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I. fl’.’’

~ ~‘1 1c a’ e 1  b, ~~~ t i t l e ,  th is  report  is spec i f i ca l l y  conce c nod wi th  the
~c’ ’ - i tud ina l  ap!’ •r ’nai: n J’,r ,u’~ic~ o~ remotely- p i lo ted vehic les.  C e r ta in  ;jer’tions
0’ ‘ “ i c  e”ort , nowev e” , are fe l t  to be appl icab le  to the more general problem
o ’~ ~‘re i~ R landine of aircra ft of any type . In this report , the “guidance ”
f~nc ion s n e c i f ’ i c a l lv  refe nc to the process of defining the long itudi r ~ l tra—
~ec ” c ”y  of the a i r c r a f t  th rnuqb spare ari d t ime from the point of acq u is i t ion
tO ‘ ‘.~c~~~ ’~•1r . ~~~ one Je!IOt P~ ‘ t be the angular error of the a i rc ra f t  rela-
t i’.’e to  ‘nt ’ desired at ‘ “oac ~ path and R the horizontal ranqe to the landin o
: r ’ i r t , t hen “hp des~ r’ed sp a t i a l  ~1iq bt path may be described by . = f ( R) .  rf

~ ‘ r ” t p s  t he  t i e  v a n i a * i  ‘n of the hor izontal  range , the trajectory speci f i  —

ca t i c ” ~n scace and ~ine is completed by R = q (R) .  From the two functional
= f R )  ard R = q (R), one may uniquely compute the force vector

to f l’.. the t r a i ec to r y  through space and time . If one views the qu i d—
a” :e  ~ .r c t i c o  as s ce c i f l c a t ion  of th e force vector , then the “control ’ function
is c L ~~i te  c ica r l ’i the process of developing and control l ing the aerodynamic.

,~~ , r ; i * d t i f l f l d J, and inert ia l  forces act ing on the airframe to equal the force
iect ’~ - s pec i f ied  by the uu idance function . It is the opinion of the author
‘‘ a ” t b~’ iiuid ance ~o rrc u ’ iat iori contained in this document has comple te app l i ca—
flon ~he general probler’ of the IFR landing of a i rcraf t  of any type ; how-
‘~‘.‘o’., t~e ~orr~u~ation has been spec ia l i zed  in this docum~nt to the case of a
nor_ ’iece~er-atin g (R = constant) approach to the landing point.

Trie “control ” function is strongly infl~jenced by the nature of the appli-
cation. For the landing of a p i loted-aircraf t , the control function emphasis
w i l i  invar iab ly  center upon the landing display , pilot workload , airframe hand-
l in o cial it ie s ari d oth~ ’ so—called huma n factors. For the larding of a
rer’~o t e l y _ p i l o ted _ veh ic1e , design emphasis will tend toward the auto —pilot as
1 L  is t’.e sole means tor controlling the Forces on the airframe in the pre-
scribed manner. Of paramount importance to these two superficially different
control problems is the specific character of the airframe (e.g., helicopter ,
f ixed wing, aspect  ratio, drag brakes , wing loading, control power , density
alt i tude , etc . )  as ~“ell as the nature of the on— board sensors (e .g. ,  rate
gyros, ac cele rome ters , vertical gyros , etc.) which are available to modif y the
s :ecific character of the airframe . The contro l problem considered within this
document is the automatic landing of a rn in i—R PV of the delta wing variety .

The guidance and control of the lateral/directional motions of the RPV are
no t cons id ere d here . The general appr oach , particularly in the guidance formu-
la ti on area , would be very similar to that used for control of the longitudinal
motions of the aircraft.

