R e I’ . 1) .

itt ,’ c i t h i O c -  lt ,tttil , i i  011 . u t  t c  r o t  t i s  c’ e ’t ’ v ~h l t  I I c u l t  tci cout  n i l  (Ccmo 1it ’i’ —

I t o  t r -  i i i  i t iga  W o c - s e’ t L i .u i i  .ibocu t 5) tu cus t  we c ’ouc I cude t h a t  i t  i s  1’l 0 — p c -o t t o

~,‘ , i ii is’ c ’ cii’ t c i  i~i l i e ’ I c-dim t’ lig h t t t c’s wh i t ’ t l it ’ t ’ suc it an .i i i i ’ i~~u t t  Isus a I’ I 0 p t’ cib I em

c ’i wh i t ’ t h o t  i t  t li e ’ t ’ t ’ l v  It.is lu c i c u l ’  h and I i u t g  q cu ci L i t  i~~a lit  ( itt’ c cu t i t  t’ti I ol . i t  t i t  tu f t ’

~i c i 0 _ , i t  m at  I e ’t’

l h ~’ t O  ~i ?  0 ti , ’ ii OO t t t j i I c O t  1 115 t - I c ’ I c’t ’S I two I c’e~h in ott ern~i t lug t o  OflSWe ’i’ stuc -h i . 

-

q t i c  st  I c ’ it s  . 1” I F s t  , t li e ’ t’e 1 at  I ~m tt b et  w e’c’i t t itt ’ p 1 t  c u t  ‘ a t a sk  anti any I eiiete’u ic’ c- t c ’

c x c  i t  t ’ i_ ut c’il t 1’ t O in  .u I i i  g h i t c’ F s I mci ia t i m r expt ’ t’ i mont Is unknown si 11cc’ we’

know Itc ~ i I. Ite ’ u’ i I l . u t  en I P 10 exist a non , I I  i t theme ’s , lteiw I t may be’ cxc It ed . —

‘c ’ 0 c in c h  , we ’ Itave’ liii c-cu Ic I c i t  J ( a c - c -  Int l no t I utg be’ tw ee’n .u cent  i’c i I p rc t lm I e’m clUe ’ t c~

~‘c ’c ’ t O t t  i t  i tc h , ’ ccitt t i c ’ I tic’ noun los  ,i i id ofle’ clue ’ t o  1’ 10 t e’itcienc tea whte ’n t hose - a F e ’

t~ l l c ’ c ’l l i t [ c t  i _ cl i t t  I I I g u t  t i ’S c i i ’  s imu t a t  i c i i i .  ‘l’hicus , we’ co un c i l  lie S t I l e ’ t i to  t We ’

,i I c ’ I OS t I t i c, t hi t ’ ~‘ I c ’~~i i  c’iuf l t  l i i I s i t  U Ot  i Oi tS  c tm F t ht ~t t We ’ c ’Oi t  I cli ’u it  i t  c’ .u pot  cut  i.u l

1’ 1 ~ c’o u u  I I gu i i t  I t m i t  ~~t ue ’ut ott o is e’tt cc uiint 0 l OL L . l i t  i s  is a nont  u i v  t a l  mat t ci’ a i H c ’e’

i t  i t _ t v a I I c ’O t  l i i i ’  c ’ i t , i  i i i ’ I c i  c i t  sv a t i ’m 0 i t a i i c ,c ’ Ft ’c l c u  I i’e’utte’ttt a anti t he ’ In i hu ac ’ t t i to  I

t Iti ’ ~i I t  c i  i i  t iii i g l i t  h i , i ~~i’ i t  t i e ’ I t  ~‘ e ’t’ e’el C c ’ I t ie ’ I I , t t t i  1115 01’ S O I l ’  ice  c ’c ’nt u iiuln i t  I 

-~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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F l u e ’ t t ~uct e~ti c v l i t  p .us  t we rk boa tmi ~e’Ii 0 lel t’n t tic ’ _ u i i v  p 1 lot  —a I i c  c-a I I

c i S c ’ i i  hut ic mn ~~ ~u I’ I t )  w i t  hic it i t ,u gi’c ’.ut cit ’Zi 1 c it cli act’ tunf u ta t Ion, e l f ’ c-oclrse’ , t h u t ’  ‘

W t t t g~~— b t ’ut cl i so, ,  I’ tc’t’t— h i cu h m plt i c,. t n t  Iv— c i i ’\’t l c m Im c ’cl t’I t) Is c ’ ,i s  i I v  ic ie ’ i t t  I t  It ’d wli t ’ut

f t  c ’c’c ’ i i t ’ S (i ’\ ’  c l O t  i i i  i t  l o u t )  ‘l ’hi Is  is no t  t itt’ eisc ua I I’ h e )  e’noticun t OF  • hc iwe ’v e ’t ’ .

i te ’ e ’ci ,t tile’ t ht od C O F t (it ’ unatiit u I gu ,u imus Sc’ 1i~ i I ’O I I eu ~ ‘ t O t t I t  tud c ’ (‘t i l t  I r’o 1 1’uob I ems

l’cmtfl t hose’ t 1st t We ’ c ’ l u c m ciSo to  c , t l l  I’ 10. ( l e a r  iv  • ii we rka hm Ic ’ di,’ I ( t i l t  I t i ll  f u r

~ i’ I c t i s  re’qeiirt’ti .

REP OR t’ OU’l’l, I N K

I!
In t i l e ’ rt ’fli.I i t i d e’ r u t  t L i l a  rep cm F t  , on Iv  t iii’ hu u~ g it ud I ito I nuc i c i c ’ , slier t —

~~ pO t’ j c ’cI I’ l i t W i  I I i’ c~ c ’ci i tS Ide,’t’e’ct. A I c m r n t , u  1 del in  i t  i on  I t ic -  P l C t  w i l l  hc’ 1ic-o 1mum se ’ch

in  ~‘m~’ ~ I ci ii  11 w it i c i t  w I I I  , i t  is  hiope’d , pet-ui it t’ c’Sci I t u  I I t in t c m t i e’ tti,idc’ h ie t W e’elt

ho P tO —p i ’ cm ne’ a I t ~~’ c - a t  t , int , l  t h e  citie s t hitut In ert ’ I c’  has d c ’ I i c i  out  hand I lu g qc u .u I I  t i e ’s

iii th ’ Oc ’l l  I r ’ c i I cml  ,t t I l t  tuck ’ . A model I i i  F p i t t ’  I clv noun l o s  W i l l  lit ’ p rese’n t i’d i n

~~t ’ 01 1 c ’tl 1 1  1 t h u , u  I i s  else’ t cu l l i i i ’  I lie’ au ,u I c s  i s  01 i’ I t) . Couttt’o I ( c ilia  ite~ 1 wc’eu I it i s

mode’ I ,flici l i i i’ litOte ’ I ant i 1, j~ i~’ c ’t t O S  t d i cu fld (n  t i l e ’  Ii t c’I ’ , u t  t I l e ’ c m l  P lot  clvu am i os

w i  11  hi ’ c i i  si sa~~~~~ ~‘~i,r,t i e ’t  L i t ’  eLI tc,~ti t Ion w i l l  be ’ devc m t e d  to the so—ca l i e d

ac ute ’iirtu utcmcus trot’ k I uc, mode,’ c i t  p l Ieu I ht’li~uv for I h at  ito a been l i  nke’cI w i t  It P l O  i i i

L u _ t a t  works .  Se ’c~ t ton 1 V w i l l  i m t ’ e~5e~H t a 1uhc’ s ~c ’ ~i I and mat hte ’uneu t I c’s I I t t eor v  I 5 m F

}i li t I hiat I a c O I lS  I stout wit ii oc’~u I l alu I t ’ ch at _ u . ‘two c - 1_ u s a  it ’ I cat  it m t i ~ cii  r 10 w i l L

hi’ I ui I rodeucoti in  .uti , i t  t en ipt I i ’  accoun t for the’ tne’i’Iitin I anu s by wit belt a PLO i- o t t

t ie c ’ i  t a lc ’ :c ’ ci in  , i c ’ t n _ u i  i i  ig ht  . A oc mni p c’nct ituiti c~ l c-cu Ic -s t cur the’ asae’asmt’nt c ’l

I’ i L~ w I ii ho seuunni ~in l , ’ e’cl l i t  Sc’c’ I I c mu  V ~~5 ~iti  0 Id ( c i  _~ ip i i  c_ i t I ciU S  c~ I I I t t ’ P1  t~

I h i c ’ c ’t  v , ,\ uuniLue’i’ c ’ t  nuu uer L c , , u  I t’xaunp le ’s wIll be’ given in  Se’e’t Ion \‘ I t t u  In t l  i —

c,it e that kutcuwn I’ (0 pc-tu tu lenis O F e ’ ‘‘pi’ed ii’ t ab  It’’’ wit ii t I l t ’ prtmpos t ’ui t hieorv

ed it_ i  l l c ’  lunpor t au t  , t ine example w i l l  be gi ven to c o n f i r m  t h a t  ait a i ro rat I no C

kniuw n to ittive experienced PlO di ll icult tea is indeed excluded as a P 10 c’antl I—

t - by lirt’seiit t bt ’oi’v . So~ t ion  V ii will d iscuss some ge’n e’t ’~i 1 problem areas

o I im p cu u-t ,iuice I ii  thee experiment at idoti t if [cat ion ot ’ P It ) f rom the  v i  ewptm j u t  ol

til e’ 1i t ’ c m j m c is t ’d t I t O c ’ rc’ - F [na i l  c- , Sect ion V i Ii wI ll sutumar i ze what has been

c ’ , ’i i t ’ i t tcie d ci se’whte’c-t’ In tit [a repcu n t

.\ Lie ’ I I v o l  ion c m l  thte’ p 11 cm t — ~~e’it t e’re ’dl ltc ir ma I ac oe let-at Ion t c-tins fot- fune  t I tin

I S h iF O S t ’ i i  t Oct  In the :~ppend ix. App rox im at  ci I , it ’t t ic - s  t or t i t e’ ac ’c’ e’ 1 e’t ’O t Ion

I Fans I t-r I’tauc’t i t u ui are ’ a I~ cm tier ived there.

cm
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l I t  i s  t ic ’ C iii it I t ’ll 01 int l it . t t  i ’s t c-t im ( h it ’ PlO e’I  05511 t o o t  ion  ,u I h t hose  single ’

v , u  u’ t , i l m  It’ I cs- c lti u c -k c’c i f l t  c-c i I sc at onus I c ’ F wit [eLi l i ght t I v damped c I oseil 1 cut u p uu s c  ii Ia—

t o u t s  , t l ’ c ’ [itt t i u i s  I t ’ (e,’vi ’u t w i t l t  .u I t i g l t — c , , t  in  a ut o~m i l o t ! )  b cit w h i c h  ore It t i t
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By this del lu l l  ion dtmfle might  suspect t h a t  .u certain elt’nteti t ol chance is

i n v olv e d  (it PlO e’uc’ciultt ct; t h i s  aut hetr susp ects  t l~ u t t h i s  I s  • I ndoeth • I h o

e~ .ise’. Thin s • we titus I ti’s t I c i i  P l O  w i t  hi gl’ e’,u 1 0.11 e’ t ci ho ci’r lii i n t itat tlte

trend it ions iwcoss ut ’ c 1cm ails t_ u lit it a i t~ s_ u  I ial It’d.

It La not b c-hauicc ’ tha t this def [lilt b i t  d ic ta t e s  tha t P l O  re qui res  ci

love’ I cii p iloting task t h a t  is more comp lex titan mere ’ control cii attitude.

i t  is ceintonelc’cl tit ,i t I’ i t) e~_ iut  cml d i c o cur  I d i r  those ci rcumstances  in wit Ich th e

p1 Icu t Is ct -c -c- coetc c’rned about pr oc  Is  iott cem ntr ol ot’ cii rcraI I path or path—

I t ’ 1_ u t i’d , i c c e lt -t’ ,u t  ion cuu mp one u uts  .

Past tx-cur VOfice’S of  Pit) have been wi (It aircraft that wore othte rw iso

s t ab l e ;  wi tli future 01 l’ e’l ’O t  I emp l iuv ing  relaxed s t a t  Ic margiti, P l O  could tue-cur

tollc uwiuig c’cilitreu l svstelt i  f a i l u r es  for which the aircraft would he unstable .

Suc rhl  ,u c o n t r o l  pr obleut i  is still a d m i t t e d  to the  P1t ~
) category huy the del in!—

hun Iii’t’e~; ltcuwe’ve-r , for such aircr,u f I s tab i l i ty  could not he res tored lot Iewlitg

1’ Cc ) oltco clutt  cc- b y i-lanu p ing or nt ’loeu s lug  the  cont ro ls

7
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SECT ION I I I

A PILOT MODEL

A. BACKGROUND

I t was assumed in Referenc es 4 and 5 tha t the essen t ial piloting cue in

P lO is p itch attitude ; it was further assumed that a sufficient model for

p ilot dynamics in the fully—developed PlO is a pure gain; i.e., Y (lIc ) = K

such that thue stick force F (t) is just K 0 (t). No pilot dynamic equal !—

Z. i t l c ’ f l  ( l ead or lag) or tim e delay was considered necessary for  ana lys is  of

the ’ c~mses of a P l O  once it was known to exist; it was suggested th.it normal

,u c cele ra ti on might also serve as a p iloting cue , although it would not likely

l’ e’ Sc) important as p itch attitude. A final assumption was that the  pilot ’s

; s r i m o r v  response is stick force F .  The resulting pilot—vehicle system block

d i o~~ram is sitown in Figure 1; the locus of closed ioop roots of the system is

indicated in the gener ic  sketch for the case of no significant nonlinearities

or c o n t r o l  dynamics , and wi th th e short—period approximation emp loyed for

~u i rI l’,I~~Ic’ dvnami CS .
LI  1, ’t Al ,  I c,’,,.

~~~~~tt~Th
• C ,, c l i , ’  ‘‘ ) ‘s’cc , h c ‘c c, ’, ,  c ’ i l  l c ’ t  1

- - ‘ ‘ , ‘“
~ 

, tc l ”
F 5 

c i - )  - 
F ~~~~ - 

U’
~ ,, lc i , o  - “ - s i t ’  ~st~I

F:: 
1 , 1 — , ,

~ , 5 , , ’ l , ’ ,-

- ~
‘ ( I - .)

cc 

Jl/~ 

~~~~

u ,_, ~,, ,c

From Reference 4 and ~H i g h  l” m . ’q c , -~c c  Am v q’ t~’ t r ~ ‘
~~ 

— (,
‘ ‘ - c p ” s i’ - -I’ ,,

Figcur e 1. Simp I i i icd P i l o t — V o l t i c  Ic System Model
fo r  i-’u I lv—i ) evolop o d I’lO
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Flit’ non—equal  i;~e’ei , no time delay model t’or lui lot dynamics— —t h e so—c o  I I eti

‘‘ s v nc h r oi iou s  p i l o t  ‘‘ —— h a s  since been cr11 Ic i vc ’d by other researchers cia b e i n g

t c~c) un sopht  i~ t ft ,i ted . u 1 ue titus t be c ’ ,u Fe’ t’ u I not  to  con I use’ ‘‘uuisop ht i at I t o t e d ’

si  tlt ‘‘ e’ lc g5iut . ‘‘ I l i t ’ sy n c h i r o u l o d l s  p I lo t  model  i s , In  t h i s  a u t h o r ’ s o p i n i o n

t h e  t’l eg,int  proe lu c t cml  vi ’ r v s o p h i s t  i co ted rod son! ng . I t was dt ’v~ loped l iv t h e ’
sdittt t’ p e op i e  (and or~z-itt I z,u t ion) respeuns ible I or the development 01 tite engi —

neor  j ug t h e o ry  fo r  p i l o t  dynamics  ( R e f .  I , ) ;  the  pure gain form of the model

was bel ieved to be in reasonable agreement with t h e  v ery  l i m i t e d  t i m e  response

d a ta .uc’,u I lahlei t o t  a c t u a l  P h )  exper t e n c e c s .  The model contut ins two f e a t  u r ea

that u r c  probably ossent  ial  t,ci t h e  u n d e ’r st z t n d in g  ot  P I c ) :

- The overwhelm lug i m p o r t a n ce  to t i le ’ clove lopment 01 P i t )  c ’t ’ p i t  cit

ot  t i  tc u de ’ loop dynamics  i s  e’xp i, I t ’ i t  i n the ’ mode l  -

2.  Thi~ r ec~u en cy at wh ich  P lO is  l i k e ly  to occu r  is large lv d e te r m i n e d

by t h e pitch attitude 1oop closure.

Each t i~~ t h o s e ’ p o i n t s  w i l l  be d i scus sed  la te r  in t h i s  report.

A~~lt k e ’ t ’i ;us  ( R e t ’ . 5) used (lie’ linear , pilot—vehicl e repre ’sc”n t a t i o n  of

F i c~ u L F 0  1 to make lii a p o in t  tha t  P lO cann ot occur in the absence of ce’mnti ’ol

S \‘S t 0111 c i \ ’ l l , l f l l  i c s — — l i  i toa r  or n o n l i nea r ;  t h a t  i s  • the  sc-Stem of Figure 1 c c i t t  - 
-

never become unstable for  real  a i r c r a f t  ( w i th  th e p o s s i b l e  exception of

c l o se ’l v — c o u p led canards )  - However , his basic assumption was that PlO re’scilts

solely f rom p i t ch  a t t i t u d e  t r ack ing ; he further Implied that for PlO to occur

it is necessary that either a locus crossing of the imaginary axis must occur

in F i g u r e  1 as a result of higher  order sy s tem dynamics  or a l imi t  cycle  in

t h e  ccintrol ol ’ pitch attitude must occur as a result of control svsteni non—

linear ities. In either case, Asitkenas’ theory underscored the importance t o

P lO  mechanics of l/T 0 —— a parameter usually ignored in exper imen tal work ot’

Hi,it period and known to be of major sign ifhrance to the p i tch tracking t a s k

hand l ing  q u a l i t i e s .  This viewpoint was the genesis otT the PlO criterion ,

-
~~ t i ,isc~l e n t i r e l y  on p i tch )  control , proposed in B22 as a spec i f i ca t ion  fo r

c i i r i ’ t ’ , u t  t design.
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A ’ lia r rc uhi (Rt’l . 7) disagreed shi,-u rpl y w i  thu  Ashik en as on t lie sign I i i  cauwt’ C i t

I’ hi ) ol  I / ‘I~ , t iii’ p I b i t  ;u I t  i t  uc le  c-ut ’ • and oem t nu I sv at em dvnam I r a  or non—

i iie’cur I t it’s. lie c o l t  t endc ’eh , bcu~~e’ei d i l l  e ’xpe ’r I men L a! re’scu Its 01) 1 cii ned u s i n g  ci

‘‘ p.’- se-at ’’ ( v i  auto ! p Icis nortflcu I c ic cd ’  I e-rci t ion  cues) i n  w h i t  c i t  w , (- and 1? /p ,
~p sp a

wt’re’ v;u r I eel cut c-outs t an t  I / ‘L’~ • t Ito I t h e  don I liOi ) t cue ’ is norma l 0c~t O  I era ti ( ifl

ito t p i t  ci i  c u t  t i t  ude . ‘flue e nsu i n g  ci rgunu ’n t i~ci a tIC-Vt’ r out i re ’ I v reso I vod

I i t i w e ’c’ c ’r • Corn e ll A e r o n a u t  I cal  l o u b t i r a  I orv  i l l  g u t  t eat s  ( R e f  - 1 7)  have since

c’s I c ub  L i  shied ( h ot  P i t )  dot’s i tot  nccc’ssar l  iv rc’su it front shier t —per I txh dynamic -s

wit ! cli I 0 Fcc ’ A 
t ~ l ie ’ l i t  the ’ til t s liii ) ic—hut i t ’ p lane (see’ F I gur -e I )  . I n  acid I —

t j o l t  • as AsIikt’ncus no ted , the  v 1cm 1 cit i on  ol’ A ’ ho rraht ’ a P l O  bound ar  f e - s  i s  uio (

sci t I ft I ott I l o u ’  P l O  t o  lit’ e’ t’e’cu It’d. We ’ utt i g it I suli-ipe c I , [I t o  i-e t o rc ’ • t It o I ti e- i t  h e r

v I c ’wpo m t  i s  cut  I T’e- i v  c- or re ’ e’ I

Re’c c- n t, I L  i g h u t  tc ’st  a (Re I - 8) ene’oun icc -ee l  ci i-it’ r b u s  P1 ( 1  i n  l an d I n g  fL u t e

w i t f t  ciii ci I I — I i h e ’d r a i mu h o t  I on of t h e ’  YF — 17. ‘Cli  is is Ito rd cvi done -c I ho I

col t  I c-t i  C sc’s 10111 ilOtt i i  hico r I 1 Ii ’s mci ‘/ 1101 lit ’ tI ( ’C( ’S ad rv t o  t li e ’ iIt’vt’ I opme’iu t of P i t ) .

( o l t t I’ui I sc’s I em p i iase 1;’ t~i-i we’re’ , hiowt’vt ’r , I den t  I f  led In  Re fe’ronce 8 as the- 1’! 0

c c i t c t i v s t _

‘l iii- i~t ’ , i I’ d’  two obv locu s cl i  I t ’ (cciii Ce ’ s w i t  Ii t h e ’  sc ’n cht ro ut oc ua p i h o t  tt tt i cl t ’ I :

- It jurov ide’s no Inst gh i t  In to t lie me-elton i sitis by wh it  cit a f u l l y

cle’veloped 1110 can he In i t  t ot e d

2. ‘h ut- iusscnttpt ion t ho t  the  1ui ~l ot  ‘ s t i m e  dcl oy in  s i n g le  ioop t rct -k I ng

can appre achu zero ntoy h)t’ (n d e f en s l h u i c’ on piti losophticc u l gr o u n d s .

‘the Ii rat del ic - i  ency lim its our abi li ty to predi ct PlO , to u n d e r s tan d  It  • or

t i m  develop design rcu it ’ s for avoid ing It . The’ second hears  c’ommoutt . i n

t rcuc -ki ng oh’ perIodic lnpcit s , it has been observed t h a t  t h e  p1 hu t  ‘a time’ delay

appears  to approachi zero wi thu pract It- c’ (Ref. 9); th is hicis been cu t  t rlhutt’ei to

t h e  p I l o t ’ s adcipta t i  on i i i ’ cu more sop hi i  a t  I cated form of cc-nit rol called lure- —

cogn I I  i ye (know ledge ot ’ inp cu t  ) trackIng. Tb Is cone] us Ion • h owever , I nt~u lie ’s

hat  t hue ’ p i i  ( it  knows whia t h i s  t Ime’ delay Is; et hterw ise , lie lt,is no way of

i -tim m ci t lug i t . Thu I s  I s  cusscuniecl lucre to hu e a p hi I I  osop hi h -a l  inupos s 1 1) 1 1 1  t c’ .

Arc you • fo r  c ’xdulu tp Ic • read I n~, t h i s  passage’ now or d i d  you read I t yes t e ’r e lc iv

and oni y bet  love y ou curt ’  reach I ng It  now?

1 0
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The assumption of synchronous control behavior Is based on the assumption

-‘ that the human pilot , in single loop tracking , may be represen ted as a sing le

input/single output device as shown in Figure 1. He can, of course (Ref. 6).

Problems arise, however, when we attempt to interpret physical data against

the theoretical framework provided by such a model. Reference 10 challenges

the validity of the servo model for pilot dynamics (Ref. 6) as a description

for the physiological processes involved in human pilot dynamics. It is

suggested in Reference 10 that when tie pilot is modeled as a multi—sensor

device a unity of understanding will emerge to link physical response da ta

w ith a ra tiona l, theoretical description for pilot dynamics. It is suggested

tha t the resul ting model will be comp letely consis ten t wi th the servo model

of Reference 6 in all phenomenological respects.

A consequence of the theory of Reference 10 is that the input to the

human pilo t is mos t appropria tely represen ted as an information vector (in a

manner comple tely consis ten t wi th modern state space analyses of system

dynamics). Thus, when pitch attitude is disp layed to the p ilo t (in the

absence of motion cues), pitch attitude and pitch rate should be used as

inpu ts to the pilot model if a mathematical simulation of attitude control is

to be performed (Figure 2). The transfer devices labeled C
q

(~ W) and G
0
(ju)

are intended to represent the dynamics involved in the visual detection and

con trol of q(t) and 0(t), respectively. These elements , especially

may he nonlinear; however , as a first approximation they may bo th be replaced

with constant gains (Ref. 10). When the q—loop is closed (analytically), the —

resulting model for F f 0  is equal to Y (ju) as given by the servo theory

( R e f .  6 ) .  
p

• 

~~~~~~~~~~~~ t 
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‘ P t  1,-I l)vn.i mi ,’ I
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Figure 2. Multiple Loop Pilot—Vehicle System Model for
Pitch A t t i t ude  Control (no Motion Cues)
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The moth ’ 1 ot F igu re ’  .! , whteit coitip cur e’d wit hi t Ito convent  I oim ,u I se ’l’Vt ) hflo(lt’ I

ci I Ret et ( ‘l ice Ii , nu. uv Se ’c’lt% need I e’ss iv Octh t I1m I t ’ x . I t  I s  not  • in  I c u c  t , f or  t ’ ( ’.u a t i l u s

d i  sc ’tisse’ei (ut Re’ I e’l’ t’utce 10. ‘i ’hte luu f h io t ; e  cit t hi e utic’eie- I was nc i t  t o  c c in t  r ( h i n t  e’ t ci

lie’ aelvanc ettient cit C hit’ e’otttpu t c i t  (ott o I cu spe ’ c t s cut  utu di n / n t c ue Ii l ute ’ sv C c -ms  c i l i a  Iv st -s

hut I c ’ e ’ui ahu It’ t ht’ I ci i c c d u s  t l u g  cii ’ exp ict u ic ut I c i ut  c i t  t hut ’ qua I it c i t  I ye i c  h a t  i ou t s I t  bps

ounch In t .usks in upou ’  I .u iit to volt i c It’ lionel It u p .  quo 1 it I t ’s. Ac ; ciii oxcu nu h u he ’ ,

c-o ns Ic1 ci’ how t hu e ttteitle ’ h i i  I F i p .  u u 1 0  _~ Iti i p . h u t  t i c ’ ilst’cI t o  cl oy I ~e cl i i  c’X~u I Ou t O t t ot) I O h

C hi c  i ’h u v  s i t u t ih us e t  v -u  C (ci i i  I I t o  I I hi ~ C i nto do I . iy  hmt t Wc ’c9t F ( I  ) ci nch 1 ( I  ‘) c u p p t ’ oa~’itc -s
5 C’

,~~ - t o I i i  c c i  l ie ’ w ave - I t o e  k I t ip .  expe ’i’ I tt t e ’it I c c . t~ci it s I tic ’ t t h e  l o l l  civ I tip . I i t t  s

I . W i t  It  .1 b u c - h ’ i c u ei t o  i u t h i u i t  C c ’  - u at  ahu I c  5t ’h V c ’  s vs (  e’utu • t l i t ’  O V c ’ t . 1 , ’ c ;v s t  chi t

• - t  t o t  v i  I I h’e ’ ‘c t o  wh t e’ut t I t t ’ c t ’l t (  t o  I 1 c i ’ icc a pui’ t• g- u I i i .

‘I ( t  ‘
~ ic - .ucis (

~~~~ t I l iv c I t )  ci e ’t’. t O t S t huc  c ’O t l O S ( ’ t ’ l i c l  i t t t ~ I h IRe ’ . k ly c i i l e e  i c c

1 1/ . ’ ’ Sc ’c ’Ollcl S (‘‘‘R I r’cqu c •Itcv 01 I l ie ’ pe ’ l’ ic i l i  I t ’ i i t 1 i u i t  ‘I

~~. 
( c ’ h t t  i o l  c ’t  c ’it l~ ’ thU ) c ’lt c ; u i i e s  t o n I  c - u i  01 11 (1 t ’X~- cpt I c i i ’  1i c t c ; s i h i I c

I c ii,’ I h ’ . — c~ t i ’ I t e \ ’  cI I I I  I fi t c 1 ’h’i i l ’

