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~~~ ,ihis memo summarizes ~he results of an investigation of alternative
t
~.~~errain following sv.,t~m concepts...— Three systcm concept~~~ere i e~

evaluated , during this study~ each of the systecis i~i~~ased on a
radar altimeter for sensing terrain clearance. 7, -- 

, i
-~~~~~~ / ~ ~~~~~~~~~~~~

DESCRIPTION OF SYST~ 4 CONCEPTS

System Concept A, sho~.rri in figure l,&~evelops an inertial altitude
rate command in response to errors in terrain clearance altitude.
This command is limited and summed with the actual rate of change

- 
of inert~ial altitude. The normal acceleration command is generated
in response to errors in the inertial altitude rate. This command
must be limited in order to maintain the vehicle within aerodynamic,
structural, and engine—inlet distortion constraints. ~~~~~ . ~~~ . a , , ~~, 1

•
_-~~~ 

—
0... System Concept B, shown in figure 2, develops a clt~arance altitude

rate command in response to errors in the clearance altitude. This
conunand is limited and summed with the rate of change of clearance

- 

L~J 
altitude. The normal acceleration command is generated in response
to errors in the rate of change of terrain clearance. System Concept
B describes a frequently used control law. .‘ ~

.

System Concept C is shown in figure 3. This concept~.1ncorporates the
damping feedbacks of System A and System B. Both control laws are
executed simultaneously and the most positive nor’nal acceleration
conunand is selected for control purposes. The most positive 1~gicscheme ar~ercs s~r;ct.i switching from cr.e contrcl law to the oth er.
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LINEAR PERFOR }IANCE ANALYSIS

System A requires an error in c learance  a l t i t u d e  in ordt.~r to sust a in
a stead y c l imb r a t e  or dive rate . A positive (or low) orror is required
for climbs and a negat  lye (ot h t g h )  error is  r e qu i r ed  for  dives.  The
magnitude of the stat Ic error L all he defined for a t e r r a i n  of s l op e  X
by h — VsinX IK1 . For flikj~ at .7 Mach (K1 — .4335) and a slope of

5 degrees , the o f f s e t  is a p p r o x i m a t e l y  155 feet. The l inear behavior
of System A is i l l u s t rat e d  in f i g u r e  4n .

The use of radar a l t i met e r  r a t e  feedback in System B e l i min at e s  the s t a t i c
of f s e t s  observed in Sy s t em A. For a t er r a i n  f o l l o w i n g  vehicle Ic! l o win g
t he exact t e r r a i n  p r o f i l e , t he t e r r a i n  r at e  error w i l l  nomina ll y be zero.
This wil l  be t rue even thou gh J ar ge  In e r t i a l  climb or d ive  rates  may be
required . The l inear  response of System B Is shown in f i g u r e  4b .

In the linear sense , System C w i l l  behave l ike Sy stem B d u r i n g  p u l l up s
and l ike Sy stem A d u r i n g  Lle.i cent~~. D u r i n g  a c l imb at the  exac t  set clear-
ance Sy,’ t ern B w i l l  comtiz iud  :~e ro Inc remen ta l  1 ead f a c t  or • whereas S vs tern  A
wil l  command a pushover  because of the posit lye climb rate occurring with
zero a l t  It  tide e r ror .  The most pos I t I ye e t)nlman~I would he gent ’ r a t ed  by
System B. The reverse is t rue  dur ing  a dive where System A g en e r a te s
the most positive command . The I incar response ci System C is illustr ated
in figure 4e.

NON—LINEAR PE RF ORMANCE

The r at e  l i m i t e r  In System A and on the i ne r t  L i l l y  damped ioop of Sy s t e m  C
can be set to I irni~ the  ac t  u a l  r at e  of desc ’iit . This permi t s
a control led de’scent t owards the base p la i n  of the  t e r r , i l n .  The l a t e
li mi t e r  in S stem B and on the t e r r a in  r a t e  damped icop of Sy stem C
def ines  the  maximum .11 lowab Ic’ c I osure r at e  to  the commanded set c lea r a n c t ’;
the actua l ra te  of descent of the a i r c r a f t  is not l i m i te d .