2. GUIDANCE FORMULATION

The genesis of any guidance concept is the calculation of the resultant
forces which must act on a vehicle to cause it to~ move alon g some des ir ed
flight path at some speed of flight . The force of interest here is the one
which must act norma l to the aircraft spatial velocity to produce the desired
flight path curvature . Referring to Figure 1 , t.he path curvature is related
to the reouired incremental acceleratio n by

a = v = v ~~~~~~ (2 .1)
dR dt

-~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --~~~~~~~~ - —- ----~~~ -- - -.---- ~~~— ---
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Fi gure 1. Approac h coordinates



The time rate of change of ground range is,

R = - “ cos (2.2)

Note tha~ R i s normal l y a negative number. The inclination of the flight path
relative to the horizo ntal is defined by,

tan ‘ = —4~i (2. 3 )
dR

By di fferentiating (2.3) with respect tu the ground range variable (R), one
f inds;

= -cos~ ( 
d~h (2 .4)

Subst i tut ion of (2 .2)  and (2 .4)  into (2 .1 )  yields ,

a = V 2COS’~ i ~~ (2 .5)

In a typical approach maneuver the flight path angle (-i ) ,  the desired flight
path angle (‘IF), and the angular error (X) are small enough to assume SIN ( ) =

T A N () ( )an d COS ( ) = l .

a s”- ~~ (2.6)
dR 2

The approach guidance problem is generally more suited to an angular equation
formulation rather than a linear displacement formulation. The conversion may
be eas i ly accom pli shed by use of the def i niti on of the angular error (\ ) ,

= -~~ - 1F (2.7)
R

Differentiating (2.7) with respect to the range variable (R),

= 
i d h  

- 
1 (2.8)

dR R d R  R

and then once again ,

- 1 d 2n - 2 dh + 2 (h~~
~~~~~~~~~ ~~~~ ~ 2~~~) 

(2.9)

Using (2.3) and (2.7), equations (2.8) and (2.9) become ,

(2.10)

3
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And ,

2 2d l  l d n  2 d ’ (2.11)

Rearranging (2.11),

d ”h R d ~~~~~2 d -  (2.12)
dR’ dR 2 dR

and substi t utio n of (2.12) into (2.6) yields,

a = R 2 [R ~~ + 2 cL] (2.13)
L dR’ dR

Ex pression (2.13) relates the acceleration experienced at any range R .by a body
traveling along a shallow flight path A =~~(R), to its ground speed (R) and to
the specific nature of the flight path (d’ /dR~, dX/dR) at that range (R).

Quite often one encounters a situation where a basicall y res pons i ve ve-
hicle must first be controlled , and then guided with precision along some pre-
determined flight path. The “contro l” of the veh i cle i s conven ti onall y associ-
ated with its short term behavior while the concept of “guidance ” relates to its
more long—te rm behavior. Quite often the dynamics of the control of the ve-
hicle are substantially faster than the guidance dynamics; so much so , that the
first-ordered analysis of the two functions may proceed independently. The
landing approach of an RPV is of this class of problem . One may take advantage
of this fact by assuming a desirable flight path , computing the guidance com-
mand required to follow the desirable flight path , and later concern onesel f
with the details of the autopilot reguired to follow the guidance command
(i .e., the control function).

A stable flight path A = 
~(R) from the current state of the aircraft

= 

~~
. R = R1 ) to the desired landing point (x = 0 , R = 0) should satiE y the

following constraints:

1. When R = fl , A = 0, and dA /dR = 0
(2.14)

2. W hen R = R 1 , A = 
~~, and ~~~~~. 

= ( ‘Y + + ‘Y E )
dR R1 1

‘~ote that the current state of the aircraft is designated by the subscript “1 .”
As four arbitrary coefficients are required to satisfy the four endpoint con-
straints , assume the flight path to be of the well—behaved form ,

n+l n+2
C0 + Cl, R + C2R + C3 R (2.15)

The qu antity n i s a cons tant parameter whic h wil l  be used for adjust i ng system
gain at acquisit ion. The constraints at R = 0 immed ia tely require C0 = C1 = 0.
The remaining expressions for C2 and C 3 fo llow from ,

= C2 Rl
nfl + C3 R1~~

2 (2.16)

4
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(“~ i “ r )  

= (n + 1) C2 R l
n + (n + 2) C3 Rl

r - 1 
(2.17)

Si” ,~ ” a”~’ ’’s sol.4tio n of the algebraic equations (2.16) and (2.17) yields ,

C2 = 

~~
‘
~~J ~~ 3) 1 + F (2.18)

C3 = + 2 L (n 
+ 2)~~ - ‘ .~ - ~~~~~~ 

(2.19)

Th 0 ~‘~~‘~cd~ f l ic iht path from the current state of the aircra ft ( R = Ri
= I’ to the landing s ta te  of the a i rc ra f t  (R = o, ‘ = 0 , , IF) is,

/~ ‘~ \ fl * 1 —
= (

~
-
~,
) (r + 3) 

~1 ‘ ‘ 1 ~ ‘F +

(2.20)
n + 2  -

[~
(n + 2) 1 - 1 - Fl

t
~,~
Rl)

4lso,

~~ (n + ~ [(n + 3) 
~l 

+ ‘r ’l + ‘ r F~] ~\ 1) \ 1/ (2 .21 )

(n + 2) 
(R )1 

+ 1 

(
~

_

~ 
[- (n + 2) 

~l 
- ‘Y l - F l

and ,

(n) (n + l)(~~) (