W1 ’ H l i c l l t  c ; i ’ t u ’ I i l . i I  t ’ , tht e’l, ’I ciFO , C h a t  l c i i ’ l c ’.tc ;t ’llc ; t hot  • t l ’ c ’ ,us  v e t  u ui ic lc ’.u t , C hic ’

hun t _ u i p 1 h o I  i c ’ i  I i v  o l t l v  c t ’u t t  c - t i l  cc  Ot Fc i h ’ c - c i t  0 ( l i t  a s i t i c  \s’ ,i\’ e ’ C t a c k  l o p ,  c~~ pt ’u ’ t —

i t c u l t  l i t  t i l t ’ c O ltt I 11110115 • c l  oc ;c ’ci I c icih i c ; c ’l t c ; c ’ . l I t ’ 001) it t u l I cli’ I t I l I t  e ’h ’ i ’O l  i , t I  it

t ’o t t  I o I . I l l tp  I I t  t I t l e ’ tnci~luu I, ut I t i lt • I ’ti t ’t h ue ’t • i t  I t  I s  I j u t ’ ci t - I ,uv l i t  t u t  e’ t u’.icl~ I tu p. t cc

“I~ ‘;i ’ c i i t c h c ;  I bi tt  I t  vi II •qupc-it 1 h o t  lie ’ c’ci ttt F o u l  5 \ ’ S(  O i l  c ’F I c i l ’ w i t  It  :~c ’t  0

C in to ~b ’h i v  —— l iii - S\ ’ltc ’h ii ’ci i t cl ulS p1 l o t  — —  i t  c ’uc ’ i n s i s t ; t hu , ut t I t c  c c v s t  c-u t lit ’

‘ I i  L i c ’t uiuccl i c -  showut  i i i  F i g u u t e  1.  ‘ l i i i  cc is •uti c ’~~t i ‘ely p I cuiic ~i h i l c ’, pttv s I t O  I , i t t t l

I lt , ’~’t  ct  1 , 1  h c ’>~I ’i.uitOt t c i l t  I o t  s\’utc - iti ’otuc iuis , ~‘F~’c
’
~’p.~ 

it lvi’ C u’ ,uck lttg wit It V I s t i a  1

i h t p u t  t o  I Itt ’ h tu ut t .u u t cOOt Fe’ I h c ’F

I t t  I ci i ’ t~ t ’ I I l t ~ I 0Il’ , I I  hcS  i t l  h m t ’ O c c c ’ l t t  ~‘~I I t ’ c ; t t c ~~~~’ c ; t  t h a t  C hi e ’t’ c ’ I c c  .i i t  . 1 1 1 0 %

i u . i t  l v , ’ , i b i l i l , ’ , i , I t  I , ’ V Icc i .i I I ‘ I I  1cm ,u it~h tu , ’~h- I i t i c ’, 01 li uu itt ~ ut p i h I  c l y icu i t t i c c ;  • . iuc l
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d c l  It t I t  It ’l l , ,1 u i , ittl i t  u t  i~ ’ , ’ I v  i c h c ’t t t i , ’ i I  l i i  t i l t ’ , c t ’ h \ ’ , ’ t tu ’ cht ’h t i t  )~ I ’ I  t ’ t t ’ I t t ’ c I ’ I , ~

~‘ i c -~t _ i l t i  , i ~’k ~~t t ~’ ,‘t  ~‘I ( c l i  , I I I I I  t i c h c ’ . \ I l l _ I  c ’t  , i t l \ ’ I l l t _ l p t ’ ‘I  I I t t ’ t t t t ’ c I i ’ h  t c ~ t h u

- 1  u i , i v  ‘I  C ’  h i)  ‘ - C l t ’  - cc , i l 1 ~~ ’l l t t  u, ’It t ’lt I f  l t . l V  - , -~~ t ~‘i t c I . ’~h t o  1 t ’ O t ’ h I tt C I , ’ I I h u t ’

• ‘t  1 , ’ , - t ,  ot  ci , ’j  i ’ l l  . - t t , ’ - ’ C I ~‘. i i  u t c i  , u l t c ’ t t l , l l  u~’~’~’l~- t.u t ic ’t c c )  . I ’ h i , ’ I t i h t ’~ I t ’ t

1 i i ’ ;
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I- c t c h t  odd i l l  ona l cue forms ci p a t h  p a r a l l e l  with those I cur  q and C)

( I ”  I p c i  i t  -‘ 
‘
~ - ‘l ’ht ~ c i c c s c u c  ( cit  eel dy n a m i c s  c u r e ’  I h ost’ of t lie lito t Ion sensor

ni ce It o n i  situ w i t  It ci ii  I itpu t — cud cip t (Vt’  b’,a In

i ’ I i e - t c sh i t i u i s c  t’ci r &‘cuc’ht not Ion O t i c ’ pc i t h u  Is cuinn oc It ’d w i  th i  C hi c si  guc u I

p .u t hiw cuv t ci t lie ’ ui e~u ro muscu Lu r SV S t ern  t b roug h t ci ‘‘ sw I t o l l  . ‘‘ Thu i a

aw i t  c I t  I c c  pos t u u l  cu t  eel to e x i s t  wit Iii n ci ‘‘ -e’nt r;u 1 processor . ” I t s

l i c u  t cu re ’ i a sue Ii I h i cu t it mcI v ;upp c a r to  pe run i t  coo c-el I n ot  e’eI con t rut  I c i t

a h I I ec’clh.i ck e’U c ’S 01’ , I i i t e l c ’t ’ st  r e s s t  ci i  oc ind i t  to ns , porn i t  on l v

It tc i t  l c i u t  c-t ie cc I t t  c-el i -

‘I ii I cc sit t i l t  I c i i i  is chop I et e’ei i t t  F’ i g u u t ’ e’ I t ’ u i  t h e’ ccu se whue’re C hic un c u t I t i l t  c-ut’ is

c i S S l u l t l e ’ t i  t o  he u cu r n idu 1 cu c o e ’  1 e r cu t  ion  c u 7 c i t  t h e  p 11 ot a l o c a t i o n  (obse’rve I lit,’

s i git ~~~ ‘l i v e ’ itt ion) - Th e ’ L a s  k Is  cuss  uimt ’d t o  Cu t’ rc.’gu I cu t  ion of p i t  cIt  c u l t  i t  ude in

t Itt’ 1i t t ’ sc ’lte ’ c c i t  u t  nut ’s j u l ie’  r i o  t u r bo  I e’nc e there ’ l o re ’ , fl~u command i n p u t  need he ’

shi cuwit c ’ l u  Chi c ’  I i  gu r c - . F i g u r e  3 sugges t s  I_ ho t  I I t h u t  ‘‘sw i t  ch t ” wet~c’ sot sut - It

‘ I - 
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t h a t  o n l y  ,ue ’celei- cut ion is controlled i l l  di Iullv—devc’lopeel PlO , then  F Wc u uilcl

,i b’I’ ~’ -~ r t o  hi,’ c - - v n c h i  r ono uis w i t  it I I W hi c , ’u t ,i  I~1icu5e ’ 1 cig es i~i C s  i i i  C (i ’ - 1 c i f  lnctgn I —

I t i t le ’

~~~~~~ + 
~ ~ 

(~~i~p~~~)

l i i i ’  c ’q U i vci l e n t  t int o tui ’ I c iv is

= [180
0 + ~~~~ (~~~P IO )]

A t vp I cci I v ,u lute ’ I or I_ h is  delcuv would be about 0. 1 to  0. 15 second , base’d 01)

t’ ,l I I cu bi c ’ C’ I t~ & ‘ , i  Sc ’ lii at  o r c -’ do I_ cl . Tb I a po j o t  I c-i f l t u t  ed c ia  a mci L I  t’r of  bu t t c-rest

a lid  t o  e’c-c t a b I t  sit  a I,i ut ew I so e o n s  i at one -v be’ t woon t It o model o1 F i g u r e  I and

t I l , 1 t  t i l  A s l tk e ’ncus (F igu r ~’ l~)

A CO M~I I~N’l ’ ON ST 1CR PI JMI’ I NC ANI) M OT I ON CUES

l i t  t l w  r e m a i n d e r  of  t h i s  repcurtc it will hi,’ assumed t h a t  p1 lot— f& ’lt

lic irn tcu l ,ucce’ie’rct t lelt i ci I s  I_ l i t ’  onl_ v not ton cue thcut must be co tt a  jelt ’t’ e’cI in  t he’Z p
, u l i d u l V s  is  0! ~~~~ ‘h it ’ ~ ssurn 1,t i on  that in a ful ly—developeeh P l O  t he  p i l o t

p r i n ~ u r i i  v see k s te u c o n t r o l  cu 7 appe cu rs  to  he cons! ste !nt w i t  It diva flab It’

ev icIt’fle’c’, , t  I t  Iliuug lt l u c u r d  d a t a  ,i l ’c ’ s c c u t ’ c e .  Thuc ’ ‘ i — ISA l ’ lO  C j u te’ l t t ~~t c u t ’ v coi l—

t , uI nod in Re- I’ c ’ ronce /. cund rt~pc!cu ted lu cre  in  F! gut-c i i  i s  the  bc’s C St i t ’)t t’xctfltp he ’

, i v ; u  i I iii le ’ . ‘1’ In c hi  story d a t a  f o r  t h e  ‘u’F— I ~ P l O  c u r e ’ given  i n  Ref orc’ttc-e Ii ;

t h e  presence  of e-ontro 1 sy s t em mini m ean ties makes the  I n t e r p r e t  at  lout  o t

th ese dct t~u vd ’r v di f i Iciul t , h owever.
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There is , to this author ’s knowled ge , no t a sing le e camp le in the
aircraf t handling qualities literature to support the inclusion of rotational

cucrole ’r;ut Ion e as a primary piloting cue in a closed loop VFR tracking task.

was pos tula ted in Reference 2 to be of signal  impor tance to a i rc ra f t

handling qualities and as the cue most closely linked wi th the con trol sti ck

pumping phenomenon. However , stick pump ing was exhaustively analyzed in

Reference 3 (unfortunately never released for public ation) where it was

determined that no case for 0 as the pumping cue could be made that wits

consistent with flight test records and pilot comments for carrier approach

and l and ing .

However , it was observed thuat to a good approxlmat ion the  amplitudes of

a7 (t) oscillations for the F—4B in actua l ca r r i e r  approach were near ly

constan t  and equa l to a va lue  o n ly  s l i g h t ly  g rea te r  than the percep t ion

threshold  fo r  spine—wise  l i nea r  c t c c e l c ’r c u t  i on .  TIte corr espond ing  ~ amp litude

was about ten t imes  the known pe rcep t ion  t h r e s h o l d .

T h e  exp lana t ion  o f f e r e d  (Ref ~ 3) fo r  Clue ’ pun u~u I n g  p henomenon in c a r r i e r

approach was that the p 1 lot t s ci-ecit ion cind mon i t cu r ing  of a small , osc I l la to rv

it 7 p rov ided  hint  w i t h  an a d a p t I ve  e’ t IO  fo r  the rap id  and sens i t ive  d e t e c t  ion

c f  c u i r e r c u f t  s e t t l e  clue to downwash cu f t  of the carrier ramp . Without this

cut ’, t lie delay time In the  de’ t c’ct Ion of monoton ic  ci due to downwaslt wouldzp
he prohibitivelv large. The detection of se’t t le  with this pilot—crecuted ,

adapt  lye c’cle appears to resu l t  in ci throttle feedforw~ rd command to ceteint e’r

the  tendency to depar t  front  t lte  desired f l i g h t  pa th .  S u b je c t i v e  suppor t  fo r

th i s  c o n c l u s i o n  Is o f f e r e d  in the p ilot commentary  of Refe rence  12.

The imp or t cun ce  of s t i c k  pumping  to the  P lO phenomenon Is t h at  I t  appt ’cur s

C c l  h e l p u n i f y  our unders ta n d i n g  of how sk i l l e d  p i l o t s  may se ’lec t i vc ’lv choose

t h o s e ’ a i r c r a f t  responses t h t c t t  curd’ ntost directl y rela ted to the - f r  co t l ce ’pt of

the ’ f I  i g h t t  c o n t ro l  t c u s k .

I t  w i I 1 be ,i~~~ u~ tu_’ch wit lt oui t fut’t hic ’r e’cunimt’u tt C h ia t  C he’ pilot ‘s re ’shiou )st ’ I S

at  I t ’ k l o r e  c• F . TIn,’ nte ’ i’ i t  a of  C he cu ssu imp t (el l iS rogcu rd l i p .  ci. .  and F 
- 
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judged by the resulting success of the PlO theory , contained in the next

chapte r , as a f ramework for  understanding the PlO case his tories  discussed in

Sectio n VI .

C. A PILOT MODEL FOR P lO ANALYSIS

The structural form for the p ilot—aircraft system dynamics is assumed to
be the sante as tha t shown in Figure 3b, In the remainder of this report the

neuromu scular  dyn cumics wil l  be neg lected; i.e.,

GM (j w ) 1

~\ I u r t h c r  a s sumpt ion , cons i s t en t  with the theory of Re fe rence  10 , is t h u c t t  the

p i l o t ’s accele rat ion  channel  d ynani ics are

~
‘ cu 
(.1~~ 

= K
~1 (dl z p

) 
~~~~~~ 

c i - ~ 
-
~

t d i t i  inpiut—elepene lent gain with a t ime dclcuv . The resulting PlO ittodi e’ 1 is

shown i~~ F i gu ir t ,’ 4. The visucil t r a c k i n g  p o r t i o n  of I_ l i t ’  pilot ’s elvncuntics
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Figure’ ‘
i. A P1 Icu t—Af t’ e’r , u I ’ I Moth- h f o r  P i t )  A i i c i l v s i  s
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Y (~~) is chosen to he consistent with the conventional servo model repre-

sen ta t ion ;  i t  Is zu ss u uui te d t h a t  the  parcunueters of Y ( j  i) can be seld’ctt’dl to  he

cou ta  is tent with the “ad~ us tn icnt r eu l es ’’ conta  Int’eh in Re! i’retice 6.

I’h uc f u u u e ’ t Lc l nd i  1 dependency  he twct ’tt  K and a was I nsp I red by ci model
ci Z pt ,, -

I or v i  sucu I dot  oc t  ( c i i i  d i i  si gn cu  1 coherenc e’ introduced in Reference 9 as ci mode’l

b r  p r e c o g n i t i v e’ t r a c k i n g  ol a period Ic  i n p u t .  I t a r i ses  f r eum the’ cu sauuu p t ion

t h a t  the  process by w h i t c h t  a human [dent  i f i c s  a s t i m u l u s  is s i m i l a r  to  t h e

op er a  t ion of a l i nea r , op t m ci i f i l t e r .  Based on optima l filtering theeirv , a

meu del  for  t he  acce’ Iercit ion p o r t  hun of the  p 1  lot model Is

Ca(i~~) = K~ ~~~~~a~~~~~2) (coswk T a )e
_ T

ab o

whue’rt’ K cund \ ar e  t h e  center frequency and “w idth ” 0! the  a7~ ( t )  power

sp e c t r u m  as I n d i c a t e d  iu’u the  s k e t c h :

FV7
~

’

~’\I ~~~~~

When ,u . (t) Iu ,i s a broadbciut d spectrum , A Is large’, A is small and the corres—

pend ing p!Ie u t gain F 5 /a~ 0. When a
~~
(t) has a narrowband spectrum , A

P~ I
is  s m a l l , A Is icurg e ’ and Fs/a~ is maximunu. in ci time—wise se’use’, a narrow—

Pe
Iu ,un dh s i gna l  Is one ’ that is nearly periodic——much like ci sinusoid having a —

randomly varying amplitude and phase. A closed—loop, pilot—aircraft system

tha t i c-c “ r e ’son , i tt t  ,
“ or I_ hun t hicus cu lightly—damped , dominant mode, migh t have

p i t c h  o t t  I t uud e cit-i d norma l accelera t ion responses w i t h  narrowband spee’t rct .

17

_ ____  -~



~ —-‘ ‘
~~‘ ~~~~~~~~~~~~~~~~~~~~~~ 

- ‘ cjj .~~~~~~ic ’ ~
‘
~~
‘ ‘  ‘

~~
‘
~~~‘ ‘~~~~~ - -‘--~~- ~~~~~~~~~~~~~~ ~~~~~~~~ - ,—

--“- ~~~~~~~~~~~~~~~~~~ ______

‘rht e time delay 
~u 

is unknown ; it may be a function of the center fre—

quencv 
R 

or it utta~’ be a constant. As an Interim model , It is suggested thctt

= 0 .2 5  se’ce)ndlS thIs is the value used in all of the PU) examples in

~ee’t i on V t .

1) . MODEL P R O P E R T I E S

i t  i s  p o s t u l a ted  t ha t  In p r e — h ’ I O  f l i g lt t , the p ilot—vehicle system ’s 10011

dvnattiics cure dominated by the pitch attitude loop closure (0,q F); tht c-ut

i s , we ’ p o s t u l a t e  that prior to P10—initiation either (1) the hlower spee’trai

de’US it V o t  a,1 ( t  ) Ic ; broadband ; t h e r e f o r e , K (a i ) 0 and there is uo

s~ i b c ; t  a n t  ia i  acceleration tracking, or ( 2 )  tIn, ’ mode ‘~swi t ch ’’ i s  usua l i v  sot  t o

a c t  c~ ’ ,t t e’ t he  p i t c l i  ,t t  t it u e h e’ 1001) tc i  the i -t e a r — e x c l u s i o n  of  ctc ce ’lerat ion

tracking .

As w.us stated above’, the visua l port ion of the p i l o t  model, ~~
(j
~
)

is assumed to be’ completely consistent with t h e  servo model for pilot dynamics

~is documented in h’& ’ferer ice ô; this p o r t i o n  of the model may he r e f i n e d  f o r

app lic.utloris at  the user ’s discretion if h ue wishes  to account for the effe ’ - t s

o not ion (a7 and ) on the  model’ s parame’t era. Rules for doing t h i s  Itave

n ot  been t h o r o u g h ly  researched; data are sparse and somewhat contradIctory . 
*

l~e’lle ’r ailv , it seems to be true that the p ilot gain for pitch -i tracking in

flight, is slightly less t i t an  t h a t  measured in fixed—base simulation; the

system crossover frequency is correspondingly reduced . The matter Is not

cons idered  to be of part icular impor tance  I_ct present purposes at-id will not he

discussed further.

Th e proper ties of the mode “switch” (Figures 3 and 4)——if it e x i s t s — — a re

unknown . It should be noted tha t t h i s  switch——hypothesized to simulate

h igher processes within the central nervous system——may he redutidant If ti-ic

valid ity of the input—adaptive acceleration gain is accepted . It will he

retaIned in this report because both posslh i l it L ea should he admi tt ed ~unt 1l

better informa t ion becomes available cit-id because it makes no tangible dif-

ference’ to our final result. The function of the switch Is to provide ci

is

-~~ - ,~~~~~ - 
- 

~~~~~~~~~~
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rationa l connection be tween system and pilot dynamics resulting mainly f rom

p itch nu tt ude’ tracking and thte’se due m a i n ly  t o  norma l ac’cele’ruut ion t r ae’k tng

it is assumed tha t , because of p i l o t  t ension  ( i . e . ,  cu t  t en t tv e n es s , a n x ie t y ,

etc.), and f l i g h t con trol task constraints , the p i l o t  switches from pitch to

at’e’eie’rat Ion control In a logical manner;  it Is further assumed that I_ lila

swit t ’ht ing can be modeled as ind icated  in Figure ’ 4 w I t h  an ap p r o p r iat e

s w i t c h i n g  logic .

An i n t e re s t i n g  nuiet p l~~u~~i bl e’ ntode I t’or mode sw I t  oh It ig Is  sugtz e’st e’ei liv

R e fer enoc’ 9; the’ . u u u t  hue ’t rs s d t i * e ’st t l i i i  ,un In p u t  at  imu lus  I c~ ci I l l i c it  — v t - li ( c l i ’

~ y ~~ em nov ht’ c- OtI S  tder ed tel he “stub oct  1 Vt’ iv  preel it ’ t ab l e ” when v • t h e’ I uudex ‘

ot stub~ e’~ ti vt’ pr edte’tcubllit v , 0, I .

A
V — ‘- 0 . 3

“K

I we ’ .u s sei ne’ t h t , u  t t h i t ’ e’Ot id ’i’ e’fle ’ e’ prepe’t ’t los of .u at  Lniu  1 us ,t t o  a v t t t  fue ’a I .~~‘d - ‘

w i t  b I n  t Iii’ h igher cent ers ( i . e .  • Oc it  tl\’ t h e ’ st m itt lu s  at’l)SOY ’! , t ht e ’tt i t  i s

t i ’ ,i sci n~ b Ic t o  ,uc ; scuui ~- t h a t  t hue s.ini~’ mode’ I I c’ t sub e’c t I y e ’ p rc’ci I ci  cu b  i i  i t  v al ien I ~l

.u pp 1~’ tel be t h u cite ’ t I eu cuu t c h v i  su cu 1 c ’ t te ’O . Sluee.u i cu  I i I ig  I Lii’ t hte ~ r , One’ titciV c’xpd’c I , ‘ -
-

h at  i t t  .i at  i t  c ’ 01 i t i c  ( p 1  e’ti t I’! 0 t lie ’ i’ 1 I ~‘ t w I l l  l’e ’e~ i t t  t c1 e’mpht a s I :o ,u .

c en t  t ’ci l  bc ’ c , u t u a e ’ I t is  ‘‘pi’ t’d l o t  , i t i l e ’’’ ,u t t e t  t tn ej c ’t ’ ulc ur m ct 1 c i  re’umst :iuce ’ cc won he1

h t ’t ’ e’I - ‘ r ’  he’ c on t r o l  lab Ic. Titus , V 0 . 1 itt (g lut S Ot ’Vt ’ ~s t lie ’ u’ od lu I reel cc l, ’ i t  ~‘lu i u g

I d ’*’~ i c . N o t e  • hteuwe’ve’i • I Ito t V I a de’t t’F uit I t ied I cc l iii f l u e ’ pro h u e ’rt  I c’s ot  f l it ’ it , ’t n i a  I

,td ’e’e’ I er at  le it i spec t runt f o r  1 i t t  cli a t_t I t u d e  u ’ ,t ~-k lug , du n 1 v . 11 I o i l  ova t h a t

p I let  ~ _ u I  i c  r.i I I st I e’nt cc1li I I e~L I t ’a I I t ’I t S tha t art ’ pr on e’ t o  c i  OSOcI loop te’S,’—

u).iuie ’t’’’ i n  p h  tcht at I I I_ t ide ’  t r ack  lug I cusk s  - u t ’ e’ out  outwit I e.u I I v  I’I 0 couch I d a t  C’s,

A I I ti,u I p o in t  ah eu ct t t lie ’ awl t e ’h t I ng ltvp ci t  lies I s shuei u le t  he eons I elt’recl . When

Ott ,ud ’ t it_ u i 1’ 10 I s i t t  i t  t . t  I c’d ii i  , i t ’ t ’,i I ,u I t’p 1 alit’, I lie ’ P l lot  It c u su ‘ t t h t ’ I u x u r v  o t

‘,‘uut etcip I i t  (n ~ svst ciii c’ c’all d i li c;e ’c; • . i c c c ; e ’c c c ;  I tt c~ e.’ble t her he’ I s iii ,u 1’ h O  iiue u eh c ’ •

c o t  e ’c t i utg .iu . l l l lu u ’ c lhu i l c i t  e e’Oflt cci i . t c ’ I I out . P r ob .u b  lv  • nu .utt’ p11  et c; w I l l  t h i  u K

ic ’ t d ’ sottie’t It I tt~ I_ l i e’ n t . u t t  eu  i, i t  Ii t lie .1 I t ’ll 1 ;tne’ t ’ . g . SAS I a t 1 uu ’c’ ‘1 cIn c h w i l l
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continue doing whatever it was tha t catalyzed th e euscillations——and t h is Is

cut  trely reasonable. h’hus, it the alt’plauie is felt to  s i n k  u n c o n t ro l l a b ly

foUowing V 10 [nit iat lout In I tare , the p1 1~ t w i l l  p u l l  h a c k — s t  ie ’k t o  a r res t

the  ne irma 1 5ue ’oo le’rci t i on .  I n  t eiruiis ot  the  switching hypothuc s Is , I_ h i Is suggests

that wh en danger due’ C c ’ t I t  g lu t  pa t h u  elepd r tcut’ e’ is u c h ge’d tO  be ’ lnu~t’cl lat e ’ • t h e’

a t t  i t  ude’ cont I’d I uuiode w i l l  p r eu b a t t l \’ I lCOci utu t’ ~c’~’ouid,tiy it is coutc e ’ I val ’ I t ’ t h a t

I n  .u t n i l  v Jo v e  I opc’cl I’ Ut sue ’ hi i ~; t’\p ’ t e’u~c~’e~ ,‘l t  soy c ’ i , i I ecc ,e cc i ou t s  t_’ It Ii I It o 1’ —

ISA f_ R e ’! , I )  , I t t c ’ p 1 1 cit  ‘‘awl I e’ h t e ’s u t  t o ’’ coot t e l  o I no u nto 1 . ic ’ c e  1 t ’ t’ .t I I Ot t  ctuiel

cauuiot e’, i Sj  i ’, SOt  t O t  v his itu t e rtlui t log ic ’ t c ’t’ s w i t c t u l i i g  b ack  I _ c ’ p1 I _ e l i  Ott It t ide ’

e’ e u t i t  r d  1. ‘l’ht is  h ull U ing — c’,ese ’ ehe ’Se’ I’ I P~ t d i l\ te l l ’  i t i l Iv  c i c ’Ve ’ loped 1’ 10 nu ,ut’ net h’e’

S I _ c  t e ’t  I v  c’ d i i ’ ce - c ’ t ; it  w I l l  • howt ’Ve’ t’ , a ltttos I cot a iii l v  p1ev Ide .1 av a t  out o i

i tc ’c ’ OSci .tt v c , ’ L t ~l i t  ions  wh i i  e h t  t itus I he’ s , ut  i c c l  I c’ci i t  a I ti ll y eIt’vt ’l op e ’el 1’ 10 I s  I _ c ’

‘ c ’ hi e t c ; c ;t l u lc ’.