The per fo r ma nce of Svs tem A , S s t e m  B and Svs t  em C was eva lua t ed  b~-
s imulat  Ion over three  t er r a i n  p r o f i l e s :  Rug h ead • CAI.6201 • and ASI~ i I . 15.
Cer ta in  re levan t  s t a t  1st ics for  t hese t e r r a i n  profile s . tr e p re sen ted  in
Table 1. Rug Head .s a r e l a t i v e ly  t Lit terrain f rom sou thern  Ceorg a ,
CAL62O 1 is a mode ra t e  rol l  tu g  t e r r a i n  from s o ut h w e s ter n  P e n n sy l v an i a ,
and ASD 4 I IS is  a moderat t’ to  rough terrain I rom nor th  cent: r at  Penns i V an I a.
The d i g i t  .11 s i m u la t i o n s  were a l  I t ’tm du c te d  u s i n g  a cotmi~~n I ~~t Mach number
o f .65 for  a t y p i c a l  t e r r a i n — f o l l o w i n g  v e h i c l e .  The t e r r a i n  r a te  l i m i t e r
and the a l t i t u d e  r a t e  l i m i t e r  were set to a 100 f t/ s e c  d ive  l im i t  hu t  were
l e f t  u n r e s t r i c t e d  for  p u l l — u p s .
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The performance of each system over the f l a t  t e r r a in  p r o f i l e  is pr esented
in f i g u r e  5. A L !  ci t he  systems d i sp lay ed  e ssen t Ia l !  y Identical per—
for ~~ince over t h is  p r o f  l i e .  th~• s i m u lat i o n s  were conduc ted  at  a Set c i  e a r a u c e
of 500 f e et .  The maximum undershoot  of set c l e ar a n c e  f o r  each sys t em
is 1 t a ted  In Table I 1 . Tab Ic I l l  l i s t s  the  m aximum he t gh i t  t ha t  t h e ’ veli ( e t c
exceeded th e se’ t e lea r a lw e’ p lu s  t h e  peak ci eva i Ion in the  i rumed i a t e
v I c i n i t y  o I a don L u a u  t p t - ak .  ThI $ is a measure of t h e  b a l l o o n i n g  tendency
and can be related to the probab ility of detection .

• The per formance  of each sys tem over CAL62O I Is shown in itgu~~ 6. Observe
the low undershoot  o t Sy s t em A on the  1 rout  s ide  of the hilts and the
relat iv e ly  s teep  le tdown and undershoot  ci Sy st em Ii on the  backs ide  ci
the h i l ls . Svs t ern C appea is  to demons t rat e  the  most fa v o r ab i t~ charac i t - c —

ist ics o Sy stem A and Sy st em  B. N ote t h e ’ si g n i f i c a n tl y  smal ler  maximum
undershoot recorded for System C over th i s  t e r r a i n .

The comparat Ly e per form ance  over a rough t e r r a in  prof l i e ’ Is i l l u st r a t e d
in f i g u r e  7. System B d i s p lays t ’xcep t iona 1 ly poor p e r f o r m a n c e  OVe ’l t h i s  —

t e r r a in .  Sy s tem C recorded a m ax imum undershoot  ci o n l y  4 l t ~ l eet  in
coat rast to  t I ~ t e e ’ l o t  5y~ t em A and 1070 fe e t  for  Svs t e r n  B. Al though
the overshoot of set  c l ea rance  is lower I or Sy st em  A t h an  for  Sy s t e m  C ,
thi s  must he eva I oat  ed In terms ci  t he  lowest p e r mi s s i b l e  set c 1 eatant e
and nei l the 1000 foot  set  c learanee ’ used ever  t h is t e r r a i n .  Sy st  Cr1 C
can f l y  t h i s  t e r r a i n  at  a set c l ear a n c e  ci 4 ’~() I eet compared to  a set
c le’nrance ti I ti 50 1 e’et for  svs te rn  A. Thus the  absol Ut t~ overshoot 01 Svs t e r n  A
w i l l  be h i gher  than  h at  for  Sys t e rn  C.