~~~2 (n + 3) 
~~ i~ + ‘

~F ’ + 

( 2 . 2 2 )

(n 1) (n + 2) 
~~ 

1- (n+ 2) “1 - ‘i i - ‘ F

Substitut ing (2.21) and (2.22) into (2.13) yields ,

a = ~2 {(n + 1) (n + 2)(~~)~(L)L(n + 3) 
~l 

+ ‘I l + 
~
r F )1 +

(2.23)

(n + 2) (n + 3 ) ( R )  
1 

~~~ H + 2) ~~~ 
- ‘Y l 

- IFI
J

ii
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.~~I }a i f l ,  (2 .23) describes the acceleration profile required to fly the nominal
fligh t path fr om the current state (R = P 1 , -

~ 
= ‘ (1 . A. = A 1) Y’ the landing

state. The current coninand (ac) results from using R = P 1. in (2.23). For
qu i ’itnce command generation purposes ,- the subscri pts “1 ” are dropped

as a ll .aria~les are c ir ’ren t .  The resultant guidance command is ,

( r  2 )  -(n 3) - 2 - 2-IF (2.24)

‘~ e~~ ’~ ‘ . ‘~~~ ~i ’ r ’a~ ” never attempts to return to any previous nominal flight
i’i s~~ad , Lon t inually recomputes a new nominal path from the current

stat e. A s  ‘~~~ “ “a’ .arahl e quanti t ies are and - , use of (2.10) and - = P d /
dP y i e ld s ,

= 
-
~ 

( + • + ‘
~~~) (2.25)

Use of (2.25) in (?.~4) yields ,

(- 2R) (n + 2) (A~ - ~
) (2.26)

,~;bere

~~~~~~~ (2.27)
2

H’pression 2.27 will be used in a later section to command limit A and hence
t be max imu m descent ang le (y). The accelerat ion comand of (2 .26)  can be ma-
r i ipu lated into a second—ordered , linear differential equation by use of (2 . 13) .

~2 + 2 -2R (n + 2) [~(n + 1) - (2.28)

Rearrangement of (2.28) yields ,

R2 
~~~ - 2 (n + 1) R ~~--  + (n + 1)  (n  + 2) = 0 (2.29)
r IP 2 dR

The part icular solut ion to 2.29 wh ich sa t is f ies  the desired bound3ry conditions
is obviously equation 2.20. (If this is not obvious , the rea der shoul d recall
tha t the solution 2.20 was the assumed startir -i point.) Equation 2.29 w ill be =
used in the next section on limiting system gain.