________ __________ — — —--5--— ~~~~~~~~~~~~~~~
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1 ~ ~u ,e~ ’ , i t ~~e ’ t e ’t ’ i .‘ c ’ sl , i s ’ c c ’ t d  i t t , ’ ,  t O  ( l i e ’ ‘‘ ad i t ist ttte ’n 1 1 , 11 d i i ’’ c u t  Re’ I t’t ’ e’t t e ’ 0 (l 1_ t i tc i ci I —

it ’d , I dOS t i c ’ s1 , I 0 is ’ c , ’ t t t l !  ¶ s ’t  !‘S’t 1c m s ’ t l e ’ ~~t I e ’ e’t  ci s ’ i t  0 Ic ’c-,e’cl 1 c ’O~~’ p i o r e ’rt I e ’ cc

I l i e ’  s I c ’cic ’ t  lb  h i t ’ ,  I t i t i O t  I S ’ii r u t  , uc ~
, I _ c t  ‘ , ~~ , 

, 
, 1 ‘~~°‘~ I ct u i~l t I l e ’ c15 ’se ’d loop

‘‘ , I t  l i e ’1 ct ’ S ~ - t, c ’ i c ’ci ci c ’’s’ c ’t  I i e ’ s~ C i e ’ i I c ’V ~ • ‘u t u cic ’ cc .ui ~ ’ ,iu t cu u id  c,,u i tt : c t , i r g l t u  u i , ’ c u l l

s lc ’r c ’ c i c i o u i (  tl I’ e ’ul t i l e’ a i i s ’ t , i t  I d v i i , tn t  I s ’ ~c d / i ’  , u, 1 ‘I .  t h e ’ p t ’oc’ e’ss by t,’it jolt I lt e ’~~e’
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P l O , we ’ l I O e ’ dI 1 101 be ’ I eO I I i c i c t \ ’  , t h mo t i l  l i t  i c c  p t ’O c c ’ci ci I or ott cunct I v a i s  of ’ 1b oc ~~ ih ’  he ’

1’ I 0 ‘,‘ t s ’l ’ O u t S  s i t iu .t uue’w ,t t tc t’.u I C t d ’t ’ tc’ii  j e l l  i ll’ I I i  ~‘, i t t  I e’ c ; t  s l ic uv o be’e’ti iitc uel e ’

li e ’ p~tr ~tme’t c ’i  i , ’ , u t  I t ’ll s ’I  ‘1’ ‘I is c ’\t i c ’1’~ e ’ I v  i 1’Ipc ’t ’ t  ,iI’iI . itt c , l n t t i s t  be’ doute ’ s-i l it

gt’ e5 u t  C O t  5 ’ .
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1.- l i t -r e ’ i t  i s  und l t ’ t’ c it o e i d  t ha t  it (t ~ ropre’seiu t ci Ot t  t’el l i  v.i 1 Out Celflmtafld itiptlt I e

t o t ’  cc v S t  e’m s ’t  F t  t ’ , e ure’ -+ clue t di (vet’ Ii C~t 1 ‘t v— t ’,tis I s :

t
~ c (J~5’) - ~~~~ .

g

r ite V’,l i ci t re ’s pe ’nse ’ r rons I or f un c  t i  en is  (emp leu\ ’ l ug  t h e  short  —per  iCel .IPP lOX I

c1t , i t  io ns ’)
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The turbulence power spectral density 
~w w g(W) can be chosen as the Dryden

cur Von Karman or cituv other model that m a y  best represent the specific fli ght

c o n d i t i o n  to wh i c h  t h is theory is to be app l i ed , Tite cor responding  ~l

power spe’c t t ’5iI density is

!~ ~ ~wgwg (W)

i~ ’ I l o w i ng  closure’ of t l io  p i t c h  loop,  the (u000nt cci I h ed’t , tc ’ co l e r5ut joel t ’ e ’ Su l oI t so

rowe’r spectral d o n s i t v  (due only to closed loop control of pitch attitude )

ti~iV be ’ obtained as follows :
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actuator dynamics , s t r u c t u ra l  dyn amics , etc.  A t y p ical  ecist’ Is illus t rated

in th e following sketch. (The ~ e’rc1 db l ines lure’ intended t e l  be repr t ’scnt cu

t i ve  f o r  the’ case where ~~/O~ is iii t g/degre’e.)

.5, -—

On ~~ — ‘ “

~~~~ Tt ,
~<

_

~~~~~~~

“~~~~ -- 

‘
~~~ 

-
~~~~~~~~

‘
~~~~~

- c I
f ’\ *~~ • tc.~~

I

~,T ~~~~~~ r~ m.’..’

~>
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) i tc ’hu cit I it tude ’ h el e l lu ehyt t cutu l c’s tel (lie’ uu o t u t u t t  h
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o Any feature of pitch attitude ioop dynamics which promotes loop

resonance (amplitude ratio peaks on the closed loop Bode) is a

potential cause of PlO. This would include poor pitch dynamics

-
‘ 

and excessive p ilot gain , for  example.

o Values of l/T~ that approach u will promote peaks in the a
~

power spectrum. Small l/T0 relative to w has a slight attenuating
2 C

effect.

o Small C will promote a resonanLe——particularly when w w
sp Z p ‘ ap c

o Higher frequency modes due to feel or control system dynamics , for

example, are heavily attenuated by the turbulence power spectral

roll—off; i.e., they are not easily excited by turbulence.

o The turbulence spectrum break frequency W
b 

is not too importan t to

the developmen t of a
~ 

resonance; small W
b 
decreases the amplitudes

of a
~~
(t) but has minor effect on subjective predictability of ~~~

according to the proposed index.

o As a rule of thumb it appears that large l/T0 and small closed

loop dominant mode damping ratio promote the development of az (t)

with narrowband signal qualities and will therefore promote Type I

plo.

The center frequency amplitude, A , and width parameter , ~ , may be

estimated from the power spectrum of a
~ 

by any convenient means. It is

suggested that be estimated by direct integration:
zp

r ’ -

2 1
= 

~~~~~ ~azaz~’~ 
du

-~~

25
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‘t’ite’ui ,\ c’~ / .l~\ ~iuid V ‘~ ‘ ‘ R  I N o t e ’  t h a t  t It o t u r b u l e n c e  power spec t rd 1
“ii

cie ’iis i t  v i s  nh t i ittpor C c l i i i  t e l  t i l e ’  c ’S I (mat e’ of V P I ’d lv I dcci tlt ce i ihie ‘‘shua pe ~’ of

,~ ~~~~~ 
(~~ 

) w i I hi ou I u ’e ’gar eh I or cu mp l i t  t it le near  
~~~~ 

is  n o t  v ery  turbulence’

SO i l s  i t  i y e ’ . I

I - -
~~~~~~~~~(~~

-)  h i cu s no d i sc e r n i b l e’  cen lo r  freqeue ’ne ’ v t’or a l l  r ea l i s t i c

~~ it ’~ lflt C’ t e’r I ,~.it  ions  of  “ i’ (~~
,)  C l ie ’s I ’ vpc ’ I li l t) i s  cimi l i ko lv  . i f  t lie a

~ 
spect reent

i f l e ’  Fe ’ t I t c u u t  ono c c u i t d  I date ’ ‘‘ c’Ont or  f t’e’q u on cv .
1~ a n d i t  t wo or Itt ere ’ e l f  t htese ’

re ’ S e l i t . i i t c ’ e’S s c u t  i s )  V I _ l i e ’ pr e ’eh I e’ t c u h )  i i  I t y  &‘t’I t i~’i’ I din V — () 3 , th t ei -i a l l  -t Ito

c ’ e u i ’i’ e’apond ing  c en t er  f r e ’qu en c  i t ’s must In’ ciSe el t o  evaluate thi e’ pht ctse c-ri ten on

t o  hut ’ c i i  Sc ’i i t-ISL ’dh 1 c i t or  j e t  I _ h u l a  s o ot  h u m i .

.\o .u p r oc  t i cci i mtt c u t t o r  I t  mciv be ’ imp o s s i b l e ’ by an a ly sl  s to  certify th at

C i t e ’ P I t  cit cit  t i t  ude’ sys t em canoe I be usuho I 0 v I e  id , e st i l t  cub I y n c t r r owhcu nd  .t
- ‘ - p

re ’s peu it se ’ . Iii t htose’ ccusos , w h a t  is r equ I red is tha t hounds on be ’ c’s I ci i i—

I I_ shied (e’sp e’c’ i c t i i v  i t s  maxliu u eti v a l u e’)

A s h o r t c u t  t o  the ’  above an a i v a  is rnc ’t i iodol ogv is poss ibl e ; i t  is

u’ e ’cci mnte etded f o r  t h O s e ’ f l i ght c o n t r o l  tasks where uncertainties exist about

I_ lie’ i m p o r t  ,liie’e of I, t iu i uc u I e ’i t c ’e t e l  t he& ’ h1us Ic p 11 cit  I ng p rohleni . For examp le ,

i u i  I l ure ’ thu’  i m p o r t an c e  ot ’ good p i t c h  a t t i t u d e  ioop d ynanui cs  is almos t c m

I n a r g u a b l e ’  p o i n t .  But flare’ Is initiated by cont ro l  feedforward from the ’

p ( h i t  ; t hot- c’ may he’ no a ubs ta u t  i ci I t urhulcuce  . We may assume , however , t h a t

p i t  ~~t t re’gu I _ I t t  it’s W I ]  I be ’ I i t ’ c e ’ c i S d i  rv  to compensate  fo r  errors  genera ted  Iuv

cent  re’ 1 re ’su l t lu g  f r o m  p 1 tch command e ’rror s. The correspon d i ng pit cit c’eimituiiuid

e ’rr or  sp e c t r u m  Is unknown ; a conservative eatimato would he to model It as

br oc t ehbc in d noise , set h’~~~~~~~(ut ) 1 in  the above equa t i on , and es tima t e’ V as

b e ’f c ur e .  Th ie ’  r e s u l t i n g  ‘1a ’t  ( u )  f o r  the problent previously ske t ched wou ld

he’ ,is shown :

:~~~~~~~~~~ - 
- 

_ _ _  _ _ _ _ _ _ _ _ _
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This sketch suggests t ha t  the t’stleuation of A , and A may not tiC un ique ’.

An even simpler criterion for subjective predictability could he huas c ’d

on the dominant mdlde clamp ing ratio C fo r  closed loop pitch attitude con-

trol. lfnt Ii b e t t e r  d . u t , u  cc l i i  he’ developed It is j~~ ,,

sted that a7 (t) is

‘~eih )t’c ’ t ly e ’ l v  pred i~’tahl e whit’s

C ci, --

‘[‘hue’ corresponding resonant frequency should be set equal to the  dominan t

meuele ’ s uuidampeei natural I requency. Tue validity e ’I th is c r i t e r i o n  should hu e

,usse ’ss t’eI on a ccuse’— by—cnse has I _ s .  Clearly, there may he combina t Ions  eif

I / (~) , , and çj where it will he inactequa te
- ‘ ~‘P ~‘P

I t  c i u i i t  nei l cur I e’e’ I sv st e -i l l  uuo n l I_ nea r  I t Lo s  ox I a t  t hat htilvd’ si gut i t  I cciii I

c t  I oc t  C l i i  0 los t - el loop p i t c h  dvnant ics , then th e’ estimatIon pro e- e’elur e ’ t o t ’  V zuite l

m u m s t  be’ utoel I t  I e’d . No at  teuttpt will hue uttade’ here to  exp La iut h o w  I ( i f s  m c iv ‘c ’

d ( c l I t C  . l)e ’sc r i b  t u g  I t unc  l ion t~~e,’hun (ques (Re ’  te’ i’e’uice ’ I LI may be cutu p ( d y e d  e’ r t ile’

p 11 ~ i — y e ’hi i t ’ Ic a v at  out i u i v  lie’ simu lat  eel on cm analog 01’ d i g I t al  con uptut e’r anti

i l l  ‘‘t’X~uC F iilueui tdu I ’ oat I uncut  e’ mache. I t  non 1 m ean t i e ’s h ave , u a t  g u l l  I e ’c u ui C

-5- —~~---—-— ‘-~~~~~--—~~~~~-~~~‘ — ‘a” -~~ ~~~~~~~~ ‘-•~~~~~~~~ -5”’- — ~~~~~~~~~~~~~~~~~~~~~~ •~~~ -5 a4
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— 
‘ effect on pitch tracking dynamics then (almost by definition) the handling

qualities will suffer ; this situation might require correction as a prelude

to future exploration of PlO behavior.

If severe nonlinearities exist in the pitch attitude control loop that

cannot be ignored in es t ima t ion of sys t em dynamics , then it is conceivable

that pitch attitude limit cycles will occur . If this does , indeed , happen

the limit cycle frequency should be set equal to WR~ 
a
~~
(t) should be assumed

to be subjectively predictable , and the analysis for possible PlO should

proceed to phase 2 (a
~ 

-, F dynamics). The presence of a limit cycle in

control of 0 does not imply that PlO will exist , by the PlO defini tion; it

would only moan th at the first necessary condition for PlO had been satis-

fied. The distinction is important.

By now It is probably clear that the analysis of pi tch dynamics is

somewhat artistic. A suitable pilot model Y (jw) must be parameterized to

represen t both-i the normal and possible bizarre forms of pilot dynam ics in

the pre—PlO phase of attitude control; this Is not exactly a problem amen-

able to state—of—the—art solutions. A turbulence model must be selected to

realistically simulate the frequency nature of expected gust disturbances;

the  break frequency W
h 

is the mos t Impor tan t turbulence parame ter for  this
analy sis. Fortunately, it appears that so long as i~ww (w ) Is “represen-

tative ” that It is not too critical to an evaluation of PlO potential.

F i n a l l y ,  th e,’ power spectral density predicted for a
~ 

must he examined to

di agnose whiethier it is suitably narrowband——and therefore subjectively

predictable; the rules for doing this are primitive , at best, Thus, the

problem of modeling the pitt -it attitude system is very much one where engi-

neering judgment Is indispensable to success. Fortunately for some of us,

j u d g m e n t  is not q u i t e ’  so vU,.! i phase’ 2 eif Type I l’lO assessment .

Phase 2; Normal ~‘cceleration System Dynamics

i t  I_lit ’ closed ioop cent rol of pitch cit t i t u d e  is fout’u d to produce ci

su i ii k’ct ive l y  p r ed i c tab l e  normal ac’ cclor at ion  response , then i t  Is  pos tu la ted

tha t I_ lie pilot will , c i t  some t ime , attempt to  t r ack  a 7 .  This  process hias

28
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been modeled (Figure 4) with a switching function such tha t  e i t h e r  0 or cm ,1,1,
is controlled , hut not both. It was previously mentioned that the htypothiesi led

a~~1,
— depend ent  p ilo t  gain K might be used as ci s w i t c h  to “ t u r n  on ” the’

feedback control of a~ -p

It is further postulated tha t when the  p i l o t  beg ins  to  t r a c k  cu 7 h i s

“r ule” for  system closure I s tha t  I_~to ct’osse’vor  t’ r& ’que-ncv ‘ the ~,z 11 
loop

must ejual ~~ —— the resonant frequency of the a 7 (t )  response clue t c u  p Itch

attitude control , alone. I t is assumed tha t he selects K to e’stablfsh this

condition. The appropriate p ilot model f o r  a~ c’ontrol i~ s imp ly

F5 -

~~
“—‘- (ju) K~ e 

‘a °

‘ 

L’~
i t  is suggested tha t , until better information becomes available’, an apprel—

priate delay Is

0,25 seconds
a

This value appears to be consistent with the T—38A PlO tracking data (Refs. 1 
-
‘

and 4); more important , however , is the observation th at ft seems to correlate

the results of the’ numerical studios (Section VI) with actual Pit) experiouces .

It is conceivable that t is functionally dependen t upon uu~
. A possibilit y

is that

iT ‘

-
‘ This dependency arises from consideration of the P i lot ’S motion seuseur cia cmii

optimal, linear filter . This model for t wi l l  not be used f u r t h e r  in I _ h u l a

report,

A necessary condition for the existence of Type I PlO may be simply

stated as follows :

2 C)

— ‘— —-5.’ — 
5-” 
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w ht e ’re ’ L 
is the  minimuni fre’qtie’mi~’v f o r  wh i c h

L ( ~~~) =

It is understood th at l, (j~~) t’e’prc’se’uits ti m e ’ I ine’ci r port icuti t uf  t h t e  cm ,, — F
“p 5

l oop ant i  t huat N is ci a incise I dct I Ci d ’~~;c ’ m ’ i i i  I i t o, l i m e’ I I e m i t  i ’e ’p i e ’~~,’i i  t ,u t I O il  of the

flOIi I cii 0cm r part . i’ha t is  , t hue’ cm ., ‘ F a v a t ,  rn I a ci $surm e ’d t C) have’ lu een
‘P

JI’  i’ ,iIl o ,t ’tl iu  t lie’ I c u l l  euw ing h o r n :

I t , j~,.) 
~~ 

—
~
•{ N 

~ r” 

~~

The’ Equivalent ct 7 F 5 Sv sLemi t

I ~ t t e n  non I i iu o c t m ’  i t  I c’s ct ro inibe ’dded i i i  inne ’r loops  w I Ut in th e’ fee’ 1 elr ciut C 1~~

m,ut 1 ’  e ’ e ’i I t  ,‘e l av a t  emits , this t o r m u l a t  1 on c,iii he di f f 1  ccii t tel accomp l I s h . 1 i f

io t m p om ’ tint n o n l i n e a r  i t lea ex i s t  then

N i

V = X- “p

and

F., f lZ
L(u )  -‘ - - (Jw) ~~

--  ( ju )  -j - -1 (j u )
Zpe S e

I n  genera l , t h e  d e s c r i b i n g  t’uu c t i eu n N wil l  be ~i fu i t c t  lc,ui ei f  oac I h a t  lelli

re ’que ’ncy and ampl it ude; i . e ’ . , N = N I. ~~, ~t 
‘~~~~

) . I n  the  examples celnta I med in

t l i l a  re’pe r t , hiewe’ve’r , N w i l l  he ’ amp lit uele de ’pt ’nele’nt on lv ; I . e’ - , N = N ( a u . ,  ‘I

30
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Observe that the criterion w.~ ?~ is merely necessary for PlO and is

no t a guarantee that PlO will occur. Further discussion of this point will

be deferred until Phase 3 of the Type I PlO assessment is introduced .

With a linear system the criterion ~ u.~ is equivalent to specif y ing

that the phase margin must be zero or negative if Type I PlO is to occur .

The in te rac t ion  between the 0 -
~~ F and a -

~~ F loops is i l l u s t r a t e d  in
5 7p ~

Figure 5 for a ligh tly damped linear sys tem (represen tat ive feel  system and

actuator dynamics are shown; a first order Padé approximation is assumed for

the t ime delay). Figure 5 is intended to be a generic sketch , only, am-id is

not drawn to scale. The f i gure suggests that wh en the “switch” of p i l o t

con trol f rom ~ to a 7 occurs , the a 7 
-

~~ F system wil l  be s table when the

resonan t frequency of 0 -
~~ F is less than the frequency for which the ci 7 F ,

locus f i r s t  crosses the imag Inary axis. When , however , the resonant f r e—

quency of 0 -
~ F is greater  than the value at which the a7 -

~~ F locus

crossing occurs then a -
~~ F wi l l  be unstable If the pilot switches fromzp a

control of ~ to control of a7 cit that condition. This is the l inear ized
‘p

descri p t i on  for  PlO i n i t i a t i o n .

I d

i,,,,, . ,-t ,‘m,’,c,i i.’op
r ,,ots m r  • F,

-t ~~~~~~~~~~ 
Th,,I,,’d

iO~~ClS ni c iOS~’tI IO0 P
I ~~~~~ ~ C’~’ t $  t~ ’~ ~‘ Ip ‘

‘I ’ 
~~~~~~~ ~~~~~~~

~ •‘•‘~ ~~~~~~~~~ “ hi gi, g a i n ”

~“ ( mo,i,’ ‘
~~~~~~

r
~~ 

‘ ~ k ,,,at ahi ” liii)

“i , .w ga i n ” ,Iv n a m i , ,

- - Ca” i’ itii

- _ -5 - - - - J ---_ I 
-

4 1

Figure 5. Closed Loop Dynamics ; t~ F , and a 7~ F ,,,
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‘th e contrtbut [tins of the f e e l  sy s tem , couit rol  system , p i l o t , and a ir—

r.mme th ’mia imm I t ’s I_ eu P l O . for  ci ii near sys t cmii , are t’onveiu [en th y ci Isp i av ed on a

p lot cit t e u t . m  I , open loop svst t’umm phase’ angle’ ‘~ \‘em’su,s f i’t’qcue’ne ’v

~
(,i ,.,~) — (i” t lot p iuc i se lag) f ( t e e ’  I system phase ) +

(cont i’ti 1 sv 5 t cut p htc ~se) + (aim ’ I i’ciflt e’ phase ’)

~~j~~) - -51. i i ~~u) F ~ F (J~~~) + 
~ 

~~~ (j ~~) ’~ degrees

:~ t \‘ 
~
‘ i e’ .t I p lot t it 4i ~, ~~~ 

‘I mii i g u t  .mp p ecui ’  cIS shucuwn lie low in  F t  gure t

~~~~~~~~~

‘/

~~igu i’e’ ti . Sy s t e m  l’ltctst ’ Ceu flupone’flts f e ll’ ci~’~ F’~,, - 
-

I f  t i t t ~ a resonant  I re ’qttene ’ v t’esti it tug I’ reMit ~ C F5 c I eusur e ’ Is CC I R • t lien
t lie ’ . m .‘

~~~ 

C F 5 sv at  e’fli Ii ticu ~~e’ mci rg itt ‘
~~~~ 

— I 80° + ~ (I “R ) is 1105 It I v~ , t l ie ’ , m

s~’s t cut is sI _ cub i t’. antI ito h’ 10 re’su It a. F’oi’ “R “R I_ lie ske’ t cli I I I  cia t r at e s

a nt’g.ut I Vt’ phase’ mmm at’ g In  wit ii ,u i’oscu I t au it  e’ 1 eise ’ei 1 cutup I n a t  :ub i l l  I _ v  ; I _ h i t s  , by t lie’
I~ 10 tIe’ I t u 1 t  (ciii , i s  .e I’IO. It It C ’ atm be’ shown tha t “R ~~ ~~ - 

is  t uitpeu~~a I h i 1 ’ ,

t hen l v  P° 1 P 10 c antie u t ~i~~
’ C ’ Ui ’ t 01’ thie ’ .ts SOt ’ I , u  t e’ti f i t  gh i t cc inel it i ott . ‘l’ it is

pl m .m sm ’ m.umo, iii o m i t  em, lou  Is  ov , ’ m ’ a I imtp 1 It ’ ted i t Ci i i , ’ w i  she’s t o  hi,~ r’t geli’e”ius

N vq u 1st  ‘ a C ’ r i t  i’m’ (en ~‘.uu hi’ e’hiee’ ke’tl t o  d c ’ t t’i ’mit l uie at  cub I h it v of  t tic ct - I clew ,

gi ven t lit’ cm os sos’,’ F I t ’et lt ie ’u ie ’v (cinch , t lu cre’ f o t’ e ’ , the h oclj i g~u in ’)  . i i i  ge’ne’i’cm 1

I_ lila .mp hue ’cuu ’ s t cu h u e .uti i i t ) t i l ’ C ’ , ’S s , t  I V  c’tif l t h i  i i  e’ c i t  I C l t ~~ I t ,~~~ i~ i gt ’ e’ct t em ’ t h a n  t lte ’

mit i i i  I m um I ~~~ u u t ’n, ’v I em’ whit t’hi ‘~umm ~ t im , ’m i a ‘ Fa i s  tins t .u hi I ,~ i f  C ’ I o semt ’ e’ Is

tnctehc ’ ~ut I rt’clcue’ui cv ‘ ‘R
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When feel and control system nonlinearities are known to exist , their
e f f e c ts on a~ -* F system dynamics must be considered . Their effect is to

in t roduce amp litude—dependent and frequency—dependent gains and phases into

t h e  con trol loops for bo th 0 and a7 .  It was already no ted tha t the e f f e c t

of nonlinearities on 0 -
~ F dynamics should not generally be too signif ican t

for small motion amplitude unless the basic handling qualities are poor. For

a7 
-

~~ F dynamics , however , we cannot prescribe a priori what the character

of the sys tem dynamics might be; allowance must be made for the possibility

that surface or rate limits can be encountered due to large amplitude excur-

sions, for example.

Generall y ,  reasonable sinusoidal describing f unction models can be

obtained for each important nonlinearity and the system dynamics can then be

formulated in the series model shown previously ,  combining all the linear ele—

mnents into L(jw) and representing the sinusoidal describing func tions by N.

Then l imit  cycles of the a7 -
~
- F loop are easily found f rom p lo t t ing  amp li-

tude versus phase angle for both L(jw) and the negative inverse of N on the

same diagram. Points of intersection between these two curves correspond to

freq uencies and amplitudes of motion at which L(jw) = —1/N . The smallest of

these intersection frequencies is defined to be u~ . A typical case is

illustrated in Figure 7 for the case where the feel system contains an

amplitude—dependent nonlinearity and no others.

In Figure 7, the oscillation frequency w is the parameter of the gain—

phase plot of L(jw); oscillation amplitude a7 or p ilot con trol amp litude
parametIzes the —1/N plot. Three points of intersection between these two

curves are indicated . Points 1 and 3 are stable limit cycles ; point 2 is an

unstable limit cycle.

Limit cycles found from a describing function analysis such as that

indicated above do not necessarily represent PlO conditions. For a PlO to

actually occur it is necessary (but not sufficient) that the resonance fre-

q uency 
~R 

of the pitch closed loop be equal to or greater than that of the

lowest frequency limit cycle 
~~~~~~~~~~ 

Ac tually, a be tter prescrip t ion for
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Figure ’ 7.  D et e r m i n a t i o n  of L i m i t  Cy c les  in a 7~ -
~~ F5
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Phase 3: Accelera tion Amplitude

The final necessary condition for Type I PlO is postulated to be that

the ampli tude of a7 oscilla tions due to pitch atti tude con trol mus t be
grea ter than some “critical” value (az )CR . The “critical” value (az )CR
is asswned to correspond to a pre—set pilot tolerance level such that when

the ampli tude of a7 (t) oscillations is less than (az )CR the pilo t is
insensitive or indifferent to it.

The conventional viewpoint of the human pilot is tha t he is highly

adaptive. It follows that (az ) CR may be task—dependent. For example ,

osc illa t ions of a7 tha t are tolerable wi thout pilot control in air—to—air
combat may be totally unacceptable in aerial refueling or in flare. A

logical corollary to this reasoning is that (az )CR will vary among p ilots

and among pilot communities; a student pilot , for  examp le , migh t be hypo-

thesized to emphasize a7 control more than might a service or test pilot.

Thus, it might be concluded on this basis that the student is more suscep—

tible to PlO than an experienced pilot. This may be so , of course; but it

need not be so for the stated reason. If this viewpoint of the adaptive

pilo t is accep ted , then a contradiction must be admitted ; viz., an explana-

tion must he offered for why less experienced pilo ts do not ca talyze more

PlO ’s as a resul t of a -÷ F tracking in view of the fact that the a~ 
-
~~ FZp s p s

1oop dynam ics are almost universally poor and prone to instability. Rather

t han compound this po ten tial philosophical felony , the writer suggests that

perhaps we should reconsider the adaptive capabilities of the pilot. ‘ 
-

It is proposed that, if a7 (t) is of magnitude sufficient to be core—

sciouslv felt by the pilot , and if it is subjectively predictable by him ,

then he may attempt to control it. If a realistic in—flight thresh~ 1d of
a7 sensation is assumed to be 0.01 g (Ref. 14), then it follows tha t (a z )CR
= 0.01 g fo r  any fligh t control task.
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aUsing the data summarized in Reference 10, it is possible to conclude

that as a first approximation the pilot opinion rating of a pitch attitude

tracking task is given by the formula

FOR — 3. -tS ,,1’3’~” Cooper—Harper scale

Ti-it’ overall validity of this f o r m ula  cut-id the theory em-i whic iu  i t  is based need

nei l concern us here. If the t’cirum iulci is accepted , then it follows that

= 0.833 degree/second is ttu e maximummm acceptable value for m’nis pi t chm rate

(i.e., t o I _ ’  POR = 3.5). It follows tha t a7 will he both detectable by time

p i I ~‘t anti o t concern  to itim whuen , to a first approximation. 
‘

-r (i
~ R~~ “q ~

‘ 0.01

-
~~~~~~~ 

( i - ~~
)

u.’her ~ ~u . / -  i s  in u n i t s  of ’ g /de g rc e/ se c tun d . ‘I ’imi s c r i t e r ion  can o n ly  be

vt ’r i f  it ’d v i  iii f l i g h t  t e s t  e x p e r i en c e .  I t  w i l l  he shown in  Sect ion \‘ 1 t h a t

t I m e ’ v a l i d i t y  0! t h e  c’c’ [ t en on is cot-i f i rnmed 1w t i it ’ n um en iccu l examples (wit  (cli

t’e’p i’escn t, t i m e ’ m a l e t ’ ex i s t i n g  I ’lO d at c u  hase!  ) -

The mneusl inmportcint sing le  p cul’anme te r  t cu time response r a t i o  cu :~j i/~ c i s

shown in th e,’ App endix to be I ,’’I’~ - l’o ci gcI el d cippt’OXiitmcit ion

2U 0~~ 1
- 5 + - 5 + -,i — , ‘c c - x i~ 1

— ‘ ‘ I
.~~~ 

(~ - —- ‘ ‘ ‘

ii ‘- s + :i:T j

l i m i t s , th e ’ pre’sent I’ It) t Imeel m’v im .ts imp Ii ~‘,t tOt1 1 / ‘l’~ a a cm e’emi t  i’a 1 p cum’a m tm e t em’ u t

0! I _ lit ’ I _ h i t ’ t ’ e ’ i i ’  t e m’ i .m h O c ’ e’ cc s_ i  r v  t o m ’  oh a u i i  tig cm Type’ I P t  0 the  t lrst cIflCl
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C .  TYPE II PIt)

The t , t s k s  addres sed h e m ’t’ are those in which  closed h o o p  con t ro l  ot’ p 1 t ch i

is not arm ci p r i o r i  r eq u i r e m e n t  f o r  P lO o n s e t .  This m i g h t  i n c l u de  h i gh — g

um aneuvers  of an open loop c o n t r o l  sort , trim malfunction , system t ransient -c

resulting from SAS/CAS start—up or shu tdown , et c .  The common t h r e a d , imow—

eve r , is  t!m.it time control (or  d i s t u r b a n c e )  must be “ suddenly  app 1ied~ and of

a m p l i t u de  su I t  ic lent to excite the stick—free dynamic modes of the’ a i r c r a f t  -

1l i ~’ ct i ial \’ s i s  r e q u i r e m e n t s  I or  t i e  i nv e s t  i g c c t  ion of Type Ii I ’TO cire much

a inmp le r  t i tan  those of thie l a s t  se c t i o n . Basically the procedure is the s c inm & ’

t ’xt ’e p t  t h at  there is no messy a t t i t u d e  loop c losure  to be p e r f o r m e d .