The e f f e c t  of v a r l a t  tons in th e’ iner t  t a t  r a t e  l i m i t  on Sy s tem C pe ’I- t e ir rnance
over ASI) 4 1 1’~ is show n In f i g u re  5. Th is  f ig u r e  shows t h a t  as I he t e r r a  in
roughness Inc ceases • pe’ r forsianc e can be imp roved by r c-du e I ng t h e ’  d t
rate  lim it. Note that t h e ’ under shoot  can be’ re duced  f r o m  4 lb fe et  t o
only ~ 5S by r e d uc i n g  the  d i v e  r at~’ l i m i t  f rom 100 It / s ec  t o  .~5 t t  / se .c .
I t  may he’ de s ir a b l e  t o  set the  d ive  r a t e -  l im i t  w i t h  the ’ Se ’t c l e ar a n c e ’
d u r i n g  mission  p l an n i n g .

RECO~~IKNI )AT I ON 
-

Sys tern C demons Ir a  tes supe r io r  per formance ov~’ r mock’ r ate - and rough t er r a i n s
and per form. ins  at least  as we l l  as the ot he i~ sys tem s eve t - f l a t  t e r r a i n .
I t  Is reeoinine-nde d t i a t  Sy st e m  C undergo a more d et a i led  e ’v . i luat  ion ant i
that I t  he cons ide ’ red I or Li st ’ in (hit ’ advanc  eel deve loprnen t ~ rogram.
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FIw~E 6. COtPARATIVE PERFO~~NCE OVER CAL C201
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Fiw~ 7. COrPARATIVE ftRF ORMAt~CE OVER PSD 14]35
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FIGURE 8. EFFECT OF PATE LIMIT

~~~~~~~~ ~ .~ ~: . .~~A% ~~~~~~~~~~~~~~~~~~~~ .~~~. I
_ _ _  - - -~~~~~ ~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—1 ~~~~~~~ 

~~~~~~~~ ~~ 
~

— I 

~~~~~~~~~~ 

V.

~~~~ _4__ :__ ;~ _ _ 

~~~

~ri nj ~~
‘ . 

. 
~~

.

- 

1~J 
• 

FT/SEC DIVE LIMIT

~ )—~——-— .p 
Z0000 FT/IN

it’

HE Eli: t~~~~~~~~~~~~~~~~~~~~~~~~ I

~~~~~~~~~ — 
~J FT/SEC DIVE LIMIT

I . I

~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ut 
~~~~ ~~

- -  

- 

2~ FT/SEC DIVE LIMIT .
I - 

—~ I I -

~~LiI
-. ~~-,-



___ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TABLE I , TERRAII~ PROFILE STATISTICS

TewtN ~~~~~~~~~~~~~~~ (S~o Pr)

PROFILE

~~~~ ~ EP~.D ViS 3.1

CPsL 6~~~t ~~~~

P
~

v
~
4

~
3

~ 
~63B 330~

Ti~BL1 II .  IAX It-IUM UNDERSHOOT OF SEr CLEARANCE

TeRc~,~~ 1
~‘~~T~t-\ S~~VEM S(~~~~\PS

C~~ G~ 0l 351 334 6 ci~

A$D 4~35 6l~~ . ~~O1O 4 % 6

TABLE I I I .  PAXIMUM R’ERSI-IOOT OF SET CLEARANCE AT PEAK

T~ Rgp~IN

PRo~tLE $f5TEt\ s~sv~ r’~ s r c ~~
_ _ _ _  

Ps ‘3 C.

1 0 0

CA1L 6Zo~ 9 103

~~~~~~~~~

A . 

I 

— 
~~~~~~~~~~

~•