Fi gure 2 depicts the response of 2.26 for acquisition of the glide slope
(r ’F = 40) at R = 3,000 feet, with an initial altitude error of 100 feet (A
1/30 radian). The range and al tit ude error channels are dynamicall y rescaled
at P = 300 feet for accuracy . The inherent stability of 2.2€- for small values
of R is quite clear.
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3. SYSTEM GAIN CONTROL

The guidance concept of section ? assures that A = = 0 as R goes to
ze ro , h’~ increasing the system gain to infinity as R goes to zero . Ideal sys-
tent stability is insured by the functiona l relat ionship of = ( ‘ ( R ) I  to P as R
goes to zero (i.e., LIM p ~çj( /R) = 0. Introduction of typical dynamic lags in
aircraft response (i.e., a ~ ac) results in stabil ity problems somewhere near
the la n d in g point. The smaller the respon~’ lags, the nearer the aircra ft can
approach the landing poi nt , before stability problems result . The intent of
this section is to modify 2.26 by incorporating a near— field gain control . By
adjustt’ent of the gain li m it , the guidance law may be made compatible with the
dyna r ’ics of any airc ra ft/a tLup ilot contro l system . As usual , the price one
pays for adequate system stability is degraded performance.

The author ’s initial attempt at gain control was to use an altered form of
2.29 to control the aircraft  in near f ield (P Rm) . That i s ,

P 2 c1~~ - 2 (n + 1) 
~m ~~- + (n + 1) (n +2) ~ 

= 0 (3.1)
dR~- dR

The above equation is linear , with constant coefficients . As such , the most
obvious source of increasin g gain has been eliminate d . Using 2.13 in 3.1 one
“i nd~

‘- - ‘ I l l

ac = 2(n + 2) R - (n + 1) (n + 2) ~2 (/R) (3.2)

~~~~<

ac = 2R 
~
. 4(~~V2 ~

n + 1) _ (n + 1) (n + 2) R2 xl (3.3)
\Pm/ Rm

Equation 3.2, which represents the far—field guidance law , is i dent i cal to
2.26. Equations 3.2 and 3.3 are identical for R = R~ so a smoot h trans i t i on i s
assu red. The near-field law (3.3) ~s preci sel y equiva l ent to the dif ferent i al
equation (3.1). Its odd form reflects the f a r t  tha t the autopilot will contro l
norma l accelerat ion (d2h/dR 2 ) rather than (d 2 A/ d R 2 ).

The aircraft/autopilot system contributes a relatively constant dynamic
lag in d2h/dR 2. As apparent from 2.11 , the importance of this lag tn the ye-
havior of d 2’/dR 2, increases with decreasing range . Although 3.1 removes ‘be
most obvious source of increasing gain in the near field , the fact t h a t the
cutopi lot can only control d2h/dR2 and not d2 /dP 2, recuired another app roa c h .

P.etu~-n ing to 2.29, consider a transformation of variables defined by

— = (3 .4 )

8
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Pifferentiation with respect to the ground range (R) yields ,

(3 .5 )
dR P dR R

and once again
- 

(3 .6 )
dR 2 ~~ r2 R d R  P

Substitution of 3.5 and 3.6 into 2.29 results in ,

P 2 
~~~ - 2 (n + 2) R dh + (n + 2) (n + 3) h. = 0 (3.7)
uiP~ dR

The above equation describes the ideal response of the guidance law in terms of
altitude error relative to the desired straight line approach path of inclina-
tion F• It is completely equivalent to 2.29 whic i relates system response in
terms of the angular error ( A )  rather than the altitude error (h, ) .

Near field guidance will be based upon the following linea r differential equa-
tion with constant coefficients obtained from 3.7,

P2 d2h 0 - 2 (n + 2) Pm + (n + 2) (n+ 3) h
~ 

= 0 (3.8)

Since d2h/dR 2 is equal to d2h0/dR 2 , the first term is measurable and , in fact,
under control of the autopilot. The near—field guidance law fo rmulation wi l l
be completed by elimination of dh~/dR and h~ i n favor of the measura b le quan ti-
t i es and

Using 3.4 and 3.5 in 3.8, ore finds ,

d2h~ = 2 (n + 2) (R\~H 
(n + 3~ 

g~ (3.9)

\ RmJ V_ J R d

or

R -f Rm

a c = - 2 (n + 2) (R)(L\(~c 
- A )  (3.10)

\RmJ

where ,

= (
~~

) - ~~~~ 

~ ~
(
~
)] (-k) (3.11)

9
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Expressions 3.10 and 3.11 are equal to the far—field guidance expressions 2.26
and 2.27 when R = Pm insuring a smooth transition. A single guidance expres-
sion encompassing both the near—field and far-field l aws is ,

ac = ( -  2R) (n + 2)( 
~~\ (A c - A )  (3 .12)