I t  is assumed t h a t  the p o t e n t i a l  f o r  Type i i  P l O may he de t e rmined  as

fol lows :

1. Compute the power spectral  dens i ty  of a 7~ us ing a normalized ,

broadband noise represen tation for F5(jw)—— to simulate the required 
- ‘

“abrupt” character: that is

a7
~~ci ,c i ,  (w) = —

~~~ (j a)  ~ 1F5

2. Determine the resonance frequency and the subjective predictability

index v from ~l a za z
(w)  exactl y as was done f or Type I PlO .

3. Lf v ~ 0.3 then Type II PlO cannot be ruled out  as a p o s s i b i l i t y ;

then i t  is necessary to determine ‘~I for L(ju) = — 1/Nt - - -) cia was

J oume for  the acce le ra t ion  control loop for  Type 1 PlO.

4. If V ~~- 0.3 , wR ~
- w
~ 

and a7~ /t (juR)! >0.01-2 g/degm ’ct’/st’cond ,

then Type I I  P lO should b e considered probable for the given flight

condition at some time during the aircraft ’s lifet ime.
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An a l t e r n c m t i v e  proced ure  w i m i c i m  is simpler and wimich may be just as

act t is f c i c  t o r y  is t e l  d d e  rm inc whe t  h e r  c e i m v  at  i c k —  free d v n anm i c mode exists viii cii

s i g n i t  l e an t  I ~ c’o n t r  i b e i t e s  to  i ,cu , ( - - )  and wh ich h a s  a daim m p ing r a t i o  ‘
~~~ 0.2.

As cm rule of’ thumb , the  modal f r e q u en c y  mus t  he less t i t an  about  10 r a d / a c c

for such a mode t o  p roduce  s i g im i  f i c c u n t  e f f e c t  (In ~c i ci (w)  due to  h igh  f re -

qu ency a t  t enua I_ iou - i  of cc 7 . I f  such cm mode e x i s t s , t hen  the  a~ response

should he considered to be s u b je c t i ve l y p r e d i ct cm l) l c’ , ~~ should be set equal

to  thit’ moda l f r e q ue n c y ,  and t h e  additional c r i ter i a  f o r  ‘I’ype h I  P h D  examined ;

and (hoes ci ? ! ~
(
~i j~~) I cx cc ’e’d 0 .012 g/ de gr e e /se c on c l ? I f  so ,

t li en ‘l v  pe I I P I I )  i s  p r o b a b l e .

‘l i m e  s i m p l i f i e d  p r e d i c t a b i l i ty  c r i t e r i o n  o f  -

~~~
, 

‘ 0 .2  was selected based

oui t i m e  ‘I ’ — ~8A and A 4D — 2 P l O  experiences. Table 2 c o n t a i n s  da ta  e x t r a c t e d  f r o m

~1c uge ,’ ~~~+ ot Rt ’ l cr ence  15. The a i r f r am e  and f ee l  sys t em dynamics  c u r e  shm own f o r

t i m e  f I ig ht  cond i t  ion s  w her e  cac t i  a i r p l a n e  e x p e r i e n c e d  se r ious  P 10;  these  da ta

a r e  g iven I’or t i m e  or  I g i n a l  and t i m e  mod if ie d control systems . It is clear

TABLE 2 .  SY STEM DYNAMIC DATA ; T—38A AND A4D — 2

Ai rp lane STI TM 2 3 9— 3 Douglas LB—254 52
T—38A , af t e.g. A4D—2, c.g. slight aft

Control System Orig Mod 
_____ 

Orig Mod

Airframe Dynamics:

~sp 7.0 7.0 7.94 7.94
Sti ck Fixed

~sp 0.40 0.40 0.40 0. 40

9.8 7.5  8.8 4.8
Stick Fre e 

~
- ‘ 0. 10 0.28 0.16 0.34

Feel System Dynamics:
(in f l i gh t )

17.7 24 18.4 19.2

0.23  0.17 0.22 0.14
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from these data that the stick—free, short—period mode probably dominates the

character of az (t) responses to abrupt control or turbulence inputs. The

further assumptions are made that both the T—38A and the A4D—2 were suscep-
tible to Type II PlO (and this appears to be a self—consistent assumption)

and that the problems were cured (or at least alleviated) by the control

system modifications performed . An inspection of these data suggests that

o 
~R 

= 0.16 will permit Type II PlO (A4D—2 , ori ginal sitck—free

“amping c”atio).

o 
~R 

= 0.28 is sufficient to eliminate (or reduce) Type II PlO

tendencies (T—38A , modified stick—free damping ratio).

It follows that 
~R 

between 0.16 and 0.28 will represent a susceptibility

boundary.

Substantiation for this criterion is available from Reference 16.

Bobwe igh ts were iden ti f ied as a possible contribu ting cause f or PlO for those
cases where they degrade the stick—free short—period dynamics. The overall

importance of stick force per steady—state g,  minimum dynamic stick force per

g, and short—period damping ratio was cited . The suggested correlation is

shown in Figure 2 of Reference 16 , p. 161 and in Figure 8 below ; the PlO

rating scale used is that given in Figure 36. These data were obtained from

a flight test program documented in Reference 17. It is, to this writer ,

clear from this data plot that stick force per g is a tenuous basis for a

PlO criterion . The data show only three PlO or near—PlO cases; one of these

lies in the “safe” region of F5/g. One no—PlO case lies on the 1.4 lb/g

boundary . There are four cases with PIOR = 3—3 5 lying in the region of
(Fg/g)~ j~ > 3.0 lb/g . If one assumes that a correlation exists between PIOR

and damping ratio regardless of ~~~~ then it is clear from these data that a

damp ing ratio of about 0.2 should represent a PlO boundary . This is indicated

in the figure. This damping ratio should be interpreted , in general , as that

of t he  resonant mode; i . e . ,  as CR . When the variations of PIOR with Cg shown

above are interpreted against present theory, the da ta are completely consistent.

Th ese da ta po ten tially represent both Type I and Type II PlO conditions due to
the nature of the flight test procedures used; the flight tests did appear

to emphasize open—loop maneuvering to a considerable extent , however. Since

39
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‘I ’h i i s  c h m c i p  t e t ’ is p i’esc’um I t ’d as a St I f lumt c i  i v  c i t id ~‘ c i~m pe ’iid I urn o I’ ru 1 C’S 1 01 ’ t i m e ’

.Ls aessn ic ’i i t  c i t  cu I rc rc u t t c i n c h  t’ I ighi t ceiimtr o 1 systems vi tim respect to I u t ’ I r
(lot t’li t f~ t I f o r  P i e )  e’ime ’ o u umt  em ’ . I t is ci e’cui md e ’imscut t o ~ o f t i m e  t hm co rv  of t hit’ last

c im ap Li,- r . I t  I a cu ssuim ed t imc ut  t he t l i g h t  t ceund i t  tons  cmnd c m l  rc rcm I’ t —c ’eu u t r c l

svs t elim cenm t I gu r at  touts t im be I imves - c t I gcited are known cin c h t h m c i t  c u l l  t ime ’  dvna nm i c

flituele IS req Ui  i’eeh for cup p I t  ecu t ion of t ime t ii~~e m rv h a  Vt ’ hmt ’t ’n ntectsurt ’d  or c’st  I ma t ech

A - i\ ’ i’i- : I P l O  m. I N I Ti ATE !) !IY P t  ‘h’Chi A l l ’  I TI DE CON t R O l , )

- Sc’ lee I cii i  a p pr eu p r  I c i t e ’  mod e ’ 1 fe- i t’ iu I l ot  c’d e t u i m t  m’o h em 1 p i t  cii cut t i t  t i e i&’

te ’ . g. , t~t’t crc-net ’ I i )  -

1. C lose  t lme p itc im cult itud e loop.

I . (hici mp u I~~ I hue peuwe r sh e-c t i a  I cic ’tms It  \‘ 
~~ ~ 

- )  o I no rtmmc u I .me-eel ercm I. i e u mi

.i I I itt’ h— i hut ’ 5 locztt iou -i due to cont u ’ eu 1 cu [ p I t  elm at  t it ode ( I  - e . , wi t i m  no

c I ,‘S,’th ltit)p t ’ I ’ i m  I r o t  ~u J ci e - c c’ h e ’ rc i  t_ t un )  . Use ci represent cit lye model I or ve r t  I ec u I

t tc u’tnc it ’imce’.

-~ . Ft ’oiit ~ a ~,w) e s  t lutici t  e ‘cc v 
( I li e ’ rosoncin  t I requencv ) — —Il one cx 1st  a.

it im c ’im t ’ exist s I’tur any r e a l i s t i c  ch um Ice cut ’ p i l o t  dvn ;im i c’s (ci h leuw I u m g fcc r gd In

t’ i i ~iu igc s  cur  d r op—ota t  of equc i 1 iza t ion , fo r  excimp i c’. due to pt  lot t c ’tms Ion ,

et e’ - ) t lien t y p e  I P l O  Is  uid Ike I v .  I f e x i s t s , then  est fm~ te’ t ime’ sub—

) t - e’ lvi’ prc’et let cub lilt v Index v . I f  V 0. 1 go t c u  s tep  4cm ; cut h ierwist ’  e’o n —

t i nue w i t h  s t e p  5 .

- Est Incite the resonant  mode damping  rat h o  ‘

~~~
, . I f . ~ 0 .2  then

c o l i c ’ I tide t ha t  h y p e  I P IL ) I s  umm . h ik e  i v ;  t h e ’ eva 1 ti cmt I euim ecun hu e cont  I imuieti cit

sIc- p r
u ii conservcm t I sm Is requ I red or I f one? im c i s itt t ie con f idem’mce in  t h e

p I hot mod el 1ua r cu nic ’t e’r Izci t ton. It ‘
.

~~
, 

. 0 .2  go to s t ep  5 .

‘I
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5. I t ’ t hme r e’ c m r e  no I ct-h ~iu ’ control svs t em n em l i  I I ime cir I t ii ’s p r es en t  I ha I

mmt , t v hav e 5 I gti i i  i c ’ , I  i t t  e ’t  t e e l  on p i l o t  —vi ’ i i i  c Ic ’ s v s t  em el y i iaun I c ’s i i i  it I ghi— g

e’SC i i  lcitorv stcite’s of t i me m t b i t , cem nt i nu c’ wi  t im st ep  m a ;  c i t h i e r w i s i -  go t i m  s t e ’I u  ‘mi u .

- (L timear sy s t e m  dy_n~um,,i_cs,) l ’lot  t I m e  I o ta  I opc’tm 1001) svstt’m phase

cuum g Ii- Bode ( j  ~) I or t hi t’ a7 
- F loop clv imcinm i c -s .  -;( j ~~) w i l l  i ic ~ t i m e  aunt em f

phase ding It-a due t o  l i i i ’ p1 lot , th e’ t c -el svs tetmi el vn cmnm I cs , t hue c o n t r o l  sy at c - nm

(or  CAS) dynanm ies , and h ut’ a id  t’cu nu t c fv i i aumic s  ( I l - i c’ I u c I  i u m ~ c m v  SAS feee ib z ick

I oups) - ‘lime 1)11cm I p hm cu se shme - iu Ic! hu e ass uimie ’d to rt’sul I cut i r e l v  f r o m  a (I - 25

second del ctv ( i _ c ’ . ,  — 5 7 .  ,3’O. 2’ ) ) .  h i  the phicise’ i s n ’t- l it 180 ° + ‘ ‘ ( I c 1, ) >  0

heim ‘typ e ’ I P hO is tint Ike ly and the ’ a t m a  I y s  is  I or l’ v l fl- t I’l() is cemuu m Im lO t C’ —

if 150° + ~ (jc ~ ,) - I) the n ‘l’vpe I PlO is poss ib  IC’ cund tim ~,’ cmncm h v s  is sh i c- iuhe h

p r o c e e d  with - i step b. I f  1800 + ~~~~~ is gre’cutc ’ r t hi cmn , but cmppreux ima t e’lv

equa l Lii c~ c ’ so , thi eim Lii is l l t d iv  suggt,-s I t ha I I hie cm t r i m  I a ime will exhm lb it P l O

entiene’ Ii ’s, cii though ci fullv—de-veloped P Ic) tmmcuv be’ un i  i l - c l v  - li -i thm :m t cctse ’

I I becomes a ma it er cut j udgnm t’nt ci 5 t o whia I cc) Li rs e’ to  cu l l  ow in  ci de’ a i gui c i i

development progranm .

•

5b. (Non l inea r  s js ter n  dyn a m ic s )  On cm g a i n — p im a s e ’  p l o t  of h , (  i , ’) ci nd

— 1/N—— t h e l i n e a r  and negative inverse cmi ’ time noni I near  p o r t  ions tuf time ’

I” a vs t ent , respe -e- hi vel y—— de- ~~ m m m c,’ t he  sn ,c i l l e a  t I ’ re ’q iue ’ l m c ’v d
l 

c it vIm I e l m

t hmc ,’at’ two curves intersect. If 
~ 

, ci t y p e ’ I P i t )  is  poss I hu i i ’ cinch L i m e ’

an a ly s i s  must  cont m o e  with step 6. I f  0R then  ‘type  I P l O  Is  ou t  ik e ’1 v

and tIme analysis for Type 1 PIt) is complete (time? ccmci t lcuna rv note’ of ’ 5a
cippl  ies to this inequality tic t e rmina l  ion , however)  - lime’ i-i ii cit model I or t ime ’

analy sis of a -* F d ynamics simould hueZ p ~

-‘-a-’— (ju ) = K 1 ~~ ‘t a~ u
azpe

It is suggested tha t i = 0. 25 seconds Ia cm aci t i st ’cic tei rv c’luoic’e.

6. If (aZ /O(JuR)I~
- 0.012 g/dcgree/sec then conclude that Type I PlO

is unlikely. If this ratio is > 0.012, then conclude tha t Type 1 P 10 is ci

v e r y  strong possibility.
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B. TYPE II PlO (INITIATED BY MANEUVER ING CONTROL OR TURBULENCE)

1. Compute the power spectral density of a~ for the stick—free

airplane dynamics; assume that the airplane is excited by a wideband noise

with power spectral density E 1 (to simulate “abrup t” inputs). That is,

assume

azp 2
a (

~~~)  = (jo)
zz

2. Continue the analysis exactly as described above for Type I PlO ,

starting at step 4 and replacing “Type I” with “Type II.”

3. Simplified alternative procedure : if the damping ratio of the

dominan t, resonant mode of a
~ IF is ~ 0.2, then Type II PlO is possible.

Call this damping ratio and continue the analysis as described above for

Type I PlO , starting with step S and replacing “Type I” with “Type II.” If

the damp ing rat io is >0. 2 , then conclude that Type II PlO is unlikely .  For

conservatism one could define °R 
as the dominan t mode ’s damped frequency and

proceed to step 5 of the Type I PlO analysis above.
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SECTION VI

NUMERICAL EXAMPLES

A. THE YF—17 (APPROACH AND LANDING : CAS—ON )

The reader should not e’ tha t time YF—17 never exp~~~lenced a PlO problem to

this writer ’s knowledge- . TIme N’h’— 3 i ~\ variable stability airp lane , coimfigured

t i-i aim citcute’ the \‘ i-’— l  7 , d I d  encounter serious P lO difficulties in flare’

(Ref - 8)  . Cculspan dicugnosed time problem cus excessive control system phmcu se

lag el it e t ci thme GAS ni ech aum I zcit ion.  ‘h’hmcv mod i f  led the (simulated ) cont re-i l

a vs t em dy n a m i c s  to reduce’ time lag c’oum t r ihut ion to  icing i tud inal dynamic’s cmii

tunne l  t h mcmt this ci imincmtcd the P1(1, This occurred p r i o r  to the  f i r s t  f l i g h t

c i t  t i m e ’ p r c m t e ) t v p t ’ cu i rp ic in e . Bcised on the  var  i ab le  stability airp lane simula—

t ic-it-is time’ I F — I ]  f l i g h t  con t r o l  sy st e m  wcia s i m l l c mr lv  meudi I’ ie’d prli-ir tc tle

i m’ st fl ight. ‘I’lmroughout th e ’ r est of t i - i t s  repor t , t lm i s  P it )  case i m l a t e ’crv w i l l

h it ’ r e ’ f t ’rr ech t o  cia tuie IF— 17 Pit) without further qucul i f  ica t  ion . The YF— l 7

~,i at~ is part iculcmrly lute-resting bec’ciiia c’ the  a irol  cul ) e— co fl t r o  1 sy stem dyn amics

is a inn icmt c’d we’re’ entirely t int,’cir .

Sva  t em l)vncuttm i cs

It is un l ’o r t ’ u n c m t e ’ t imcmt a qua l [Iv dcse’r il-i t ion c i i  t ime ’ IF— i 7 cmi rt’ rcunme’ and

e ’ t m n t  n i l  sy s t e m  t h vuic t tu m icc- i  was not  cuv ciii cib Ie I or ci im c m I \ ‘s iS and present :i t i c— m u

w i t im in t im is r e p or t  . The only eta I ci cuv cm II cu b ic ’ 1cm t hu i s  urn I he ’d we r’e’ I lien-ct’ c c ’ll

I ,i i nt’el in Re’ f ere ’nce 8; t h i s  inc lueled on ly  time’ pit c’hm cut t i t  ode t ra ims t’e’ m I ’ uu e ’ —

t ion w i  t im no s tab  tilt v derivatives. l u  o r d e r  t ci re’c’eun st  I-oct t ime ’ e’om ’ r t ’s—

pou c h lu g  n or n m cu I ac ’ ccl  t’r cit  i t in t rcmns l et ’ t une I ion sculmm e cusaumpt icuns cure m’e’qu I u’ e’d

is te l I lows :

I - i- ’m’oimm Re t  e’nc’n’ e’ 8,

M s , (a + .84)
~ (s)  = , ~

““ “‘  

- a + .~( , 8 9 ) ( 1 . 9 8 ) s  + 1. 98’
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0.84
h e m-

= 1.98

~~~~ 
= 0.89

is unknown

= 140 kt = ~ 17 f/ s

~~. Assume c~ = 15.7 ft (time pilot ’s location forward of  the e . g. ) .

3. Assume

N ç~~~(s) = (Z
~ e 

- 

~x
M
~~
) [a” + S + 

- 
-

4. Assume ZeS~ 
= —26.9 and Moe = —5.31. These are representative values for

a similar airp lane (F—5) in power approach (Ref. 18).

‘~m . Estimate

N
Zp (s) = 56.5 [s ’ + 0.84s + 25.4]

ese

= 0.08

= 5.04

(s) 56.5 ~~~~~~~~~~~~~~~~~~ + 5. O4~~~
[~ 2 + 2(.89)(l.98)s + 1.982]

(jo) 
—10.64_~~j~~~

’ + 2(.Q8~
(5,.q4,)J 5.O4~J

‘~

.4 u

_________________________



Note ’  tha t the  a c c e l e ra t i o n  dy n a m i c s  es t ima te d h m ere f o r  the YF—17 cure not

exactly those tiuci t were  s iut iu iat ed  in t ime  reference 8 fligiut t e s t s .  Time

s imula ted  ac c e l e r a t i o n  numera to r  was thuat e f  the bas ic  NT—33A —— in time

absence  of ~u d i r e c t  l ift ceintrol, capability or the use of model—following

techniques (ulu I cii we’re a p par en t  lv nu t  used)  - Time p resent  anal ys i s , us ing

estimated YF—1 7 dynamics , will m’s tah iishm thiat according to present theory time

YF—17 wit h t u e origincu l control system was indeed PlO—prone. Time question of

it -m— t’li gi ut simulator fidelity will he further examined in Section VII wlmere it

w i ii  he’ COlic ’ lucied thia t t ime Ccil span s i m u l a t i o n  was q u cu l i ta t iv e ly  co r r ec t .

6. To cm first approximation , assume the feel  and con trol dyn amics to be

simp lific~utions of those given in Reference 8:

‘I

6es 6e /1 in. ’\ 6e
~~
- -  (s) = 

~~
-‘-— (s) -

~— (s) = x — (s)
“ S °es L U  / °es

K ’ (s ’ + 2 ( .4 4 ) ( l l ) s  + 1121 (s + 2)(s + 2.3)-— (s) = — — ~ or g na
F5 [s ’~ + 2 ( . 7 ) ( 4 ) s  + 4 ’~J (s + .9 ) ( s  + 5)

K’ (s + 18) (s + 2)(s + 2.3)
(‘3 ) = -= modif i ed

F5 (s + 10) (s + .9 ) ( s  + 5)

K’ is unknown (and not required in this analysis).

7. Summary :

— 
K ( 2 ) ( 2 .,~~~j~~~~~~f l ,  on inal

F5 
(s) — (O ) [ . 8 9 , l .9 8 ] ( 5 ) [ .7 , 4 1 g

0 
— 

K(2 ~~ 2.3 ) (l8) modified
~~ (0)[.89 ,1.981 (5)(1O)
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K[~ O~

;
S~ O ~~~4~~11] 

~~origina1

— 
K[,08,5.04](2)(2.3)(18) difi d

F5 ~~ 
— 

[.89,]..98](.9)(5) (l0) ~~O e

where the short hand notation employed above is:

(l/T) means (s + lIT)

[r~,w) means ~2 + 2~ws + ~2

The units are radians , f t /sec2 and pounds .

-I-
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Type II P lO Assessmen t

The s impl i f ied  cri terion of the last section (step 3) a h l o w a  its te l

immediatel y conclude that Type I I  PlO in this  conf i gura t ion  is ext remely

unlikely.  The onl y second order mode appear ing in the accelerat ion t r a n s f e r

f unc t ion is the s h o r t — p e r i o d  mode . But ~ = 0.89 is far in excess of thiesp
subjective predictability criterion 0.2.

c I P  i s  Hes a time 0 1

Figure 9 is ci Bode p lc-it of the airplane ’s i-itc h -i attitude dynamics

~ /F (jo). If we assume thmat the crossover frequency will lie between 2—4

rad/ se c , timen it is clear tha t time aircraft dynanmics cmr e’ roughly of the form

K/a - in this region. As a rule , dvnanmics of these sort will lead to lighmtl y

damped closed loop oscillations and degraded pilot op inion ratings. An

iu’mspec’t ion of time data base’ of Reference 6 and cm modicum of iteration sug-

gests  tha t a reasonable (not bizarre!) me-idel  for p ilot dynamics in p i t c h m

track ing would he

I (~~ -~ ) = K (2 .5k+l )
I - i -  P -

A hloele plot of time open loouu s~’stem dvn anm ics  \‘ ( e ~/ F )  is cu lso  shown in

Figure ~) - Figure’ ~) indicates thcm t t u e  a l - i a o l ut e  nuctximum crossover frequency

wit h t h is V ( j  4 is 3. 3 rad/sec .  Acce- ird [u g ly , ~ = 2. 9 wa s se’le ’ct ed  and is

assumed to he cons is t en t  wi tim whcut would be mecisur eet  in  cmc tuci l f l i g h t  ; tim is

yields a smcu il phase marg in  (about  16°) , Ohv ious lv  • even small it-ic recusea lfl

p ilot ga in  wi l l  r a p i d ly  degrade sy s t e m  s t c i h i l i  t v  . This result appear s  t eu hue

c tins is tent wit im the’ eva lua t ion p lie-it s’ comnmen t a cmheuot time peucir p i t ch  im cmn d I i  ng

~em ,m l i t  it ’S cit h i m is ccunf igurci t ic-in in f l i g h t  teats (Reft ’re’nc’ e 5) -

‘l ime cc-i r respond lug cc’ losed loop eivn anm ics t) / e) (,j ) ir e’ al m ow t m i i i  F’ i g u t  t t ’ ~

or , = ,~ . 9 . Obviously, h u e ’ closed loop svst i’m is t’Xt rem-ic ’ lv i’esonz int c i t

th is c-oimel i I i ciii. It is cv i d e n t  1w i n sp e c t  i Oim t hic i t time ’ m ’esoncum t peak o f  ~i / (1

u- i I I thorn I n cu t e’ I lie ~m . .  pou ’e r sj -iec t m’uim , ‘h’ime e’em u ’n c’s pc u t m ei  m u g  damp I m g  rc u t_ 0 t Od

this nioeit’ is ctp h u r cmx Iiiic it e’ I v  0.1) 1 . ‘l ’imua , liv t ime a itutu I i i  ied c’ u ’ i t  c’r ion f o r

- 4 5

- 
, 
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Fig ure 9. YF— l7 Pitch Attitude Dynamics

subjective predictability of the last chapter , it must be concluded ti-at

Type I PLO cannot be ruled out on the basis of  pitch con trol handl ing
• qualities. The resonance frequency °R 

= 3.0 rad/sec for the given Y ( j w ’t .

More pilot lead and higher gain would increase somewhat.

By the assessment rules , the analysis must now proceed to an investi—

gatton of stabilit y of the a
~ 

-
~~ F loop when the pilot ’s gain is adjusted to

make = 

~ R Ti-ic t o t a l  a1 -
~~ F sy stem phase ~(jw) versus frequency is

p l o t t e d  in F Ig ur e ’  10 in accordance wi t h the ru les of the PlO theory . The

p ilot t ime d e l ay  wcm s assumed to be 0.25 seconds. At ~, = 3.0 we see that

49 

_______

-‘-- --5- —- -
’ - - -- --- —_ - -- j - _- -‘--- --_‘_ - _--‘—_- - -



r~’ ~~~~~~~~~~~~~~~ 
- — - - —

= — 2 9 5 ° , 180 + — 2 5 °  ( t he system phm ci~ e uncut- gin) clttc we net thuc u t time’

.ic Ce ler,m t ion  e l~’ae’~l loop is  tuna t ci h ile ’ . t h u s, I c in g i t tici i n _ i  1 1’ 10 caum bc

[U i  I i  .1 t i’d ~l t o v  i deci that time ’ p 1 lot _ u t I i’uu 1lt a I o co n I r ei 1 ~ c’ p 
‘t o see ’ t,’imt ’ I i t t ’ t ’

l i i i s i s  j ielss i l i l t ’ , p r eu i’eed to  s t e p  0 0 t ime’  ,usne ’asnteum I r u l e ’s .

l i me r at  ~~ cu .
1~
!~ ( 3 . 0 i ~ = 0.031 g/dt’gre’c’ - ’sec . i’iuus , liv present t h e o ry

W c i c c o m m  I ~i he’ tu sh i i  i e’m.I i n  cL int ’ 1 nd jug t h a t  Type 1 1’ 10 icc o mm i d  be’ l ik i ’ I v  i~’it i m t im is

.i ~ t j i  l,l uie’ ,umi t i ccuum t ro 1 sy s t e m .

L iu c ’ , L c ’ tu,i I no rnm~u 1 ,u c c e ’ le ir a tion dvn anm l e a  s m c i  1 ,m t c _ cu wit lm tu ie  N T— 3 3A v I e ’  1 d

L0~) = 0 .0 2 1  1 c~/ d e c~r c ’e-/ s e c  (~~ t ’c’t  ion  V i i ) .  ‘this is about td ,’ j c ’ e’ t i m e

Cm’ i e’ !’iOf l  v~m inc c ’t  0 . 0 12 ;  cciii th - icm t bcisia it c’,un be’ cone’hu cl ecl that errors in

t h ’  si :rmm I , m t  100 01 a . ,  pic lI  ~~~ anmp l it t ide were  p r o h , m h i l v  of mb c’oumsequencc’

[‘be i’I 0 f rc’quenc -v and Lunup I i t iide oh ta ltic’d wit hu thie’ NT — 33A sin-itt h cut i tIn ci cc

mmrm 1u ci h Ii simt’el . I t is known f roumm i uifeirnm cul coninmuulic’zmt ion  i-ie tween thie ’ writer cind

C,u I a i m  ~1 at ,u I t mue ’nmbc’ u-s t i ma t t he PlO freque’u-ie’v occurred c u t  approx i uuu cutelv 1/ 2  cpa .

Pi t V t tu e r e t o r t ’ hi’ cou ic lucleel t h a  I t hu  I s  aima 1 va i  a (and , as a consequence ’, t he

t ’ c’ ’;c ’ i t t  t l u e ’o rv ’~ is au p p or t c ’d liv the’ f i  ig i m t t c’st u ’eacul t a

nut: wtu. u t  ot  tuie \‘F— I 7 with time ’ niodif led Coot re-il system .’ If the P l O

I cc ’orv is to be .ue’c’e’p table’, it must  show t h a t  P lO  I S  110 Icinger cm probahi ii tv

n th is I I igi mt coumet it ion. Tim is is , inde’i’ct , tim e case’.

A Bcide’ p iu cuse ’ p lot  is simeiwii in Figure’ 10 for time’ two p r e — f  ilter elvuicumi c’s ‘

(eurg m a  I and mod if ied) flight te’sted liv Cal  spcitl . It cuppears that tim e umodi—

ied cout  rol system pre— t i Iter decreases t o t a l  sy s tem p lm cuse lag in thie region

c i t  probab le ’ 1 -i i t ch  sy s t e m  crossover  liv 4 5—70 degrees.  The resulting a i rp lane

dynamics will t h t ’r e f o r c’ be more like K/s thaui time original K/a ’ form . Time

im cu nc1l i tie~ qua l [ t i c s  cir e hound to be’ improved according ly . Ne-i detailed cmn alv aia

o t  p i  t t ’it tracking is uie’c’ess.urv , imowever , beyond the comment that , because of

l ie ’ improved control svst  em dvncimlcs , tue chances cure suhstant j ai l  v reduce ’d

or eh ’ t m i n i n g  r t ’ s c un cm u m t e’ loseel loop dynamics -

:-~



—

I i i  m u l t i
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Figure 10. YF—17 Acceleration Control System Dynamics

Consider the a1 + F
~ 

phase angle criterion. In Figure 10, ~~jw) is

plotted with the modified control system. There are no intersections of the

_1800 phase condition for w < 12.5 rad/sec provided ‘ta is less than abou t

0.3 seconds . Type I PlO would be extremely unlikely with the modified system .

It is therefore concluded that the theory of this report is substanti—

ated by the YF—17 in—flight simulation. The reasons offered in Reference 8

f or the PlO problem are confirmed , also , by these these theoretical results.

Ic , 
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B . ‘h ’III- ’ ’h’ — lIlA (M 0 .85 AT SEA i,EVEh,’)

‘L ime h’l t p u c i i i  I c -ms e’tie ’cuun t  e’i’e’eh w i  [hi thu is ,u t i p  I ~uue ’ cu re  we’ h i  —known ~uiutI lu ,u~- , ‘

been gi  Vt ’tu t Olls I che r ,u b  it ’  etuginec ’ r i  img c i t  t t’Im t b i t  ( t ’ • g, - , R et  e Fein t’s I , 4 ,

19) . Time’ P i t )  e’xpc’ u ’ tenet’s wit hi Iii Is  c m l r p  1 cune we’ rc ’ well —elc ut ’uuiue ’im t Ot1 , c’On~; Ic ier—

cub It’ cuu u ,i I vse’s we’re’ e’oumdue ’ te’eI (~mneh cloe ’untc’um t eel ) w h m I cii h i-m oLt I 0th t i le ’ dcv I cc’ --

ce n t er e’ci ou ’ I gt u - i cmi  t ime’ I I i  g l u t  c om m [re-i l p rcuh 1 e’tui , inch sh g u l l  i c ’ c lc m t cern I t c i I ic y u t  cmi
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Sy s tem _ L)ymmnth’~ — — ( ) r i ~~ I System

The dynami cs of the  a irp icune plus flight coot rol system are cemmp h Icate’d

by

~i A u ’i o rmc u l  c u e ’ e ’e’ I erat  [d in  hoiiwe i gu t

ci Control system friction

Tue bobweight had a very destabilizing Influence’ on time short—period dynamics;

this can be seen from Table 2 (p. P-i), There was sufficient control system

friction (break—out force = 2 pounds) to ensure ti-ic--it the bohweight feedback

was almost comp letely masked f or ci 7 hess than cibout 1 g (the hobweight gain

was 2 lb/g). The effect was to quc-iui tc itiv elv change the airp lane dynam ics

accord ing to whe ther az was small or large. For small a7 the airp lane ’s

dynamics were best represented by the stick—fixed condition; for large az time

stick— f ree dynamics were appropriate. The change in dynamics probab ly occurred

F very suddenly with changes in acceleration amplitude.

The structure of the airframe plus flight control system dynamics (SAS—off)

is shown in Figure 12. The bobweight is nmodeled as a feedback of az~ to

stick force. The pitch attitude dynamics 0/F (jut) are shown in Figure 13 for

the two cases of no bobweight and full bobweight .

Type I PlO Assessment —— T—38A

The most difficult task In analyzing the Type I PlO behavior of the T—38A

is to select suitable models for pilot dynamics in control of pitch attitude.

This will be done for three cases which sufficient ly cover the spectrum of

pilot—vehicle system dynamics:

o Fully—adap ted p ilo t; small a7 (K B = 0)
o Non—equalized p i lot ;  small a7 (KB
e) Fully—adap ted pilot; large a7 (KB = 2)
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Figure 13. T—38A Pitch Attitude Dynamics; Effect of Bobweight

Reference 4 suggests that prior to PlO initiation , a reasonable model for the

fully—adap ted pilot in control of pitch attitude is

Yr
(s) =

The lag time constant was selected to cancel the O/F
5
(s) numerator time

constant; the resulting op~n—1oop dynamics of the e -÷ F loop are therefore

approximately equal in form to K/s in the region of expected crossover fre’-

quency as required by the adjustment rules of Reference 6.
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Figure 14. T—38A Pitc h Control Dynamics; Lag—Equalized Pilot , No Bohwefgimt ;
E f f e c t  of P i lo t  Cain

Time ’ ei i)e!ii—ioOj ) a -
~~ F 5 systen  dynamics  w i t i m  t ime  f u l  i v  adcup t ed , h a g  equa l i :~ c’ei

p i l o t  arc ’ shown in the Bode plot of Fi gu re 14.; t ime s t i e ’k — f r c e  a irp l cune

d u c t u n i c s  O/ F 8(j ~) arc repeated thmere for compari son .  Figure’ 14 ci I so ~ b me ws t l u e ’

cl o sed  ioop svstcnm amplitude rat it) J 0/ ti eS (j w) te , r two vcm lue ’s f o r  p i lo t  gd i n ;

time vcul ue’ K1~ = I -
, h i h/  rad was Lime ’ one’ suggested in R e’ I- c-re -u - ic - c’ 4. Re’c~ 11 t i m cu t

tim e p i L’-h ,mt t [Lude’ ceimmand ii~ , is an equivcm lent co mmand due to turbulence’ I er

c ’ou mv e ii t  ioimcul VFR f i  i g h u t  i t  e’cuuld a iso be ci ctinumicmncl input with cm f I igimt

c l i  I C c ’ to  F sv s te t tm e~r an ‘‘ itmt erna I ly g e im er a l c ’d’’ cernum~t ume I by the’ p i t o  I huj ut u se 1 1

.\c I m m .I I I c , c~ , is l i e-cm r I v imm a t e ’r i a l  t o  t ime’ PlO cmn c i t y~ is. Time’ Import cunt c c’r i t  er ion

i s  to  dci  c rum l ime Lim e  i m cu t u r c  e) I t he  closed ioop response- s it the Lii leit e’i  e’ct a

~,-ir is I o r e -e d )  t o  execute  p i e ’C i si ci m ’m c’ommt . re-i l cu t  it — —  t ime ’ ex i s t e ’t u ce ’ em r non—

c x  j a t  e ’t t ~ C LI t conuuticuumd or ci i stu rban ce  i n i i c i t s  is I rre 1 evcmnt to t imi s inurpose’ ; i t

aim coma lvi ic  , m I c ‘ii ye ’ ii  I c ’ i t e c  a “ ii my, -ill I I it 
-

1(1

- 
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TI me closed loop response ratio O/O e (jut) sh own in Figure-  14 may be

used to compute the 
~ 

power spe-~’trul de’uusi iv from t lie equci t Ion

‘1’a7a7 (~
)

~
. ~2 ~~[ (~~~~~~~~) + ~~~~~~~~

7L 
~ + 

it
M~~, o~ p 

~~ ~)[(~ 
+ 

~~~~ ( J I l l )

wime re

~1

— Q xM iS~ Mwe~~ - -
= (O.5)~ (11/ see’’ )’ —

1C — u 3
T02 sp

It is assumed thm at time p ilot ’s location forward of the e.g. is time same cia

the effective bobwefghmt location (C = 12.83 It , Refere nce 19). in  view of

ti-i c u n c e r t a i n ti e s  surrounding 0 and the choice of emu a pp rop r I a t e  turbul ence ’

nmode l , asseun e tha t ~w gwg
(t~
) is as simown In Figure 15. Time resulting cm 7

power spectral densities , norma lized by iia~~~/ 1O , c-ire simciwn In F i g u r e  it-i f o m

two K values wit h-i the lag—equal ized  p i lo t  model.  These two spee’trcu cure

repeated in Figure 17 wit h-i a linear frequency se-ale for ecmae ’ In Interpreta—

tioim. Values of °a7~ 
are tabulated for two realistic ’ levels of °wg ; t i me ’

in h ex V of subjective predictabilit y is cmlso given for c- cue - l u  L’c i a e ’ . lim e ’ values

of were obtained by direct , approx imate  im mt e ’gration of tie n or u mcull ze ’d

— 

— 

-

j~, ~~ ~~~~ d’-’

Figure 15. Simp l i f ied Turb ulence Model
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Fi gure 16. PSD of a~ ; No Bobweight; Lag—Equalized Pilot
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Figure 17. PSD of a7

Based on time criterion V 0.  3 , i t  appears  t i m c u t  cu 7~~(t) Is suffie ’ient iy

r e s o n a n t  to  he sub i e’e’t ivelv predic’ t c m i i l c - w ith - i bothm p ilot gci in s——al timou gim t he

c~~I Se’ I or K = ~S is nmcurg incu 1 . Time ’ r e ’a ou mc unt I Fc ’q I I e ’ l i c \ ’  
~~ 

. 5— 3.  Ii r cme l / See ’ .

l’lie’ t h i i r d  e a s e ’ siuown [ m m I-’ i gure 17 is Intenehe’d to 5 imulcu te time ’ sit ucm tic - in

whm ere ’ t ime ’ p lie - i t d rops t im e (typical) l ag  equa l  I :~c u t  Ici um cinch reverts t o  the’ more ’

r im it i vi’ ~ to pot -  t i oum c u 1 e’on ire-i l ci f w i tim cm t inc del l civ . ‘I’ imcm t i s

\‘ 
~ a )  = K e ’ ~~

b-i

- is
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This migh t occur , for example , when the p ilot becomes “tense” or overly

concerned abou t pitch errors . It could also occur when the pilot does not

track 0, at all , but tracks only 0; there is some basis for such a model , but
it is beyond the scope of present interest and will not be considered fur-

ther. The open and closed loop 0 -~~ F dynamics for  this p ilot model are

shown in Figure 18. Note that the pitch attitude loop closure is unstable

for  K = 156; it is marginally stable (gain margin = 1 db) for K = 98. The

power spec trum of a7( t) ,  for the re ctangular 
~wgwg

(w) spectrum , is shown in

Figure 19 and, as previously indica ted , in linear form in Figure 17. It is

clear from Fi gure 17 tha t the dom inan t e f f e c t of red ucing lag equaliza tion is

to markedly increase the resonance and resonance frequency of uncontrolled

a7 (t). Figure 17 indicates that with no equalization the resonance fre—

queumcy °R 
= 5.6 rad/sec .

~ f 
~~~~~~~~~~ 

‘C..,.

i 
_ _

I m I I C i  m ~~~~~ m I I I I

C_c ‘0

Figure 18. T—38A Pitch Control Dynamics; Non—Equalized Pilot;
No Bobweight
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Figure 19. PSD of a
~~~; No Bobweight; Non—Equalized Pilo t

It is clear that w i t h  rea l i s t ic  choices fo r  \‘ (j w )  the  p i l o t — f e l t

acceleration will be resonant and subjectively pred ictable. The resonant

f r e q u e n c y  
~R 

appears to be very sens itive to the specif ic  form chosen f or
‘e’ (j$; it is reasonable to suspect that with nominal pilot dynamics , the

resonant frequency will be much smaller than that predicted for off—nominal

p i lot  d ynamics resul t ing from the reduction or elimination of lag equaliz.m—

Lion.

The imp lica tions of these results to PlO are apparen t from inspec t ion of

~(jw )——total phase of the a7 -
~~ 
F~ system——shown in Figure 20. Two cases are

simown corresponding to no— and full—bobweight (K
B 

= 0 and 2 , r e spec t ivel \ ’) .

Th e p ilo t ’s time delay T
a 
was chosen as 0.25 seconds in both cases. For the

small acceleration case for wimich K.. ~ 0, it can be seen tha t a7 -
~~ F

S p
is q u i t e  s table  if the accelera t ion ioop is closed such tha t It resonates at

f r e q u e n cy  
R 

= — 3.6; this is the case for the f ully—adap ted , lag eq ual ized

p ilot witim reasonable gain. The phase margin is about 80 degrees. For time

non—equalized pilot, however , the phase margin is markedl y decreased ; f or the

ca se of K = 98 and = 5.6 , it can be seen tha t the phase marg in is about

2i) degrees. Thus, it is p lausible tha t

60
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Loop; Effect of Bobweight

1. With “normal” p ilot dynamics , and for initially small a 7 ( t ) ,  the

con trol of 0 can lead to a~ resonance.
p

2. If the pilot attempts to track the a7 cue , the resul ting

-“ F loop dynamics will be stable and a7 ~u .p l i f ica t ions  are not

likely to result.

3. With a non—equalized pilot, the control of 0 can lead to very

resonant , but stable, a~ responses.

.
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4. The resonant frequency la
R due to control of 0 with a non—equalized

pilot will be substantially greater ti-ian timat resulting from pilot—

adap ted lag and the a7 -
~~ F loop wi l l  be marg ina l ly  st cuble at t i e

larger 
R’

5. The probab ili ty is grea tly increased tha t a7 (t) will become of

sufficIent amplitude to excite the bobweigim t dynamics when time

p ilot is non—equalized .

Of course , b o hw e igh t  dynamics  c au m cm l so be exc i ted  w i t i m  the  f u l ly— a d a p t e d

p i l o t  ; the  values for o~ shown in Figure 17 (for ‘I’I = 3 . 2 )  su~~gc ’s t t h a t

it  would be a compcmrative~ y rare Occurrence wimen a7 gre’c u te ’r than I g

occurs

- . I t ~, for w h a tev e r  reason , time cunup litude of a7 becomes auff ic jet-it to

oxc ite ’ h o h w e ig l u t  dvumanic s , then  f u r t h e r  t r a c k i n g  &- if U will result in

1. A large’ si-ill t in to hig h-icr f r equenc ie s  ( ty p ica l ly  f rom cmi -iout 3.5
— t o  about 8 rad/sec).

2.  Closed loop i n s t a b i l i ty  of c m , ~ F .
- 

~p 5

l’im is appears to he t rue  even when lag equal ic~cut ion is used p r o v i d e d  timat tic

p 1 lii i ’ s I_ ud l up t  c m t  ion is with -i respee’ t to time cii ri-i l c-it-ic dynamics  c’or re ’apond i tug  t o

K
B 

= 0. l i m  i s  a i tua  t ion is simeiwn on time Bock’ ~i i ag r a m s  of F igu re  ~ 1; c— p eru cund t
C IciSe’ci I o1ip Bode diagran s are simowim t ~ r two \‘cu I ues ~i t  K w i t h  ‘ -

_ _ _ _Y (s) =

IS  tl~ ’l Ore’. L i m e ’ ~‘ , m 1 u e ’ K 1 it ’  is .tpi’t’e’X iut t ctt eIv equal t~~ t h e ’ value’ b r  ;‘ c ’ u o

~ 1, ~- ~ -~~! loop champ ~~ ~~ I o iuowc ’veu ’ , c -v e m w i t im K = 98 tIme e leiseei loop i s

h i  m~ i I  I v  y’e ’sc lum ,uim t w i  thu ,-~ = C) 
-
, Fact/se-c’ . By ccinmp cml ’ [son w i t l  i—rev ie-iua re’aul I a

m i I a c L e u  t h a t  a . t, I ‘
~ we ’d let e j Ilci I i t  y cis S C I I I  c - c t  i ye ’ I ~ p r e’d ic t c u i u l e’ I e u r  t ime ’se- I’

I ’ ,’ 
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Figure 21. T— 38A Pitch Control Dynamics; Lag—Equal ized , Unadap ted
Pilot; Full Bobweight

cases. Inspection of m~(ju) from Figure 20 confirms that a7 
-÷ F would be

unstable with this form of Y (s) with an active bobweight; it is clear that

closed loop instabilities in a7 -* F will occur for  °R grea ter than abo ut

8.5 rad/sec.

Figure 20 bears further comment. The only significant difference

be tween the aZ~ /F (je ’ dynamics with and without the bobweight is due to the

short—period mode. Ti.e phase components of ~~ju) due to the short—period

with and without the bobweight are shown in Figure 20; it i~ clear that , for

a given frequency of closure, a7 
-

~~ F is actually more stable with than

wi thou t the bobweigh t due to the sizable red uction in phase lag resul t ing

from the bobweight feedback (ch ief l y ,  the stick—free , short—period damping

ratio). Thus, by presen t theory , if the p ilo t attempts to track a~ star t ing

wi th -i small motions and no effective bobweigh t and , in the process , crea tes

63
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a , sub lie’ ieuu to e x c i t e ’  b obwe igh i t  dynamics , t ime ’ i’ l l  e c t  w i l l  lie ’ t o  incrc’cmst ’

t i le ’ ~I .  F I ot ip damp im m g . I I , hmei we ’ve ’r , tim e j - iul cit r eve r t  s I c ~ t ime ’ F

Ic ’c’r w h i 1~- t h e  he ibw e ic ’, l m t  i s s t i l l  ex c i t e d , ~~l 1e ’ e f t e ~’ t on ~ F le ’ e tm~’ s t c i I i i l u t v

cl i  s m s ~ ross

Time , i i i avc ’ cm nc u 1 vs  is is off e’re’cI as au exp lcmncm t iou-i to F imeiw ‘I’vpe ’ I I ’ l& )  wci s

i n i t i a t e d  w i t i m  time ’ F— ISA . ‘l’ime cm lv a ign i f icc - i t - it non i m e -a n I v i n v ol v e d  i s

e’~’i m t  i~ ’I 5 \ s t e ’tlt t i ’ i c I i e iI ~~ its c t  t e ’ c’t  is to nmcm sk bembw ei g i mt  c I t  e’ct a  on s t i c k —

t e e ’ c i VII I~ I j cs he’ l ow ci t im r e ’simo Id leve’ I a I nommc u 1 acce’ ie ’rcit i ciri . One’e’ t i te ’

p i 11 ’ t s ’~. i :1 -c I c i t r a ck  lzm rge’—cmnup ii tuck’ cl~~~ . hmciWe \ ’ e’ u’ • t i e  b r e a k o u t  t a re’ e’ w i l l

SI’ lat i gc ’t  he’ c ’l  pr  i m . m r v  s i g u m i  f iccin ce’

li ic ’ re’ ~m F e  o ti -icr ce im i t  re- i l system tie-it-il i u lecur it  ic ’s t h cut  are’ inup or t  c unt  t o

c o m m a  i d c ’t’ whe ’ n t i m e’ e) 5 c ’ ii ic- i t ions become of large amp l i tu ci e . C h i e f  ame-ing t i m e ’ae

is p r a b mh 1 v t i m e  ceiuimb i imc ’d e’ I  fc’ct of ~mo rm l inear ccint rol e~e’ci1’ j i g  cmn d cont rcm l

sv st em i i v s t  c- r e ’si s i, R e ’ f e ’re ’nce’ H)  . The s inusoidal  d e s c r i i - i in g  funct .  b u m  t’eir

tit is j a  ~ iven  i n  Rc~t e’ t e ’ f lCe ’ H cund is reproduced  in Tcubie  3 t a r  t im e  ccise’ ci t

e ’,se ’ £11  c i t  j  l ijiS cihiem u I t r i m .  T1e cu cot-it rol a v a t  em mcm v be modeled cus m d  I cci tedz p - -

in  F’ I ~~m T c - ~~‘,I . I t  can i-m e’ shown ti -ic-it an equivcmlen t  fo rm t or the indicat eel

S \ 5  t t ’iF ci ’ 1, m::i I c’s i s  t hcm t dep icted in F I ge m r e ,~2h ; ti m is  i s the form required

or t ha eie ’t ‘u-mi tm ,mt i an cif svst em limit cvc lea via time gd in—phase’ cm-i-ic -il v 515.

Liv  i uspc ’c t I an , - 
-

TABLE 3. SINUSOIDAL DESCRIBiNG FUNCTION FOR
T—38A CONTROL SYSTEM

IF S T  Ga in 
_ _

( ib)  
(deg/lb) (dh) 

(deg)

5 .10 —20 —3 2

10 .18 —14.9 —12

20 .32 —9.9 — 13

L
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Figure 22. T—38A: A Model for Large—Amplitude Acceleration
Con trol Dynamics

L(jcu) = G(jw)[K~+P (i u)] = dynamics of the linear portion of the system.

N = feel sys tem describing function (Table 3).
G(jw) forward pa th dynamics of the linear control system and airframe ;

G(j~~) = [ .40 ,7.011:18,181(20) 
g lib ; ( the  s ta t ic  gain is 0.508 glib).

K
B 

= bobweight gain for large amplitude motion ; for the original T—38A
control sys tem K

B 
= 2 (lblg).

— ‘r ju = pilot dynamics for a control; it is assumed thate aa I -

= 0.25 sec.a

The gain—phase plots for both L(jw) and —1/N are shown in Figure 23;

five values of the pilot gain K
a 
were used for the computation of L(jw).

It can be seen that a stable limit cycle can exist with amplitude and

freq uency dependent upon pilot gain; typical results’- are shown in Table 4.

The accel era t ion amp litudes shown in Table 4 were computed directly from the

a 7 IF ( ju )  t r a n s f e r  funct iou i .  If aerodynamic nonlinearit les a t high ang les

of attack were included in this analysis, then the unrealis tic accelera tions
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TA BLE 4. T—38 i , I M 1 T  CYC1IE CHARACTER ISTICS
- - - - -

( ib )  (lh/g) (riud/sec ’) (g)

9 8 h .l

ii 6 t~. 8.9

20 1 .9 ~~. ‘m 1 1 .4

1 1 . 1

I I ’ 1. 1 7 ..’ 21 .t m

— tm

:~ 
-

, 

1

I I’ 

~
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Now, according to the PLO theory described previousl y in th is report ,

h y p e  1 P i t) e ’d i I l  e ie’ve ’ i c ip  provided tiie’ accelerations result lu g from p1 Lt ’hi

cut t iteide’ c o im t u ’ em 1 are’ sem I I ic lently periodi c (cund it was shown cmhe)ve I imat 111ev

a re , lu-i ge- 1 s . ’ r u  I ) cut - id t l m cu I tile’ resonance’ frequency ~ is ;ipproX iimma I t ’ 1 V e’qUdi I

to or g rea te r  t i tan  . it was shown cubove t ima t °R 
is im ighmly vat’ i~ub Ic

dcpend i n~- , upon pilot adaptation and whethmer or not time bobweight dvtmanul cs

cure excited . For thmose conditions believed to  be related te l time’ tin -—Plo

p i mase , imeiwever , t I e ’ ~ F loop cu tmdi I VSe’S sugge’s t a t h a t  w i l l  l i e ’ • t vp  i —

ccii ly , he’twe’etm 5.6 cund 9. 5 r cm d/s c ’ c- . We’ cone Ic icl e’ , t hue ’r e b  ore’ , t I m cmt  i i  I cu rge

amp l i t u d e  Inot Ions cure m i t  icuted and it tlmc p i lot cut tcnmp t a 1c m I t cic k c1 7

h ei m ,i s table  1 i u m i t  c’V e ’ Ic ’ w i l l  be very like ’ lv. ‘th e c’oflt t’ol sy st  ci~ hvstc ’re ’s is

cit large’ anm plitudes is su ff iciehum t to s t i m - c t c i i ii t h e ’  limit cy cle’ .

The third and f i n a l  uw cc ’ssc irv  ce— nd i t  b u m  fei r ‘ivp c  1 P l O  was t h a t

Z 
(JW R ) j  O . O i ~ g/degree/sc’c

This ratio for the T—38A is given In Table 5 for various possible °R•
(‘I c~~m r Iv • time ’ cuimp Ii I ude er It c ’!’ l oum i s a d  t is I ted.

TABLE 5. ~~~~~ (jw)~ vs

a Z~)
OR

(rad/ sec) (g/deg/sec)

3 .370

4 .313
5 .267

6 .228

7 .196

8 .171

10 .132

( ii
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It is concluded that Type I PLO is poss ible for this airp lane , that the

incipient—Plo frequency will be variable (from about 5.6 to 9.5 rad/sec),

and that  the ful ly—developed PlO f requency will  be that  of a stable l imit

cycle occurr ing  in the a7 -‘- F loop of f req uency ~~~~ = 6.1 to 7.2 rad/sec.

Presen t  theory subs tan tiates the basic concl usions of previous investiga-

tions of the system—oriented causes of the problem (notably References 1, 4,

and 19); the present explana t ion of the phenomenon i-~,, however , qualitatively

d i f fe ren t .

Type II PlO Assessment——T—38A

From the T— 38A data suimnarized in Table 2 , it can be seen that for

la rge amp litude control or disturbance inputs the stick—free short—period

damping ra tio 
~~~

‘ = 0.1; by the simplified criterion for subjective pre-

d ictability of a7 ,  conclude tha t the pilo t can recognize the periodic ity of

the dominant mode response for abrupt inputs and he may attempt to close the

a7 -
~ F loop at 9 .8  rad/ sec.  This , however , can result in a large—

amp l i t ude  l imit  cycle as shown above. It can be seen from Table 5 that the

amp litude cri ter ion is satisfied at 0
R 

= 9.8 rad/sec. It is therefore

apparent  by present theory that the T—38A with the original control system

was suscep tible to Type II PlO.

P10 Assessment——Modified Control System

A number of modifications were made to the original T—38A control

system in an attempt to cure the airplane ’s PlO problems. The most signi-

f i can t of these, so far as presen t theory is concerned , were

1. Increased feel spring rate at small stick deflections .

2. Decreased bobweight gain from about 2.0 to 1.0 lb/g measured at

the control stick grip .

The intent of these modifications was to reduce the pilot ’s tendency toward

“overcontrol” and to reduce the large variation in stick—free dynamics from

small to large levels of normal acceleration , while maintaining approxi—

ma tely the same level of stick force per g (References 1 and 4).
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It is clear from Table 2 that with the modified control system there is

no longer a substantive difference between the stick—fixed and the stick—

f ree dynamics. Consequently, the B F analyses previously dis”ussed for
the case of small amplitude motion 0) are also approximately valid for
motion of any amplitude with the modified control system. It can be con-
cluded , then , that while closed loop resonance can still occur , the chances

fo r it are greatly reduced. The most important consideration , however , is

that for realistic pilot dynamics (with or without fully—adapted equaliza—

tion) the resonant frequency will be less than that required for instability

of the acceleration loop a7 -
~ F when control system nonlinearities are

ignored. In such cases, Type J PlO is impossible by present theory.

The modifications made to the control system do not appear to have had

a substantial effect on the large—amplitude control system nonlinearities.

Figure 24 is a gain—phase plot of the linear and nonlinear portions of the
a7 

-
~~ F system dynamics for the modified system. The only difference

assumed between this analysis and the one summar ized in Figur e 23 is tha t

the bobweight gain is 1.0 lb/g rather than 2.0. It is clear from the gain—

phase por trai t that If large amplitude resonant motions can be initiated for

any reason with 0
R 
greater than about 6.0 rad/sec , and if the pilot attemp ts

to track a7 ,  then a stable limit cycle can still occur with the modified

flight control system.

A recent PlO occurrence with the modified T—38A does appear to corrobo-

rate the present theoretical conclusion. This incident occurred with Air

Training Command Aircraft SN 64—3253 in November 1975. The flight condition

was M = 0.87 at an altitude of 15,000 feet. The aircraft was successfully

— recovered. Other, similar, problems with the T—38A -have apparently occurred ;

these were the subject of Reference 21. Subsequent investigation determined

that a flap—stabilator interconnect cable had broken prior to the PlO and

that the probable effect of this breakage was to increase the pitch con trol

gain by a factor of as much as 3.0 from the normal value. The resulting

pitch sensitivity led to the excursions in acceleration. The instructor

pilot was at the controls when the PLO occurred . If it is assumed that the

pilot was fully adapted with respect to the normal aircraft dynamics , then
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the previous analysis with the lag—equalized pilot (l/T
1 

= 3.2), shmown in

Figure 14, is approximately equivalent to this situation as a model for

pitch-i loop dynamics. (Note that the no—bobweight case with the unmodified

control system is dynamically similar to the full—bobweight case wi th the

modified system.) If a realistic value for K is 98 lb/rad , then it can be

seen from Figure 14 that a factor of 3 increase in open loop gain (i.e., 9.5

db) will yield an unstable pltcim loop closure ; the resulting motions in 0

will be a divergent oscillation with frequency approximately equal to 7.4

rad/sec . Inspection of 4 m (j w )  (F igure  20) indIcates  tha t  the accelera t ion

loop a7 
-

~~ F will  also be unstable when closed at this frequency. Thus,

l i n e a r  analysis indicates thmat the u-ion—gain—adapted pilot will create large

amp l i t u d e  mot ions  due to the control system linkage failure . Figure 24

suggests that a large amplitude limit cycle would be the probable steady

state form of the motion. It was indicated that in this PLO encounter the

p itch oscillations continued for several seconds and that the po st—flighmt

accelerometer readings were plus 5.2 and minus 6.0 g ’s. By compar ison with -i

past T—38i~ PlO case his tor ies , this sugges ts thma t a stable , large—ampl itude

l im it cycle , resulting fronm a7 loop closure , is a reasonable explanation

for the facts surrounding this incident. Note the consistency be tween the

g ’s o b t a i ned  in time PlO and t imo se indicated in Figure 24 or Table 4 for cm

t . i e - t c m r  of three  Increase in nominal p i l o t  ga in ;  i . e.,  time g level decrease ’s

W i  I i i  talc re - cia lug  gd in .

‘typ e ii PlO would , by pre sen t theory,  appear to l,ave been eliminated
sli me - i’ time dominant , stick—free nuode danmp ing r a t i o  1~’ = 0.28 and is g r e a t e r

t iman the criterion value of 0.2. It is therefore concluded that if P l O  Is

to be i n i t i a ted  w i t h  the modified control systenm , then it must result from a

nm i sa d cup t a t i o n  by the p ilot (excessive gain or lag drop—out  in  time con t ro l  of

r i t  c i u ~ t og e t h m c r  w i t  ii a ce—ncern for locud fc mc b r  contre -i l

it )
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Figure 24. T—38A: Gain—Phase Diagrams for the Nonlinear
F~ System Dynamics; Modified Control Sys tem

Commen t on Pilo t Time Delay -

I t  was In d i c at e d  in Section I I I  t ha t  with - i  a physiologically accep tab le

model for  pilot dynanmics , it is not necessary to resort to the assumption -

that, in PlO , the p ilot is synchronous (I.e., has no time delay or equaliza— 
I

tion). It has been assumed that a small pilot delay exists in the a7~ *‘ F8 -

loop and tha t a reasonable value for this delay might be 0.25 seconds fo r -

-

want of better data.

Ti -i f a c t , present theory ~~~~~~~ a minimum value of Ta in order to -

support a PlO . This can be seen with the present example. In Figure 24 time

dashed curve i s  the gain—phase plot for L(jw) with K = 8 lb /g  and t , = 0.17.

‘l’he two curves (L and —1/N) are tangent at 8 “) bu t  e’ emthme rwise imcmn—

intersecting . The conclusion , timerefor e , is that to obtain P l O  b y present -
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t h m e o r y  I must  be grea ter  th zun 0.17 seconds, TIme value T = 0.25 was- a~~~~~~~ a
se lec ted  to g ive ’  u n i f o r m m m l y  reasonable l’l () amp l i t u d e  and f r e q u e n c ie s  fo r  t i me r
a v a i lab le  case’ lm i s t o r v  da ta. T h i s  point  w i l l  be noted aga in  in  t i m e ’ Y F — 12

- 
- a n a ly s i s .

c .  TIlE Y F— 12 (N = 0. 77 , AL i I’li,JDE = 25 , 000; REFUELING C O N D i T i O N )

R e f e r ence 11 documents  cmnd ana lvc ’e s  P i t )  of two d i s t i n c t  typ e s  tha t cmr e

suspected to have occurred with t i m i s  aircraft , SAS—on , in the  same f l i g h t

cond ition.

The more serious of these PL O wcm s in d ic cmt e d  to have occurred at least

twice .  i t  i s  cha rac te r i zed  by o s c i l l a t i o n s  in normal accelera t ion of about

~2 g at cm t r equency of about  1/2 cps. R e f e r e n c e  11 implicates saturation of

t h e  p i t c l m  damper due to large amplitude motions as being cen t ra l  to i t s

development .

Ti-ic second PlO mode was indica ted to be of about 1 cps in freq uency

w itim an amp litude of about ±1/4 g. Reference 11 s ta tes  tha t  t h is  e m s c i l l d m t i o n

is r a ther  commonl y encou ntered dur ing r e fue l ing  and tha t , while it is

annoy ing  to the pilo t and quite beyond Imis ability to control , it is other-

wise  benign.  I t s  o r i g in  was a t t r i b u t e d  to coup ling be tween st ruc tural

dy namics  and r i g i d  bod y ,  sho r t—per iod  dynamics .

Reference 11 presen ts an analysis of both these PlO modes based on

dynamic proper ties of the closed loop pitch attitude control system . The

pilo t model used is a pure gain , following Reference 19 and others. The

r e su l t s  of Refe rence  11 are essentially qualitative ; they serve to illustrate

the importance of ~A S amplitude or rate limits to time initiation of large—

amp l i t u d e  e i sc i l lat b o n s . The au thors  note , in a d d i t i o n , tha t  t he i r  an c m lv s i s

and simi lar past analyses of the PlO problem are not capable of PlO pre—

‘ diction hut serve instead to Identif y causal fac tors after PlO is known to

occur.
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It is intended in the present application of the PlO theory of this

report to explain both PlO modes of the YF—l2, thereby confirming both the

theory and the principal results of Reference 11. This Is only possible in
part, unfortunately, due to analytical complications posed by the SAS non—

linearities and to the almost complete lack of an analytical model for the

effects of structural dynamics on the az~ /F8 transfer function. It will be

shown in the following that the large amplitude , potentially catastrophic

PlO is rather easily predicted by present theory. The “nuisance” PlO cannot
be quantitatively confirmed by direct application of the theory due to the
lack of a suitable model for structural dynamics. It will be shown, however,

that its character can be assessed with a “plausible” model for  struc tural
e f fec ts and tha t the resulting implications to pi tch attitude and pilo t ’s

con trol response dynamics are consistent with the flight test results pub-

lished in Reference 11. In fact, the analysis offered here for the “nui—

- ‘
~ sance” PlO appears to be the simplest and most straightforward method by

which a theoretical understanding of the control deflection power spectral

density,  obtained In flight tests of the YF—l2, can be derived .

System Dynamics

The dynamics of the YF—l2 control system are complicated by a flexible

fuselage struc ture and by SAS nonlinearities. It is assumed that an appro-

pria te block diagram for the pitch attitude closed loop is as shown in
Figure 25. The rigid—body modal response eR is considered to be the appro-

priate SAS input, since the rate gyro is placed near a point of zero slope

on the first—mode fuselage bending curve. The pilot , however , is assumed to

sense the combined attitude 0 due to rigid—body motions and first mode

bending.

In general, the analysis of such a system is impossible excep t by
computer. Fortunately, it is possible to ascertain the qualitative nature

of the pilot’s con trol problem by examining only the limi t ing cases of very

small motion amplitudes for which the SAS is completely linear and large

motions for which the SAS may be considered to be always sa tura ted and ,
therefore , nonfunc tional. Thus, the models required are 0/iS and a7 /iS

in the SAS—on and SAS—off conditions. - 
-
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Figure 25. YF—12 Pitch Attitude Control Model

It should be noted that the YF—l2 d evon controls are much more compli—

cated than indicated by Figure 25. The differences are believed to be

un impor tant for an analysis of manual control. At most , higher frequency

dynamics associated with the actuators contribute a small, equivalen t time

delay of about 0.06 seconds to the 0 loop dynamics. Actuator dynamics will

b e neglec ted in the remainder of this analysis .

The first—mode structural bending curve is reproduced below (Figure 26)

from Reference 11. In private communications with the authors of Reference

i i , it was disclosed that this curve was analy tically derived .

- - - - I ‘ I _ - 41 10

(From Refe’re’nce’ Ii)

F I ~imu ’~’ 
,~ t-’ . YF— I 2 F’ ir s  t Nod e l U S L ’ I age’ b e n d i n g  Curve

i-i

~~~~J A  
_ _



The stability derivatives given in Reference 11 are related to those

used in this report (all of which are consistent with the notation of

Reference 20) according to Table 6.

TABLE 6. STABILITY DERIVATIVES FOR THE YF—l2

(Reference 2)This Repor t 
NASA TN D—7900

—L~

ZiS UoLiSe

Mq MO

MiS M iS

U0 = 786 ft/sec

= 50 ft (from Fig. 26)

M=0 .8 0 

-

h = 25,000 ft

Airframe Dynamics (No SAS; Rigid Body)

0R —6.08 (s + 0.8)
— (s) = rad/rad
iSec s[s2 + 2(.376)(2 Ol)s + 2.0121 

-

= 
162.6(s2 + 2(.ll3)(5.l6)s + 5.162] f t/sec2/rad

iSec + 2(.376)(2.Ol)s + 2.012]
t
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Airframe Dynamics (With SAS; Rigid Body)

—. 375(s + 8)H( s) ( s + 4 )

[
~~~L (s)1 = 

-6.08(s + 0.8)(s +4)

SAS 1 + sH(s) ~~ s(s ÷ l.478)[s2 + 2(.692)(4.56)s + 4.562 1

rad / rad

az

— - ~~-~~ - (s) = [_! (s)’1 = 
1 62 . 6( s + 4 ) [ s  + 2 (. 1l 3 ) ( 5 . l 6 ) s + S .16 }

I
~ec 

N
0 LiS a ~‘ (s+l.478)[s 2+2(.692)(4.56)s+4 .562 ]

SAS
ft/sec2/rad

A i r f r a m e  I)vnamics (No SAS; First Bending Mode Included)

i— (s) = — (s) + — (s)
6ec

From R e f e r e n c e  20 ,

(s) = — 
—5.15 rad/rad

‘ 
6ec [s ’ + 2(.050)(l5.7)s + 15.72]

Then

(s) 
—11.23(s+.79)[s2+2(.051)(11.61)s+ll.6123 rad/rad

iSec s[s2+2(.376)(2 .O1)s+2.012][s~.+2(.050)(l5.7)s+15.7.]
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If the pilot ’s displacement, due to fuselage bending, from the line of zero

bending (Figure 26) is z~,, then

Zp = — 

~O
0B

= — 
~o
0B

where the pilot’s location forward of the node of the first bending mode curve

is 
~~ 

19.3 feet. If az~ is assumed to result only from the rigid body

acceleration plus the bending—induced acceleration, then

262[s2+2(.114)(5.35)s+5.352][s2+2(.044)(ll.9l)s+lJ..9l2] f t/sec2/rad
[s’+2(.376)(2.Ol)s+2.012}[s2+2(.05O)(l5.7)s+15.72]

Unfo rtunately, this result neglects the heave—induced component of az~ for which

there is insufficient data available for a reliable estimation. Furthermore ,

there is no way to assess the error that neglecting this mode might entail. For

this reason, the results of this section are qualitative.

Airframe Dynamics (With SAS and First Bending Mode)

O ro R ~— (s) L (s)I + -s--— (s)6ec iSec 
~~SAS 

ec

O 
-
~~~~~— (s)

°ec I -

= 
—ll.23(s+.79)(s+3 .89)[s2+2(.10)(ll.78)s+ll.782] 

rad/rad
s(s+1.478)[s2+2(.692)(4.56)s+4.562][5242(.050)(l5.7)s+l5.72 1

With time previous assumption that bending—induced heave is neglected , obtain
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~~~(s)6ec

262Cs+3.97)[s2+2(.088)(5.30)s+5.302]1s2+2(.092)(l2.07)s+12 072] 2ft/sec /rad
(s+l.478)[s2+2(.692)(4.56)s+4.562][s2+2(.050)(15.7)s+l5.72]

Feel System Dyp amics

The feel system dynam ics are indica ted by Reference 20 to be very

nonlinear as follows :

o There is a large breakout force (about 5 pounds).

o The input of sinusoidal stick force F (t) produces a sizable

hysteresis loop in the control stick deflection response.

‘I ~

o The control gearing ratio 
~~ /6e is nonlinear .

c s

The series combination of feel system hys teresis and nonlinear con trol

gearing was used in Reference 11 to develop a sinusoidal describing func-

t ion. This is reproduced in Figure 27.

~~~ 
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Type 1’LO_A ssessmen t——Y F—1 2

The assessment of t ime Y 1-’ — 1 2 ’ s P o ten t i a l  fo r Type I PlO is analogous t o

tha t for the T—38A . The pitch dynamics of time YF—12 qualitativel y cimange

wimen pitch rate becomes sufficient to saturate the position— and rate—

limited SAS ; the bobweight and ~ontro1 friction produced similar behavior in

ti-ic case of the T— 38A.

F igu re  28 is a Bode p lot of the l inear 0/ ~~ dynamics for  the YF —1 2

witim and w i t h o u t  the SAS and including f l e x i b i l i t y  e f f e c t s .  A l s o  shown is

the compu te r—pred i c t ed , nonl inear  f r e ’quencv response taken f r o m  R e f e r e n c e  11

for time case where the SAS is assumed to be pos i t ion  l imi ted  to 2 . 5  degrees

a u t h o r i ty  and w i t h  a ra te  l imi t  of 12 .6 deg r e e s / s e c .  I t  is clear that when

the  SAS limits are encountered the resu l t ing  pitch dynamics are given to  a
good approximation by the SAS—off dynamics——a very fortuitous result! It

~as stated in Reference 11 that variations in the position limits o~ SAS

authority do not greattv affect the nonlinear frequency response; the rate

lim it is the essential SAS parameter.

Inspection of Figure 28 suggests that , to a good approximation , 0/~~ is

of the form K/s in time vicinity of time probable crossover frequency (3—4

rad/sec) when the SAS is on and not limiting (the dashed curve). Thus , am-i

appr opriate pilot model for time control of pitch , with small amplitudes of 0,

would be

Y (s) = K e~~~~
2
~~

i.e., a gain with time delay. It can be seen from Figure 28 that the

maxim um, permissible gain for stability of the pitch loop is reduced by a

factor of about 3.75 (11.5 db) wimen the motions become of size sufficient to

saturate ti-ic SAS. Also shown in Figure 28 is a closed—loop pitch response

transfer function for the case where ti-ic SAS is unsaturated and the pilot

gain is large. It is clear that time p itcim dynamics can be resonant with a

r 
f requency 

~ R 
— 4.9 rad/sec ; timis is also the most likely range of

maximum values fo r  

-- - - -- --_- - —‘— - - - -  -~~~~~
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Figure 28. YF—l2 Pitch Attitude Dynamics

In Figure 29 the open—loop transfer function is plotted for the
a~ 

-
~ F loop with a linear (i.e., unsaturated) SAS;

. 4
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The t o t a l  ~ p cn— loop phase angle is  shown to r  two e:lses One wi tI )  1)0 phase

i ~ig due to cant rol and feel sys t em dynamics and out ’ w i t h  a t Irne de~ av o

0. 16 seconds (0.06 seconds due to the a c t u a t o r  lags and 0.10 seconds due t o  j
the  fe e t  ? ;v ? ;tem lag) . in both cases the  p i l o t  delay Is  assumed t o  he t~ . .~5

St’C0Uth4 .

It is apparen t  f rom F igu re  29 that  az F sy s tem Inst a t)  i l l  t Y  15

po~ s f b i  c at  a r e son an t  f r equency ~ R 4. 6 — 4 . I) rad/sec when t h e  loop t Imi ’

j  I . iv I s  th ou  i 0. 12 seconds. 11i1 s cmii d occur  when the  con t r o l  svs te rn

di ’ Ia v ~. rt~ a p p r o xim a t e l y e~j U .l 1 t o  01 great  ~‘ r than () .07 sec onds— —not  an

un r t~.i ~oi iah I ‘ v ,t tue f o r  the \ V —  12 ~oti t ro t sv t em.

81



To assess the large—amplitude character of terminal oscillation s

resulting from any Instability of the linear system for small—amp lItu de

motions , it is necessary to examine the gain—phase p lots of the serialized

l inear  and nega t ive  reciprocal , nonlinear port Ions of the n~ F svst  t m ,

as was done for  the T— 38A . For the YF —1 2 , we assume tha t  w i t h  l a rg e—

amplitude motions the SAS effects on a~~ /~~ dy namics m a y  be n e g l ect e d  and

the appropr i a t e  t r a n s f e r  f u n c t i o n  is tha t  f o r  no SAS . The l i nea r  p ar t  of

the  ~ 7 F ioop,  based on previous assumpt ions , Is  then

— 
,
~

1.(s) — K e 2
a

The Bode p lo t  I or I. (~ ~
) is shown In Figure 30. The n o n l i ne ar  p~~ t N.~A ’t I s

t h e  d e s cr i b In g  fume  ion for  lOt ’ I and cont  ro I svst  em n o n l i ne ar  it I es shown Ii i

F I gure  27 .  The ga in—p hase p lo ts  of L(~ u )  and — 1 / N  a r t ’ shown In  F Igu re  11

f o r  a p i lo t  ga in  of K — 16.6 l h/ g .  I t  Is c l e a r  t h a t  a s tab le  I int l t c rc  I i ’

can be ob ta ined  at  a f r e q u e n cy  ot ap p r o x i m a t e ly  1. 1 rad/ sec  the  min t  ro I

.tIll p l f  tti dt’ is dependent on K ; the va lue  K — i t t . ( 1 b / g  gives  8. t

degrees.

No t e , a l so , that F i g u r e  31 I tid [cat es tha t L ( w) and — i / N  il t o I an&ent

h u t  o t her w i s e  n o n — i n t e r s e c t i n g  fo r  K — l b .  b when t- — 0 .2 2  ( t h e  dashed

en r v t ’ . Tb is r e s u l t  is not too sens I t  lye t o  K . Tb Is is f u r  t her cv I denet ’

Li S Up f i t i  m t he assutu p t I on t ha t  t- 0. 25 is a general  1 v v a i l  d do 1 a~ I Or

st  u d~’ of  t 1w nOrm a I ace o I era t I on  ~IvnamI  c 5
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Thus , the est imated peak— to—peak ost - I l l a t ton s  in the  t e rmina l  l i m i t cy c l e

are 4 g . These pre’tl let tons of in i t Ia 1 1 re’quenev , t e rmina l  t r equencv , and

1’ 10 am p l i t u d e  c IL1SL! lv  match  t he  YF’— 12 tat -ge—a m p ! I tude’ P 10 t i m e  h i s t  o t y

publ i shed  in Reference 20 anti reproduced here as Figure L’

¼ I~ 

~~~ / 

: 

~~

I 
/

(Front  Ret  orence i i  ~

F igure  t 2 .  YF — I .’ : l a t ~~& —Atu h’  f i t  titi t ’ P l O  I (tilt’ U t  st o t v

l’itt’ La t g e  amp l i t u d e  P t  0 can a I so be in !  t t a t  eel hr  1 argo amp l i t  udo , Ii 1gb

s t  i t t  t t . t 5 k  l ug . 1 f , clue ’ to t ur i ’u 1 L ’tlcC’ or I a I g e ’ amp l i t  t&elt ’ t’out Vt ’ 1 , I Iii ’

11101 I o tt ’;  h t ’~’ e t h I c ’ t a t  5t ’ enough t ~i sat  n ra  t e t lIt’ ~~~~ t h en it  is  e lo~t t  I rout

F i g u t e - ~~ t ha t  t i to p i t  cit loop can he ’ elest at ’ i i i  ‘.OeI u n l ess t lit ’ p 11 c’t t~ ’dtt ~ t ’s

Ii Is t~— I o~ t~ i ~~~ l U  liv ~i I at ’ t O t  eu aI’mi t 4. I I  t h i ’ ~~~ Is  sat ur a t  ml t I t o t i  i t  t~~l t I

ho 50011 t rout F t  gurt ’ 10 t h at  I Ito a F I oop I s ntis aft  t o  wli t ’n I imued t o  an v

I I-Ol f t t t ’t t e  V e~1 t ’51 t t ’t I ha t i  ~ titi ttt I t~ t t t  ~ SOc  - I t  I s  t bt ’t t ’ I t i l t ’ ~l~tji~ltt ’hl t t ha t  t lie ’ —

I t t ~~ ainp i i t u t f e ’ it  - L’ 1’hl catt  t ’osu l t  t rout e l t t i t ’i a~ 1’ loop I n s t a b I l i t y
- ft

w l t t ’ti I Ito 1-’ 1 oop is elY I \ OVL ~o L ’Se ’11. t l \ t  e ~ i t ii t t t is . t  t u r  a t  ml \~ , o t I t o r n

F io ~~ p t i t ’~t~ t l i i I i t v  c lU e ’ t o  ~ .‘tS s~i t t m r a t it iti w i t  It n i l  s~t t t a p t  ml p i l o t  t~ . t  t u .

I i i  ol t In’ t c ’ , t s t ’ t i t e ’  t OIIn i nit I s t a t  ~ ot  titti I I ~‘i t 15 a st  alt  t o  I I iii i t  I r e  I L ’ .

It , ’ s t I l l i l  a m p l i t t t ~It ’ i l - - i $  P I L l i s  f l t O t t ’ e t t I  I i c u l t  t o  t u i 1 ~~.’ t ’ in  1 dof  j u t

I I r e  m . t t t t n t ’ . i t  I s  not e l  e ’a t  I 1 0111 1 ~ l t o t  Ct ’t t ~~ t ~f t ’t i t  I ot t ’ ;  t h at  t t  i s  a t l I l t ’

I’ I t ) i’ ; l~’t I lt(’(i III t I t i f’ I t  F I I  —

-
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Figures 33 and 34 are adapted from Reference 11 to show the flig ht test

measured power spectral densities of 0 and 5 e9 during refueling while the

YF—12 is actuall y connected wi th the tanker. The implications of these

data to human p ilot dynamics offer additional understanding of the PlO

F phenomenon .

If it is assumed that , during those periods when the small amplitude

PlO exists , the SAS effects on p itch dynamics are negligible (e.g., if it

is saturated), then from the Bode plo t of Figure 28 it can be seen that

0 /ISe is approximatel y equal to a pure gain plus delay in the region of

2 rad/sec . Thus, for precision tracking, an appropriate model for p ilot

d ynamics might include a sizable lag equalization. Open and closed loop

Bode diagrams are shown in Fi gure 35 for the pilot model

Y (5) = 
K e ’2

~

, 1 1111 1 1 1 1 1 1 1 1 1  I I  I i
OS I 

~~ 

I II II

(From Reference 11)

FL gun ’ 3 3 . V I —  12: l’SI) of P1 t e li At t i t  ude Du n ng R e f ue l lu g
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t h e  correspond tug  power spec t rum f o r  ~J w i l l  o b v i o u s ly  be’ qual  i t  a t  i v e lv  cc l i i—

s t n t  cut w i t  Ii t It o  I I L  g l t t  I C O  I reset i t  sitowit in F I g ur e ’ 3 1 ; 1 l ie ’ c at  ~‘t t I at  i t it i  I c ’1

~ w i l l  lit ’ I lit ’ 5i%ti wfl , t t o W c ’V ( ‘ 1 . I t  I I ;  ItO I t W O  1 t ill’ I l ij i  t t i l e  ~ t ’ f ~ 1 c~~1 I Ciii o f

l t , ne  d~l 1 a ti~’ . t t la  I V s i s  a f i p c ’a I S l e t  t o d d I t t ’ subs t a u t  i .11 p i l o t  l ag  t’qua I i ‘ t t  lot i ;

ti I lit t • ts I Sc ’ t h e  low I r e ’qdlenc v pe ’ 1  k in  I I t t  t~ t’SI l c t t t t i o  t be ge ’ I t c ’ r~e I eel . t ’h is

re su I t  is I n dop enden I ot  who t i t e t  or tb t I i t t ’  S AS in  ~a t u r a t ed  ; i t  i s  set —

I i c  I ou t t h a t  t ile ’ i ’t  lot  utto do I c s ’!1 t j I t i I i t t ’ l ag .  ‘I’ite f i g  I s  L I S  i or t o  j u s  E l f  V

e ’I t  c’mpt t i c _ i  I gt  ot iucis  ~v t •~ . , Rot t t e ’ t t s ’e b~ when t i t t ’ SAS I s  sa t  t t t a t  c ’c l .  ‘1’lte

s ’ e ’t  ! i S ~i c ’t isI  Lu g i’SI) ~i t  t I to pc  l o t  ‘ 5 st i~~k 1 01cc ’ d e f l e c t  ion ~ • citie t o  p i t  c i t

i t t  i t  t R I O  c’t i l l t  1.0 1 , 10 shown i t t  i i g u r e ’ 1.4 ; i t  1.’; a p pa r e n t  tha t t Ito p i t c h  loop

c I~’ ~ot  t .15 V~~~ 5fl S I o h  [ f t c  low I r e c jt t e t i e  V peak l i t  ‘ s t ~~’ . I t  c lot s h o t  appt _ i t

lt.i I I I t t ’ ‘ ,~ ~ peak . t t  i e’ps c’at l  he’ t ’xp I a m eet on t It o b a s i s  of p i t  e’lt con t  no I •

I $ t t n  lioet i ~~~ ml I lt ~t I t i ~e ost  irnat  b i t  of a • / F’ dy n am i c s  i s  not  t e a  11 ~
‘

V 5 V

- .5 i t ’  t i ~ I.’ i I I hS~ t I l t  0 l u l l !  Ott  P 101’ I ded 1w R~ ~V 
t’10f l t ’t ’  11 . i n  Fi gure ’ 30 , a

L e t  t o I  “ p i nt s  t b  I~~
11 a .  / F ’ ct\’ fl~ tlti OS is  shown (t  Itt ’ dIiSIiecl curves ~ wh j o l t  t ro

‘ 1~ 5

r e . t  l i s t  ft i i i  V i e’w of kno~~ or set spt ’ c I Oct st r u c t u r al  dvnami c c ’ I t c O t s .  t ’ltt ’

•~l O t U l s i  i t t  l e n  t or  s~’ I ~~c t  ion  ot  t ltose “p 1 act s lb I t ’” dy n a m i c s  were that

0 l l t O V  p t O c t t t c ’c’ subs t aut  i i l  st rue t ut -a l  coup l i n g  at  1 c’ps

s ’ l Ite ’ a • F c losoci loop  sy s t e m  must  lie resonant  at  about 1 c~ts wlten
S

t i le’ P 1l  elt ‘ 5 c~5I iti  i s  clt OSet i  t o  make t he ac ~‘
~~‘ I t ’ r at  ion ioop crossover

I rc ’~ p ie ’ue - v app rox t iit~t t o  lv e ’qua 1 t ~ t it e  rese’uau t f requencv c i t  t ht’ p i t  cii

I oci p

o l it er  ~iro  e’Ol)S I st e f l t  t s t  t li  t ito lzt rg e ’— amp l i t  ude prod j et  ion ~ t P l O

l’itt ’ c leisoel 1 oc ip ~1 F svs t CIII elyt’RIt II I e ’S a re  sttown In Ft gure  tO f o r  t lte c’ast ’
p s

whe ’re ’ t h e ’ p i l o t  ‘ g i  in  is  Sc’ l o o t e d  to  make t he  crossover  f r equency  equa l to

I it t ’ 1)i t cit loop renou. t tbce f r equency  i i .  S rad / sec t . The corresponding mint teti

slt ’t 1 e’c t ion pttwe r spe ’c t rum was comput e’d and Is shown in F t  gure  34.

I t  Wt ’ ntuw assume t h a t  the to t a l  control PSD is equal to  the sum of t h e ’

e otitpone’ti t ~, J t t o  t el  0 and aV . ool) t nil then  t he’ resu l t  Is shown by the dashed
p V

c u fV e ’  in  F i g u re  14 . e t eat’  ly  , t h i s  resu l t  is q u a l i t a t i v e ly  and quant i t a —  V

I V e ’ Iv  C OI l S  is t en t  w i t  It the t 1 Ig ht t e’st resul t  . There Is no o ther  met hod let

t ’Xp 1.1 1 11 these rt ’su i t s  t i t . t t  is L ilil ’ I mis t o  t h I s  w r i t  t ’t’ . There ar e’ two note—

%.o r t  lt v  I e ’. I t  i t t  e ’n  C i f  t l t c ’st ’ p tu stu la t ed  0 and loop dynamics.  F i r s t ,  at the

88
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frequenc y of resonance of the a~ loop (I t’ps) the  p i t c h  a t t i t u d e  respt inst’

is neg ligible; thus , there is no loop ctmp l i ng  f rom a~ F to ~~I • F .

Second , if the p ilot ’s 5tc cole ’tati on loop gain were selected to make the

crossover t~ requencv equal t u e  a~ resonance’ I re ’que i t ~’v ( 1 c’ps I then  a closed

loop I n s t a b i l i t y  could reset i t  ; t h i s  apparent  lv  clot ’s t iot happen . We it aven ’ t

the  cUt a to de te rmine  why I t  ~lOt’S nei t . One poss 4 1 1 1 1 1 1  v , of c’oet r u-t c , i s  t ha t

the  a r / F  dynamic ’s ( [ I  these W e ’re ’ known In eleta i l ’l would supp or t  a st ab l e ’
closure at 1 ~‘ps . ‘I’lt is seems tmp l~tus  lb Ic.  A t ie ’t  ht ’r poss lb j i l t  v i s  t l~.i t  I ho

a m p l i t u de  t i t  Az resonance at 1 cps i s si mp I v  t oo  sII t . t11 t o  p e r m i t  I itt’ p i l ot

to  suh ~ ect ive lv  p r e d i c t  A~ or i~ t e i c ’  snta I i  t o  be of ttve’rr i c l ing  t ’oIlc ’e’rn t o  h i m ,

lit is poss il~ L i l t  v cannot ho ova [et a I eel w i t  It o u t  a 1e’ i i  .ii’ le mock’! fo r  51 rue  t ur a  1

c lvi t . i t t t  1 OS

I I  is concluded t hat  by p resen t  theory  the  1 oti s o sc i l i at l e in  el f the  Vi ’ — 1.’

doe uncut e’d iii R ot  e rence  i i  i s  , I ndeed , .1 P 10 liv I he ’ d0 f i n  i t ion of t h i s

r e p o r t .  I t is .i i i  g i~ l v — d ~tnpod resonance in ito Ce ’ b r at  Lou t h at results f re in

at  t etupt s by the p t  len to st ah l  I .~e’ the norutal accelerat ie-’n mei t fe tUS r e s u l t  l ug

f r o m  c’ le i5e ’~t loop dynamics  ot th e  p i t c h  ioop .

5c)
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A ccord in g  to the s imp l i f i ed  I I I C O i ’.- , Ty pe’ I I  F l U  is  not pe ’ssi t i le  in t h e

re’ t uel  tu g cont  t g ur at  ion .  The st ie, k _ t roo . dom in an t  mode damping r a t  t o  t~

• 0. i~~i ( SA S — o f t  I ;  th is is  ~rt’.itt ’r t han t h ’  c r i t e r i o n  v a l u e’ of 0 .sp

It . t ’ A1 .SPAN PlO lN—F L tt ~Hl’ 51M1’l.:\ l ’ l t . t NS

Re’t ’r~’nc ’ l~ sloe’eunents  an i t i — t i  t g i it  st m u l a t  ion  w i t h  t he  v a r i a b l e ’
sI .ti i l i t ~ ’ NT — I IA ot app reix int at e  lv  1 ‘ii) comb m it t i Ot i s Of sh eirt —p oi’Io d f r e q u e n cy
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V s pr in g—mass—da mp e ’ r system, U n f o r t u n a t e l y ,  Reference 17 does not documen t

a.~ / I  ; i t  was c ’st in ’.at ed as follows :‘p t’

Z~~~~~~~~~~~~~~~~~~~~~~~~~~~~ +4 )

e sp S

- 2 U 0 1
= ~~

-~~12r,. u i . = ———
I~~/. Tp7

~

For tla’ six configurations , abov e, ~~ was s u f f i c i e n t ly greater than w
t h a t  any errors in the approximation of or will not significantl y

affect t h e following results ,

.4

Type I PlO

An app rop r i a t e  p ilot model for each of the six conf i gura t ions  was

selected for the 0 ~* F ioop. From these , e s t ima tes  of the  p i t ch  ioop

resonance f requencies  WR were made and the phase c r i te r ion  checked for the

‘17 p F ioop to ascer tain PlO s u s c ep t i b i l i t y .  The results  are shown in V

Table 8. Two values of (t t
R 

are shown for  each case corresponding to a

nomtmil  cho i ce  of p ilot dynamic equalization for optimized tracking and for

an unequalized pilo t (gain plus time delay )__ u RNOM 
and WR ,  respectivel y.

L
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TABLE 8. ESTIMATEI) PlO PARAMETERS FOR CALSI’AN CONFICURATIONS ;
TYPE I i’l l)

P i t  t PI OR
FLT 

Equal izat ion 
ts) 

~NOM ‘i ” ~ ~~~~ N0M~ 
‘
~ 

I I  K 
.lust ii i  eel 1

583 small lag 6 7. 1 — lI t ) —~‘1() 6 It’~~

595 small lead 6.1 3.8 —186 -176 4,~ t Yt’~

596 moderate lag 4,5 5.1) — 100 — 120 5 NO

601. large lead 4 .2  1.1 — .‘2b — 14 1 4.5 Yes

605 large lead 1.9 1,8 — 1 7 0  — i S t i  6 it ’s

610 l a g — l e a d  4 5 . ‘~ —81 - - - 2 i . ~ Li Yes

-
~~~~ d 

V
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tnt’nt ot  P l O  .;s the reset 11 s i t  t’ 1 c t ’ . ’ . i’ sI  I stop t t ’at ’k I u g c i t  p i t  e’h at  t I t  ti e lt ’

Rt ’ t
V
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Sfi 5f1 ~l

I evi l I (i’I iR I I . l-v t’ ;t 5s5 , I Itt ’ P t  OR t’at log t t i t t  ‘ . i I  neet Wa ’. ’. ( t i t h  (t a t  I ‘•e ~i t

V 
i d O  I (tilt i’ t efle lt ’fls ’ “ t o  stove ’ I op i’l 0. T h e ’ p 1 1 e ’t ‘ ; I t i t ’ Xh t e ’l I O t i t ’ s ’ s i t  it t i l t ’
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that unstable or nearly unstable oscillations of the az + F ioop can

develop. This re sult emp hasizes how inadequate our understanding of the

basis for p ilot rating really is; it suggests that great care must be taken

V in assessing pilot rating data when more than one cue or mode of control may

exist.

No check was made of the amp l i t u d e  c r i t e r ion  Ia~ /ô(i~ 10) ) 
~~‘ 0,012

since errors In estimation of the acceleration transfer function could

invalidate the result. Future investigators are encouraged to publish all

their data in future experiments of these sort ,

ic~ pe II  P L O

The susc eptibili ty of the six PL O conf i g u r a t i o n s  to the open 1oop

- , i n i t i a t i o n  of NO was tested using the simplified criterion based on dominant

mode damping r a t i o ;  v iz .  , if ~, ~~
- 0 ,2 , then the c o n f i g u r a t i o n  is suf-

f i c i e n t l y resonant at frequency to in i t i a t e  a~ t racking , I f , fu r ther ,

_ 180 0 then the configurat ion I s  susceptible to Type T I  P10 . ‘L’hie

r esu l t s  are summarized in Table 9, Note that for these experiments the

51 i ok — I’ roe and s t i c k — f i x e d  dynamics we t- c’ the saut e for  the frequency range ’ of

t n t e r e ’ s t  here ,

I t  is  apparent  that the poor P IOR obtained for f l i g h t  596 could have

resulte d fron t t h e  p i lot a t t e m p t i n g  to track osci l la t ions of a z at frequen e’v

~s) f o l l o w i n g  cont rol  or at mosplter Ic inputs  setf f t c  lent to exc i t e ’  t h e’ s h t r t  —

per iod  dynam ics.  When closed at t h is frequency , tile ~~ F loop is

ut i s tab le ,  I t  is se’e’ ti tha t f i  [gu t ô1() is also prone to  Type 11 P i t ) .

e l - -i

—~~ - 
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Fit .t 5p ~
.sf1 -~p ~ ~~ P L O P  l’o t e n t i ; t I f o r  Type ’ I L  I ’ l l )

583 8.98 .66 Ne t ii .it. 4 Ne il  p o s s ib l e

595 1 . 7 2  . 24  Nt i — 1 5 8  4 . 5  Not l i k e ly

596 6.08 , I I  \‘es —200 ‘t P o ss i b le ’

601 2. l b  .44 Nt ’ n • a .  4 . t Not  poss I l i l t ’

605 3. 72 .19 Yes —148 4 Ne il l ik e ’ l v

610 5 .4 ?  .05 Yes —~~~~~ 1 4 P o s s I b l e ’

“ a

t i t l t i t t , i

V I ~l t e ~ ~L t a p retv I clod by Re ’ I el’t ’Ite ’(’ 17 , i h i l i o a  I ’ ( i t  i n iM it t I ’  I I h it ’ pt ’ e ’S( ’I l t  P l O

I Ii e’ su t ~
‘ . l ’h t , ’’.;~’ ‘ . ‘ . . t t t t e ’  eI~; 1 .1 elet l it t  I ‘.tp~it ’it i’ t c i vii i I d ’.t t t ’ •

s 
~
‘, / I. (s i t  I t  i-i tI le ’ I t ’

~~ sP ~
~V 

~~~ , ‘t t t  v . 1 1  ( a t  I otis as .i t’e’ i t  au I s ’ not t I c I ti t ’ th e’ pre’eI t o t j ~V~fl ~~ assessnte ’nt t ’t

I’l l ) . ‘[‘ci t h i  I s  ant  lien ’ , i t  i s e ’ I e~~~t t t h a t  t i t t  s p’.i t-’ .tnte’ I e ’ I  1 s . l t t  ( t i e l  I e, a I I et n t i f

p i t  oh I t i i i t d  1 1 t ig q u a i l  t Is’’.-; but , at ’ C’s’ t e l l  tig t o  t I to e t t ’ v c i I h i t s  r e ’1 t t F  I • l i i i ’.; I n

mere ’ L y a i t e ’ e ’ e ’ ’.; sa t -v  c’ett t s ( t i e ’ r~i I I ott  Iet t ’  P i t )  : l55t ’SSlt le ’Ii f V t i s t t  a s t a t  I I c ’ I e’n I t ine •

Wh t ;t t these’ t h t t t t  do c l e a r l y  i l l  u st i -at  t ’ Is iiow c~; re ’ tu l l v  We’ sht iul  tI t r e ’at

I s st i 1 t e ’ i- ——Ilarpe ’ r  ~~ P I OR se’a i t ’ cIa t a to  ttv e t le t tit i seem s t ret I ti~ t h i s ’ mt ’ss’.tge’s I Ite~’ may

p i’etv f e lt ’ clue to out’ I .i ’k of a tin I f  I eel t in ds ’t’ s t and I ng s ’t I It s’ b ind I I  t ig em it L I  t Is ’s

pr sm b [em of Icing I t  ti d in~t .I mett le ’ s ’ e i t l t  I t t  I

I I t ; ’ ’.’.t’ e l , i t  a . t 1 i l i e ~i t i  l e t  st tp ps i r l  I I t s ’ s I mp l i t  It ’d c t i  t t ’ t ’ i emn  ‘ 0 .2  :tN till

I i t i l  I c d t  ( O t t  of  ‘ I v t’ s ’ I l  I’ 10 S t IScs ’ l t t  lb  I i  I t y .
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E . A— lÀ (M I. I , h 15 ,000 ft

‘l’he A— 7 se r i es  of a i r c r a f t  have no h i s t o r y  of l on g i t u d i n a l  i ’LO problems .

L  

It is  of In te res t  t o  test this airp lane agains t t h e ’ PLO t he o r y  Is’ d ’ . i& ’ ’l’ t , ;in V

why PlO Is  not a prob [em (a t  least 5 t t  t h I s  one f l i ght  t’ond i t  I on ‘I

‘[‘he’ I l i gh t  co n d i t i o n  se lec ted t s m t ’  s t e a dy  is not ont’ t t t a t Is t v l t i~’ei l i tt

V 
A— 7 tmpe r~t t ions. I t was e’ho se’n hoc .iuse ’ the  cet r respcm ;td ing at  r I t’~tfl t e ’ tivnan; los

a r e ’ s in ( J a r  to  thto se t or  the 1’— 18A. ‘l ’hts 11 -l ght t  ~etnd I t  ion couitl he’ reached

as the  r eseil  t s t i  a supe r son ic ’ c l i  ~~t t t’om It i glt  a I t I tude ’

W i  t it  us’ s t a b i l i ty  augm et it a t  ion t h t e  r e ’qu I red a t  t ’fratite d v n a t t ; i e ’s are ’ ( I ’rou;

R e I e ’t ’t ’nos ’ 18) :

a

(~~) — 4 4 . 3~~~~~~~. O 2)  
~~~~~~~~~~~ 

- rad/rad
+ 2( .185)( 8 .8 1) s  + 8.81~~i

—
~
-
~~ 

(s) ~~~ s~~+3 ( ~~ 7 2) ( 2 1 . 6 ) s  + 21.62 1 ft/sec 2/rad
V ~t’ ~s

’ + 2(.l85)(8.8l)s + 8.81’ 1

(it is assumed that ii~ = 10 ft).

V Th e p itch d ynamics  are shown on the Bode plot of Figure 17; these’ are’

approximately equal to a pure gain in the region of prob able t’rosstmvtt t’

frequenc y . A reasonable mode for p ilot dynamics for pitch t racking would  be

Y (a ) — - —s--— e ’ 2s 
F8

p 1 .Os + 1 0e

The open—loop,  p i l o t—ai rp l ane  dynamic ’s are shown tn  Figure 37 fo r  the  e’ase’

where ito control  or feel sy s tem  dyn a m i c s  e x i s t  . The open— loop phase is ii iso

shown t or t It t ’ unequal ized  p 1 lot • W i t  h etu t  lu r t  het’ d i scuss ion , i t  Is  e’lt ’ar

‘

~ 

%
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I~t g u t e . i i ’ . A — I A  l ’ i t  cli At l i t  dis.Ie ’ Uv t t ~i t n i c ’n

t hat  I lie’ c ’ lose’ st” loop p i t t ’ hi ehynani [c’ s can he ’e’ome’ rt ’sonant a t  4 — 5 . t ,t s l  /

~ c~’ w i  l I t  t h e ’ g i v e n  ~ i le mt.  dyn a m ic s . F t’ct tti t l t e  ii~, “
~ 

t h v n a m t c’s (F i g u r e ’ 38) V V

i t  is  ~
‘ 1 t ’.i t t t i . t  1 1’ 10 cannot tleve ’iop sivel’ t h i s  t’itn gs ’ of t re ’que’ne ’ i t ’s , in t h1’

I cotit t s ~ I and feel nvn I em dy i i~;itt I e ’5

I f  t lie’ p i l o t  d e e ’ C- ease’s t lie ’ I e’Vt ’ I ot tag e ’ s I t t . ~ 1 1 ‘. i t  I Ot t  at  .i ~‘otis t a u t  V

s t a t  Ic ~ ,i it t , t bte ’n t i te ’  t’e’sotlant I t e q e t e n c v  c’nLl t m ee ’sm me ‘ re ’at et’ t han 5 . 1 r~te1/

Se ’ c . t”or I lie uu e ’sh t i , t  I I .‘e ’sl p t  le it  , t lie t’t’$Ot l i t t l t  I t’ t’qUt’ t lCV fo r  P i t  cit s iS s ’ I I  I ~~ ‘ 
—

t I eit ls nuts t hee ’tmm e’ grt ’a t or t hat i ah emsi t  8 r~te l / set’ I. I i-opt 1-’ gel t ’e’ 1$) In  ci r cler  I ot ’

-t I ’ l t )  t i m sieve’ l op .

R c ” ;s ’ i t . ; n c ’ s ’~ I i i  1 i i t  e l t  chi c’ ( i t  Ml i t ’ e t l m t  Ot m t l t t-s ’ I s ’t  i . ; t  ‘~ c ’ ,ts ’r c t s ly n ;un is ’ I n p u t  
V

t i n  s ’s c ’ ur  .11 t he ’ n h a c i c  I — pet’ h i t c h  I t ’i’qt ;e ’nt ’v ~~ . ~~ 1 . 8 i t i e ’ t ’ s~. 0. 1 $‘m i s
sit sit

( 1 , ~
‘ 

~~ it i t P O. i t ’ 5 ( li ,i I I l i s ’ns ’ . h ; s I ~ t — j t t ’ r (itch tt ’spt tl tnt ’n t .’~ ;il ci be’ stab ) c’ s I I l’s ’ Iv

~~l t ~~si ( c t  chi le ’ ~,t~’~ s ’ i ~ l l t i s ~ t o  (lie ’ si m p ! i t  it’d ‘f’ vpi•  i 1 t 1 ()  c t - I  t ’ t ’ Ion )  .

F’ I c~ t l i  • ‘ 18 We ’ ‘ i t t ’ t I t _ i t  I Itt ’ I S
V c s - I  e’ r . t t  is’t i  I c’ s ’p s t V t t ~t iW I On 1 ‘Ott Id lit ’ t ilt S ( i I l ~ I t ’ I t

t si t iOtI  1 ci  1 s i c ’ S  ~s ’Vs ’ I r e’ sit te ’ t ic ’y ~i t ~ . 81 t’.itt / Se ’ s ’ , I no ,

9; 

~~~~~~~~~~~~~ -~~~~~~~ - - - - V~~~~~~~~~~~~~~~~~~~~~~ T~~~~~~~ 
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Figure 38. A— 7A Norma l Acceleration Dynami cs

81j )  0.14 “ ~i .0 12 g/d s ’gt ’e’s’/ see-

Th ieref  ore’ , cei lic lude t h t a t  the A— 7 , wi t h t  no c’ont ret I or feel sy s t em dy n a m I c s ,  V

I s  P 10—prone  at  t h i s  f l i g h t  cond i t  ion .

itowevet’ , t h e  A — 7 does have s [gu t I’ i cant  cont rol  and fee  I system dv t t am i  e’ s — —

even w i t  hon t s tab i i  I t y augms’n t a t  ion . The a i r p lan e  has two hohwe ight s wIt ieii

r s’sp tmnel ( i i  1~ ~ifleI a.. to t ’ rs ’;tt e’ equ iv ’.t  ie ’flt st ick  I Ot -e’t’S ; thw st I c’k — fr e e

elvn am [e ’S a r e ’ the re ’  I em re subst .iii t i~t 1 lv eli I I t ’re’nt t’ rom ( lie’ St I ck—f  Ixed dvnaml cs

F igu r e’ 19 111 l i s t  r at  ~ ‘‘. ‘ .  t h e ’ I i  r s t  — .;pprox im~i t  ie)fl sy s tem schemti t It ’ . The s\’st em

pa rams’t ors we re’ 5li~~~ I i  eel to  L i i  I s  ant  heir Lw Voug hit  A i r ent  f t  . When a ll I out’
V 

t ~‘e’cII i ,ie k I s ’o~m s , t i c ’ s’ 1 sise’st , t Its ’ re’sul t I ng st I c k ~~f roe dyn amic ’ ~ a t  L i t  is  I I i  g u t

s ’emnsl I t t on become’ (e;s lug the  u- t i t or t — hanst  neil ( t i n )  :
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V
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350[ .072 ,2~~~~ V 1__~~ ft / s t ’e’ 2 / lb

[ . 2 0 7 , 7 . 2 8 11.448 , 32. 4 ]

‘1’hte . a n 5 t l v s  Is 01 p I l o t — v e h i i c  le sy st e m  dynamics  i-j- i  I I  not be repeated ; i i  is

seen that the hohwe ight feedbacks I1 ,tV e ’ the  pr h i t ’ ( pal eI fe ’ e’ t s  s i t  inc reas ing

t lie’ sh t o t - t—p er  iemd damping ra t  to and de’creas lug  I lie na tet ra l  f r e q uen cy .  S ince

0. 2 , and s u i t s’ p ( 7 ,  2 8 1)  is v~~’t ’ y neat  I v  e’qual to ‘ 180 degrees , it  appea r s

t h at  the  p r t ib ab i  l i t v  ( o r  l’ I () in I t  Lit  ion is s ign!  I I cant  lv  reduced when

~te’c’ottu t is t~ikcii et f  the I Oe ’ I and ce i t i t  rol sy s t e m  t ivnan! Cs.

~~~~~ u - si5

c i  ~~~ 

-

I 

I
“ - ‘ i - c - ’ - ’  

~
- i~~~

_ I ’ V j ~l~ 55~V ii

- - J - -

I -

L~ - [
~

-
~
} -

ll- ’i’t’~t i iil ’t

F i g u r e  39. A—7A Fee l and Control  Svs te ’m S c h e m a t i c  i) esc r ip tion

ri te f a c t s  t hi ii t the st i ok— I t’e’c’ short — pe t  ioel champ I tig i•~t t  l e t  C is 0. 207
V I t t id us’ P l O  p rob lems  s’x 1st , arc take ’n to lie f u r t h i ct ’  support fo r  this ’  seth ) c’s’—

I lye ’ pt ’ e’e I I s - t a b i  l i t  v e’I i t e ’r i on  
~~~~ 

0. 2.
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One I in a l  po in t  is w e m r t h i  no t ing  about the  bobweight e f f e c t s  on the A — 7  
V

eIV t i .t f l i  te ’S • S ( a t e ’ e’ cont  ro I sy s tem t r Ic t tot i is  unavo id alm Ic , then I or smal l

am p l i t u d e  Il le t t  i ’~tus the p i l o t  act u a l ly  I [vs  the ’ s t i c k — f i x e d  dynamics .  I f  the

not [on become lar ge enough to excite the bobwei ght s , then the airplane

eIvn ~I mi c s  , i r e ’ t h e se’ ol the  stick—free responses. Th is change in airp lane

dynamic s  cati suddenly  occur . Since’ the st ie ’ k — f t ’ e’c’ , sho r t—per iod  n a t u r a l

rs ’e l e ie t i c ’\’ is less than  t i t e ’ s t i c k —  f i x e d  value , t hen t u e  sudden change In

a i r c r , t f t  d ynamics  is a c t u a l ly  s t a b i l i z i n g  In the  sense tha t , w i t h  constant

p 1 lot  ga in , the  c’I o s eel — loop sy stent  becomes niore stable when the hobwe ight

I eedbacks arc Initiated following small amplitude motion tracking. This

e ’f I oct  is  ex~ic t  lv  e tpposite  tha t p rev ious ly  seen in the  T--38A example w i t h

1h ’  o r i g i n a l  con t ro l system. It Is proposed tha t t h i s  mechanism provides a

r e ’. isonahle  t heo re t i ca l  basis to support  the  empirically derived criterion of

N eal  ( R e ’f  ere’n” e’ 2 2 )  I emr t h e optimized design of bobweights .
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‘rilE lI )ENT iF  [CAT ION 1W 1’I 0 i~
V Fl , [GUT TESI  OR S I MI I -\ I iON

A. (‘.R OUN D—B ASE D SIMULAT I ON

Accord tug to the theory et l  t i ;  I n  rep t ir t  , I e t i i ~~ i tue l i nal  , s h o r t — p e r i o d  P l O

cannot exist  in a f ixed—base  s Imul a t  ion ; t he norma 1 ae&-e’i era I Ion cut ’ is

t ’sseut [al to the mechanics ot P i t ) . [‘lw sor ts  c i t  p1 l e m t — v e h i i c l e  sv st  em tt sc’ ([Ia —

t ions tha t occur In f i x e d — b a s e  Inn l i l t  i c i a t s  o I p h  t c lt  t t a c k i n g ,  b r  eX iimp le

and wl iic h i h ave been c a l led  I’ll) I n  1mits t wet rk , h ave ’ he ’e ’u purpt)so l  V e’xc I ude?d

f rom this ’ 1~ 10 ~
‘ I as s i t  I c a t ion  by I Ito de’ t’ lii i t ion pro lmoss ’eI in t h i s  i’epei u’ t . The

ro.i Sti l l s for  do i ng t h i s  have iie ’e ’ii p rey  I otis lv d i  se’usse’d

However , t he ’ use of f [x ed—h ~tse s imul  at  h em and t h e  P l O  theory  may enable

thi s ’  ear I v  d i~tgnos is etf P l O .  ‘l’his would r e q u i r e  tha t — ’ I t  oh at Li tude ’ I r ack  lu g

experiments he cloy Ised In It manne r to cx~’ l i e ’  the  extre’uiies of j t i lot I tag
- 1 hch av he i r ;  i t  i t  can he’ e leterm [ned h’5 mt’asureme’u t t h a t  c le is ed— 1 e tci ji rescmu~tuccs

can oct - ta r , th ien  an a n a ly t i c a l  check ci I t u e  I te ’ e’ e ’ 1 e ’ i-al 1cm ioop phase’ or ! t o  t i  on - V

‘t i - ’~~ — 18 0 °

a t  s ’, ;c ’h r est muant  t requency may he sut t i c  Lent  to ~ist ’c ’r t i t i n  whether ot’ not  P 10

we ’et E d lit ’ em b t a  [ned in I I  igh i t  . T h t e’s e’ t’e’sul t f ~ rn a e’ouiih I nat  Ion ot’ I’ I xce l—b ase ’

I mula t ion ~niel I rom ~a i i~; 1 vs is c’otil d al set lie used I Oi’ t i l e ’ pl’ s’pat ’it t  (till ot ’

sps’c U ica tion s  fo r  t h e motion drive sy s tem of a moving—base  stmu la t ion .

[‘h Is ml  ght  porn It the case ’ cml It nov ing—hase s m itt I a to r  te m ye’ r if v t lie P l O

tendenc it ’s cml an a i r c r a f t  c-on! i gurat ion d u r i n g  i t s  deve lopment  ~tt ie l ~mt’ ic ir t o  —

Its I light.

A mst V i t I g— hiase ’  s I mula  te) r s ’an o n l y  ap p r o x i m a t e ’ this ’  dynamics  o I I I i  g u t  . - -

I ’h te ’ e ’hi te l 1 (ml t a t  Ion i t lie’ a t  Iow~tb Ic range’ si I e’e ’ e’ l~ i it I t~ave 1 . ‘I’he eisua 1

me’ t htetd I’ emr 1 [m it I ng t hit ’ I rave’ I is t ci In t rodetc e’ . ; c~ Ce ’ h e rat I on washismut in  t ile’

i s ’ I t or t  ci 1’ I Vt ’ i i  c’5 I em ~~c h  twa rs’ h~i t & ‘ i I  ;c~ 0 lie’ twe’efl t i t t ’ e’onipute’ tl a I t ’ s’ i a  I t  at ’ c ’ e ’ 1 ~~~~~~

te rn  ~t nsh  t hit ’ - I s ’ I \ ’ ~~’n .t ntl as ’t u , i t  e ’t ’S t h a t  p ii~’s f s ~~I t i  I v  flieiVd’ I tie s ’ s i s ’kp  I t  . ‘l ’t i eas ,

I I t s ’ c ’ C e ’ 1 e ’ra t. I on dvti~uit I c ’s be’e’ i mm e’
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[-a-z1 (s)] — {~_! (s)]  “ W( s)
F5 s imulated airp lane

V W ( s )  — washout dynamics

‘l ’hte ty p i c a l  washout sy stem w i l l  th e r e f e m r e  add a phase ’ lt ’it sl t o  the ’  p i l o t  — I el  t

.t t ’ e’e’ b rat ion dynamics  t h a t  would fle’ t at’ t ua l  ly exis t  itt f t  ig hi t . Acc eit -d lug l e t

t h i s ’ t hee’r~’ ot  t h i s  r epor t  , t h i s  could el (m l  n a t e’ I l i e ’ pe iss lb l i l t  v feir  f i n d i n g

I’ I ~ in a mt iv it ig base’ s i m u l a t o r  ~ansum in g  t h a t  i t  e’X I ~ te’d in Ito t u~t I I I i g h i t

i t  , w i t h  no w a s h t c m u t

— 180 °

,;nei i t  • w i t h  w~t shc m u t

+ W I  — I S O ”

( ‘e m s  icier t lie’ \‘ F’— 12 examp h e’ pre’v i otis 1 y di  sons ss’eI . P l O  was not el i  ~t gt i cm ss ’cI

,ts a i ’t t t  _ ‘i~ t j ,i I j ire th i l ent w i t  lt I hat  . l i t t ’ r , t  I t hass ’d ii  ‘s in  “ e ’V ( n g— ba se ’ s ine ; l , a t  ( c m ii  V

. 1 t h i s ’ ~r p i ’ 1 c ’~t i ’ it  ant i I anti I t ie, h it ’ol i h s ’tit ; ye ’ t I lie’ ( t i — I t I ch i t  s (mu l i l t  ion o I t h e ’

a i t - p  1 . m e ’ t -e ’s t i  I t  eel in se r (o t i s  P l c ~. 1 t has hee’ti suc ’ c ’S t eel e’ I sewht ei ’ s’ t liii t I ,t e ’k

s ’I  i e se ’l ut  ion c i t  t he  v isua l svst  s’m jm re ’ss’n t a t  b i t  I t t  t h e ’ n e a r — I  l z t r e ’ c’emnd i t  ( c mii

~i i gh i t  ha , ; ~ ’ t’ i am y , ;  I idat  ed Nei r t it r op  ‘ s land ing s imu I at ( sin cit this’ \‘F’— 1 7 .  ‘1’hi i s  i s

s~~s i f l c ’ e ’ I v , i hm l s ’ . I t  Is  a [so c ’c ’i it ’e’ j v~t h m it ’ that t he  ‘‘ puck s ’i’ l i l t , I c’l’ ” was not s n ! —  ‘ -

I Ic  (cm t Is’ make’ t hit’ sim e tlat cmi’ ii i  lo t  e x c i t e  P l O . i t  is  I lie op ( au situ e’ I I hi i s

. ; t a t  hit ’ r , hs ’~~ s’vs ’t , t h ia t the  real  prob l em was l b  ks’ 11- t s ’ have’ bee’n w i t  ii t his’ . 
V

V 
mcm l i~~’i t  t h r i v e  5 V n I  e’fli .

i t t . t c ’ s ’ t~ I I, Es’ I t’ i ’iics’ .‘ i i  close’ I I lie ’s I I t t ’ tile ’ I I t i l t  cii’ ( V t ’ I s ’g I s ’ Iii  LIS t ’ lit

N 5 ’ t t h i  u c ’i’ .1 t t his ’ I I me ’ c ’ I t he ’ \ F —  17 (mu 1 at i emi t ; hi t ’ ii 1 se’ I i  st s t lie’ met t i s ’t i  di’ (V t ’

S t  em ~ it t’.;ms’t t~ ,i1i1t ‘ c t~i~ I . t t  e’ I c ’i t hit ’ \‘ F — I  . I t  i t  i n  itSsufl ie’cl I h a t  I h te ’se ’

c r s ’puess ’ti I a t  I ye , , ? I h i 5 ’ ns ’ .t e ’t t a ~i l l  V t i ~ s’tl I s i t b its ’ ‘i’ 1- ’~ 1 7 ,t~~p t s ’. ; s ’ I t ~ine i 1 ,tti sh i itg

(nit; l.it I s ’ t t , t lt e ’n t his ’ %s ’ l m , ;  1 , t s ’ s ’ c ’ 1 , ‘i ’ . t t  l o t i  w ; n h m c ’ t i t  e l y n a u n i c ’ s We’re’ , l e t .; I l u - s t

V _ t~ ’(’ t s ’X 1 ~l t  I I s’O

10 -‘

I I ,  
V

-~~~ _-- - - - - -~~~~~~~~~~-V - -V _ _ _ _
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V

s ’ + .‘ ( . 7 ) ( 1 ) s  + 1

I
Th i s ’ e l I  Oc ’ I c ’ t  t hie ’s~ chVn ~tni I t ’s c ’II t lie tot a I p Ita Se ’ an ’  1 e of t h i t ’ a.. F

- - p s
1 em emp is i l l  us t r a t~~’si in  F I g u r e  40. ‘i’ hme ’ t o t a l  n v ;  on 1t 1; se ’ aug 1 e’ ~ i s  de f I noel

(5 ill l i t ’ l)rt ’l’ I s ’un Y F — l  7 ana l  vs i s  ( F i g u r e ’  10) ; it  is assumed t h a t  T 0 . 2 5

Figure -~( l o Lo. t r  N Lt tdie ~ec CS C Ws ’ p cm L u i t S  of note

0 The ’ t O  s e ’ I e ’ra t  ion ~ - ; t  s hou t  ntake ’s t h i s ’ s nu I ted Yl- ’— 17 I ; C ( 1 5 I or~; l ion

c - t in t  i ’o I i c is il i  si gn ! I’ I ~‘~tntlv more st ~ h l c ’  t i ; n  is  t he  (e ’st irn~ited

as ’ ttt;l 1 i F— 17 in  t i m e ’ r eg i o n  o I p r o b a b l e~ ‘‘ I t )  I 1’cquenc i o n  . I-’oi- ~~ —

I , in I ~;c ’t • t he  simulat  e ’d iF’— 17 w i t h  the  or i g i n a l  c o n t r o l  n\’st cm

I s tuot  quit I i  t a t  [vs ’1 ~~
‘ d i  I I e r e ’n t  I ron t i m e  i F— i  7 w i  t i m  t he  mod ! I I e’d

~~c i u i t  t ’o I  sy stem.

ci A l  low i t ig  I or U f l C s ’t ’ t~ t j u t  it’s in ost  im ,t  t es s i t  iF— 17 dvn ~tmi c’s anti t’or

t h e  t o  tua I not [on d r i v e  dynamics  ol’t~’ i c~~v i~~d , i t  i ;pp ears  t h i a t  P 10 may

not  I ave  been puss 1 Ii I c  ci produce in t h e ’ nov 1 tug base’ s in t i l a t o r — —

roga rdless of “pucker I iii ’ t or ” o r o I I li e’ ~ i cie I i t  ~ t~ I Ito v i s u a l  V

~~‘st t ~nt_ —~ m o e  
~ 

(3~I ) i s  s l i g h t  Iv  greate r  t h an  ~ 180 0 wi th u wa sh ie -s eit . 
‘ 

-

Au add i t  iern~l 1 f i d e l i ty  i r ob l cm  could have hcs ’n cm’ eatcd due to th i s ’  use’

ol  ~imp l i t u t h e’ se’al lu g  in  this ’ m o t i o n  d r i ve ’ s’s’S t c’rt

.~~~. /~- (  .0~ ) . = 0 .031V 
,~ L rp lane ‘

W( 3 . O j )  = 0. 14e 1

;t , u i i ( 3 . O j ) ~ , 0 .1) 31  ~ 0 . 1 4”  ~.004~ g/ e le ’gr c ’e’s/ sec’- s t n n a l . t t e d
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F ~ ~~~~~~ F t  t t ’ s ’ t  s ’t  ~E s ’t I s ’ii 01 1’5 ~ ~‘\ S Ci ll l~,t s h n t i  C O t t

S i ;~;ti l , i t  s s t  ~ t V 
; 0\ t i , t m l s n

Ii  i~~~~~~ 5 ’n~~’s ’ t t ~~~ e ’ t -~L t L’ in Is’~’5 t tu .tti I Its ’ e’l’ i t  c’t ’ t o n  \‘.t I tas ’ . ~~~~ i ’ t t ’t’ s’St ’tl s’l

s i t u  ‘ t ’ s’I  l I e ’ ~‘ts ’sl ( s t  _; l ’  m l  i ll ’ 5 ’t  tuo t ’ t~ i I  llt ’ ct ’ l o t , m t  bo t i  i s ’S1t ct t t s e’tZ

In  v a ow s ’t t li~~ p r .;~~
- i 5 ’ ,; 1 o~’ m i n t  a , ;  t n t  s on s (ru n 1,; t ( c’n i t  i s  pa’ smh I e’m,; I i c ’,( I

~ R I  hi e’t ’ a i’1c~ prs’bls ’tt~ can he 5h se ’ e’\’ ot ’ e’cl iii a s i m u l _ m t t - s u’ by ~tn emp it t t ’ ,t 1 ,

I i .t I ~;n5i 5 ’ i~ ’ r .m~’p t c ’ , t O  i t .  F i t s ’ use s ’t s inn [at i s’li • OX t ’ In s  I ye’ lv  • .ts ,m ttie ’ t t is

t .t ~- n s ’ s in  iii es. t lit ’ 1’ l s 0 I t ’ttel s’tiO t e ’ 5 c ’t ,ti i ,t L O s ’ t .1 f t  —t ’Ofl I l’ s’ 1 5 V SI  e’ITI t it ’S I gu I s;

t t  sk y  V t ; ’ ; ’  I 0 1 5  ii I o a a t ’ ~’ i a t t  s h e ’S I gn ~and shov e’ I stpmt’it I . 
S

1 0-~

~ 
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B. I N — F L I ( H ’ i  S i M I ’ l . A T I O N

T Im e use c m l  a ~-ariab1e st a b l l i t ~’ a i r p lane f o r  t h e  d i scovery  or ;t s s o s s—

ment of PlO may ho an a t t r a c t i v e  a l t e r n a t i v e  to moving base s imu lat i on . I t

i n  nøt a ~ dtl~tCCit , however.

I t  Is , in general , i rnp ossih lc  to s i m u l a t e  the P l O  c h a r a c t e r i s t i c s  of a

sj~~c i f L ’  ~~~~p 1ane w i t h o u t  th e’ use of d i r e c t  l i f t  con t ro l  (DLC) in a v a r i a b l e

s t a b i l i t y  a i r c r a f t .  The use of DLC p e r m i ts  the  n a t u r a l  dynamics  of t h e

v a r i a b l e  st a b i l i ty  a i r plane Is ’ be decoup led  in p i t ch  and heave and , t h e r e —

f o r e , to be independen t ly  con t r o l l e d .

T h i s  was a p o t e n t i a l  e r ro r  in the simulated YF— 17 flight tests with the

N1 — 335~ conducted p r io r  to t ime  pro t ot v p e t s f i r s t  f l ig h t  ( R e f e r e n c e  8 ) .  The

NT— 3 IA does not have a DLC sy s t e m . I n  order  to match  t h e  0/ ~S dynamics of V

the  iF— 17 in a p p r o a c im  and l and ing  i t  was necessary  to select the  approach

a i rspeed to g i v e  the c o r r e c t  I~~ (or  l/ 1~I ) ;  this could only he done to a

t~ i r s t  ~tpp roxi t i ;~t t i on .  The pa rameter s  and 1 c~’ere matched us ing  response

feedback .  S i n c e  the no rma l a c c e l e r a t i o n  dynamics  ar e ’ unknown fo r  t ime a c t u a l

iF— I 7 and can on ly  be est  inu~ted f o r  the  Y F — l 7  ~ms s imula ted  by the  NT—33A , i t

is not possible  to comple t e ly  eva lua te  the degree to t- ;hich e r rors  in s imula—

t i on  of  1t~. responses i n f l u e n c e d  time assessment of the YF— 17 hand l ing

q u a I l  t i e s ,  it  is i n s t r u c t i v e  to consider what  these  mi ght have been ; con-

s i de r  the  f o l l o w i n g :

I.  For the NT—33A in the approach and landing configuration selected

to ma tch  the YF—l7  dynamics ,

U 140 kt = 236 f t / s e c
0

l/T = 0.90 ,

I t  can he de te rmined  f rom R e f e r en c e  25 t h a t  It- s r lii i -i c’cSs t i t  ion :

= 7.39 ftx
= ~~V~~ 49 I / s e e’

= —1 5 .34 ft/sec’

1 0 5

- 
- 
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Mq 
— —~~482 I/sec 

V

— ‘ . 2 16 1./sec

— — 2 . 8 4  l/se ’e” V

~~ — — 2 2 9 . 4  f t / s s ’e ”

2. Assunte ’ t h at  t’esponss. I eethb ack t echti ;  I que ’s , oat is’, were used i t t  thi s ’

VI ” — 17 s lt iu l t ; t to r i  ~~~
f

V R e t  or ’Itce ’ 8 ( I . e . . ,  r n o e l e ’ l — t o l  l owing , or s i m i l a r
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e, t ’ I I ott ,;n sl e I l;n I a i , t t  (o; m sit  I’ h O  pt ’ smb lens .

108

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ - ---- 
~~~~~~~~~~~~~~~~~~~~~~~~~ ______

~~~~~

L

~~~

_. - ____



—~~~~~~~~~ 
-
~~~~~~ 

-- ~~~V_ ~~~~~~~~~~_ 
V

A very real pre hlem that can arise in flight testing is to determine

whether a control problem should be called a PlO or a pitch sensitivity

problem . This question might appear to be in t u e same league with deter —

mining how many angels can stand on the head of a pin. It is not. If the

balance between the pitch and heave degree s of freedom is understood , then

the opportunities are increased for eliminating the control problem . In an

era of multimode flight control systems , CCV , and direct force control , this

V is a very real benefit to the process of flight control system design .

Once an aircraft reaches the I i  i g imt  test st t m g e  of development , P l O  may

be difficult and expensive to eliminate. The normal acceleration dynami cs

ai~
/%
~ 

are dominated by La and are th terefem ;’e beyond control at titat Point.

‘l’he elimination of Pi t ) , once it Is known Is a  ox I _ s t  , should probabl y he dotu e

by

a

I. Reduc ia tg e’e tim tro l system phase lags .

2, M i t m in m i z in g  ab rup t  changes In st ( c k — I  rs ’s’ ttvnan ;Lc s due to control

V aicmii l i t i s ’~m r i  t i c ’ s ~a r SAS s t t t u r t m t  ton .

4 -

h Improving p itc h a tt  I tude it zmtme ilt ng q e t a l i t Is ’s.

4, In  ext rents’ cztse’s , add lug  a new dvuam i s ’ e l ement  to  I he’ I lig ht

t ’oam t rea l  sv st s ’nt t im ti t te’iiuat o p 1 t c i m  a l t  it stal e’ r e n p s m t t s s ’s .

Cant remi stick dampers imave been used without (ttpp ttm ’ s’amt ly) great  success its

past ‘curs’s’’ for P10 t endenc los; tim e ehmcumciit at I em fi t i  I ims’sc I i ’  I ;m i s  is Im s a o r

I t t in s been sugges ted t am past  work t i ; t t  I th is’  usc’ oh damps ’ rs I s  t o  he’ d l  s—

courage’d . On this ’  has Is sit  t im is  r eps mr t , tim Is nut htmi ’ Is t ism t gre ’at Iv  s’flt Inas I as tIe ’

abou t  a stick damper , s’ It h er. iistweve’r , t im ers ’  nn ;v be cast ’s whore a elauiper

can i-ac’ sCat ’ e ’ e’s-m s-m I n I l  \V m ;ss’ si . Atm examp le’ ml  g u t  lie’ wh a t ’ai a P i t .) resu I ts due I 0

‘s’e;V snm;; 11 C . A cI , I t tm l ae ’ a e’t mnt I g ta r ;t t  ism a i whi I cit tis’e’smup ) sm-s thie’ I c’s’ 1 sy s tem 
V

dynamics  an i g l a t  be ti ~~t ’sl t o ;t te ’nu a ts ’ h is’ shor t  —p r l at ch  rs ’sponso. ‘I’i;I s we mu ld

be’ .;t t I ;e  e ’xp s ’t ms ; e ’ s a t  Ine’ i’c’,tss’eh s t I c k  I o;’ t ’e’S .
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- - The use of linear prefil ters to heavily att enuate the pilot ’s (electri—

cal) output should be discouraged as a means of preventing the transmission

- 
I 

of large , inadvertent commands to surface actuators in a fly—by—wire system.
- 

The control system phase lags may lead to serious control problems which can
- escape diagnosis in f ixed— and moving—base simulation . A better technique

might be to use •
V - nilnear filtering logic which only attenuates the

amplitudes of large , high—frequency signals without increasing the control

system phase lags within time bandwidth of the closed loop p itch control

loop. V
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SECTION VIII

DISCUSSION AND CONCLUSIONS

A PlO theory has been presented that is believed to be consistent with

most opinions found in the literature or expressed prIvately about the

problem . The theory appears to unify divergent viewpoints regarding the

significance to PlO of airframe dynamics , feel and control dynamics , task,
system nonlinearities , and motion vs visual cues . A number of PlO case

histories are presented which appear to confirm time theory .

It is postulated that if in the control of pitch attitude , the pilot—

vehicle system dynamics are sufficiently resonant , and if the pilot—felt

normal acceleration closed—loop would be unstable when the loop gain is

adjusted to make the crossover frequency equal to the resonant frequency of 
V

the pitch loop , then the airframe—control system dynamics are P10—prone. A

PlO initiated as the result of pitch attitude tracking is defined as a

Type I PlO.

Aircraft configurations that feature a very lightly damped stick—fixed

or stick—free dominant mode are postulated to be susceptible to the initia-

t ion of PlO following abrupt control or atmospheric disturbance inputs of

magnitude sufficient to excite the dominant mode. A PlO initiated as the

resul t  of open—loop control or external inputs is defined as a Type II PlO .

It is proposed that a configuration is susceptible to Type II PlO when the

dominant mode damping ratio is less than 0.2.

The major difficulty in applying this theory is to determine whether

the pitch loop dynamics can become sufficiently resonant as the result of 
V

precision, piloted control in tracking modes. The state of the art of

pilot—vehicle system dynamics cannot entirely resolve this matter. It is,

however, possible to select models for pilot dynamics and perform a closed 
V

r loop analysis to bound the range of frequencies over which closed loop

resonances could occur. If the acceleration loop is unstable when closed at

any of these frequencies , then PlO is a possibility . This, however, may be

overly conservative for design purposes. Validity probably must be

1-il
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determined on a case ’— lmv—c asc ’  basis. Any physical dynamic system can be

drive’;, ta m ;‘s’ssm a m z a a t e ’s’ g iven  s u f f i c i e n t  ga in , f o r  e’xantp le; whi a t  m us t  be

assessed t I m  ii d o s  ig n  or t es t  is th i s ’ p r imb ab i  J I t  v th a t  such; re’sem amanc s ’s w i l l

occ u r  in ~ac tua 1 sapera t  tonal  usage of  t h e ’ al rp lane .. ~1hi  is Is an eng I ne’e’r l ug

problem that is probably best addressed from an i nt eg rat e ’ d v i e w p m l t i t

b l e n d i n g  ground—based ari d in—flight simulation , w I_ t i m analysis used as a

I eirsmcastittg tool.

h I  is no tewor thy , however , t it a t  subt le  e r rors  in this ’ des ign  e a t  t l i g h m t

c m n t  rol sv s t e t mms have not  been r e spemn s i l m i e  f e a t ’  t i toss’ P l O  e’~ases t h a t  have ’ h e s ’n

doe umen ted . ‘1’hese have result eel f ro u t  di ’ I Ic I am -n c los t h a t  e’oU let , w i t  lm I at I lie

p r s ’seai t  s t i l t s ’ o h  t h e  a r I , ziow he s’l im l m i ;m ted w i t h ;  I he app 11 e’a I i on ~m I s’ 1 e’ms’a t —

t _ a rv  p 1 I emt—ve ltjc Ic svsteni dynamic t imc ’cmrv  . A Ir inc I pal source ’ oh P I t )  ha ns

been the  j u l  Itt ones ’ of ar t i f  ic m l  h e e l  sv s t  em dy namics  and fee l  tmern l l ime ~i r i  t los

( c sp c ’e i a l lv  I r i c t io n )  on ths’ dynamic response of this ’ a i r p lane ’ t o  p i l o t —

m p p l t s m - d s t i c k  f o r c e ’ . It appears  t h a t  p itch h andling qualities will be poor ,

almost  regardless o h s t i c k — f i x e d  dynamics , wimen f s ’s’l sy s t  out mion i I ne ar it l es

make t ime st i c -k — f r e e  dy namics  sons i t  ive t o  ~mmpi it ude  s a t  t h i s ’ mot [~m~ such that .

t u e  maximum pilot gain required I or closed loop s ta i a l  l i ty  is less at large’

t han .i t snaii 11 ~mnap l I tudes. P rob lsmms of t h i  Is sor t  ha a ’s ’e’ most o f t  s’n been deas’ to

I lao use o h  heabwe igh t  s in  p~m s t designs. ‘I’hmc sat urim t ion of  a r~m t o— sir

p sms i t  j s mn — l i m i ted  SAS can imroduc e t he  same s’ I f e e t

Based upon the sue ’ce ’ss 0I
V t h t i s  th eory i t  appears t h a t  t ime ’ p1 lei t ~

p t’ inc ipa I e ms ; tpe a t  is  s t i c k  f5 a a’ ~’ s’ r a t h e r  than ch e f ls~c~t le an . This  suggests two

corol la r ies :

1. Stick t’orce (static and dynamic) shiould not become “toe-a small. ”

2. Feel and control system dynamics should not result in stick

deflection leading stick force, i f  t h a t  were to happen then time

p ilot ’s internal mechanisms for sensing and controlling force

stutpsa t would become unbalanced .

It is conceivable that with small stick force levels (item 1) or wlthm lead—

producing too l system dynamics (Item 1) additiemna l p i l o t  lag Is produced as

112
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a result of neuromuscular system dynamics. If so, the effect would be to

promote instabilities or closed loop resonance in the precision control of

pitch attitude. A PlO can then result when the acceleration loop is

unstable at the resonant frequency.

The importance of feel and control system dynamics to the PlO problem

Is central and cannot be overemphasized . The present theory , however , can

provide no support for the notion that stick force per g is ii P l O  parameter ,

V per so. As a general conclusion, PlO tendencies can be minimized by mini-

mizing flight control system phase lags in the principal region of manual

control interest (nominally 1 
~

- < 10 rad/ sec ) .

A amaaior conclusion of timis report is that the potential for PLO can be

predicted entirely on the basis of linear systems analysis. The basic

philosophy is easily stated : there can he no unwanted , large amplitude

oscillations so long as the small amplitude motions are stable. The pro—

V diction of fully—developed PlO frequency and amplitude does, however , require

full consideration of all major system nonlinearities; even here , the use of

simple quasi—linear sinusoidal describing function analysis appears to be

very successful as a diagnostic tool s

S
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Appendix

NORMAL ACCELERATION DYNAMICS

= az —

az = — U 0q

az w q
N6 (s) = sN6 (s) — U 0N~~~(s)

N~~(s) = Z6e [
~2 - (Mq+Mr~)S - - 

~~~~~~~~ 

z~)]
q I ZÔ eMW_ZWM 5e

zxN6 (s) = Sf xN~Se
(S) = ~~~~~~~~~~~~~~~~~~ + 

M6 e+Zô eM~

N~~~~(s) = 
[~~e 

- + {_z~0 (Mq+M& ) - Zx (Z 6e~~
_ZwM 6e)]s

V 

~~~~~~~~~~~~~~~

az 
Z~ e (Mq+M& ) + 

~x
( e

Mw_ ZwM~e)
N 6~~~(s) = [z~ — fx (M6 e’~~ 5eM~ 1j ~

2 — 
Z~~ 

— fx (M~e~~ m~eM~z
) 

S

Zã - 

~~~~~
— 

Z6e — fx (M6 e~~ aS e~~
)

This expression is complete and assumes only that the short—period

approximations are valid . In generic form

N~~~(s) = K~~(s
2 + 2CZWZ S + w~ )

However ,

1. Z6 e

I 
. 

c ~~ ~~~~~~~~~~~~~~~~~ ____  

—

~~~~

115

A -



~~~~~~~~~ ----- ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~---~~ -
~~~~

--- -- - -
~~~
--

Th en

—U 0M - 0 1-~:

~~~~~~~

I t  o f t e n  happens t ha t  ~XMV~V 0 /Z lc0 ~ ; assume t h i s  to he t r ue . Assume a l so

t ha t  M~ .I >> Z àe M~~ ; then

- -~~~~~~~~~~~~~~~~~-

V 2U 0
: 7 —  - ‘

V
X~~~~~~~

V
.

S ince , to a good approximat ion ,

2~~~p~~~p = — — (M q+M~ )

i t  fo l lows tha t

V ~~
ZV
~e I (~x~

tóe ‘\
—k-—- 

~~~~~~~~~~~~~~~~~ 

+ T Z
~e 

+ 1
,)

or

~~~~~~~~~~~~~~~

It is clear tha t r~ is always very small. Typ ically,  
~~ 

is a f a c t o r  of about

2— 5 t imes greater than w~~,. Th e phase d i f f e rences  be tween a~~( t ) and a~~~(t)
will  the re fore  be s ign i f ican t  at frequencies  greater than W 5p. At  f l i ght

conditions where is less than, or approximately equal to, the crossover

frequency of the pilot—aircraft system , the distinction between az and ~~~
as p i lo t ing  cues becomes o f potential significance. Note that so long as

> 0, a~~~(t) always leads az(t) due to the ~ component of azp.
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Time response ra t  i s m s
~/a~~ 

Is of probable importance to l o n g i t u d i n a l  V

h and I _ t r i g  qu~il it is’s. Vs im m g  t It o .ab~~vs ’ appr ox  imat limits , titI s rat isa c~mu he’

w r i t t e n  as

i _ _ V

- - ( s)~~ 
V

- 1 __ e ea 1
5 V + ~~~~~~~ 5 +  -

- V .
V

C X 1*,

Titus • f o r  f i x e d  
~ 

and at a 5’iaaistaam t speed ti me r a t i o  of ~att itude rats’ (or

,tt t i m il e’ 1 t i m the pilot ’s aumrmal acc~’ b r at  Ion is cu t I r e ly  parameter  iz s’d
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