~~R J
where ,

= ( -  R) - 
(n 

+ 

3)( 
~~~~ 

( A I R )  (3.13)

and ,

R~ = R i f R >_

= Rm if R ~
< Rm

The guidance law operates in the far—field on the measured angular information
with increasing gain as the range decreases. At some range (R = Rm ) the guid-
ance conce pt , in effect , converts the measured angular information (A , A ) to
its- l inear equivalent (h€, h~) and then freezes the system gain at the Rmvalue. If the system is stable at a range Rm, it w i l l  be stable for all R~~Rm.
One should real ize , however , that the system wil l  respond to a gust input which
occurs at ~~~ range R < Pm wi th the same urgency as if it had occurred at P =

Pm. One ’ s obvious goal then , is to make s ure that the system achieves its max-
imum tolerable gain at R = Rm to minimize the effects of near-field disturbances
due to wind gusts and manual tracking errors.

To quant i fy the near—f ield gust response of this guidance formulation ,
consider the response of 3.8 to an aerodynamically—produced disturbance . Later
in this document , the effects of the autopilot design upon gust al leviation/
amplification will be addressed . There , one will find that the pi tch attitude
behavior of the stabilized airframe in response to a normal wind gust (AW G )
disturbance controls the degree of gust amplification/alleviation (i.e., the
result i ng h or 

~ response). 
If the ai rframe does not pitch , a wind gust of

magnitu de AWG will soon translate the airframe at that rate (i.e., ~ AWG).
The time lag to achieve this rate is predominately the “short period mode ” of
the airframe. For the anal ysis to follow , th is time lag is ignored and equat-
ion 3.8 is subjected to the following initial conditions when t = 0;

hr = 0, dh r = AWG (3.14)
dt

where AW G is positive for an up—gust. The following c hange of variables is
convenient for analytica l purposes.

= R0 - R (3.15)

where R0 is the range from the desired landing point at which the wind gust
occurs , and RT is the transposed range var iable. Equation 3.8 becomes ,

10 
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Rm2 CI2hr + 2 (n + 2) Rm ~~ + (n + 2)  (n  + 3) h . 0 (3.16)
dRT2 dRT

subj ect to the initial condit ions , at RT = 0 ,

= 0, ~~~ C :f ~WG\ . *:, (3.17)
dPT
y

~
7

G

The var i ab le -~G is physically the change in airframe angle of attack produced
by the wind gust (i.e., ~cy(0) = 1

~~G due to L~ being assumed equal to zero).
Since equation 3.6 is linear with constant coefficients , its solution i s
easily obtained by Laplace transform techniques. Using,

~~ fm(t) I  = Sm F(s)  - Sm-l f (o) - 5m-2 f (O).... (3.18)

The La p lace transform of the solu ti on is

HE( S ) = ~~~~ 2 (n+2) S + (n  + 2) (n + 3) (3.19)

R P2m m

The non dimensional solution is ,

h (
~~

) =  1 -(n + 2) RT
~ 

T 

(~~n + 2~ 

e 
SIN ( In 

~~~~~ 
(3.20)

where

h E (
~~

) = hE (Ri/Pm) (3.21)
L~~

Figure 3 is a plot of (3.20) for a family of values of the parameter (n). This
f i gure i ndi cates that w i th Rm held constant , increases in the parameter (n) de-
crease the maximum error amplitude (hE). The worst case location for the ar-
resting gear (P = 0) is where the peak gust response occurs (P’~T 

= 

~TMAX
) for any

va lue of the pa rameter (n). As indicated previously, the intent is to cause the
system gain to be at its maximum tolerab le value at R = Rm . This in effect
specifies a single va lue for n so that conclusions made concerning variations
in n, with Rm held constant , are invalid. A change in n demands a change in Rm
to hold the system gain constant. Consider the undamped natura l frequency of
oscil lation (~l~) and damping factor ( EH ) of 3.16.

w = / (n + 2) (n + 3) (3.22)
H

Jn + 3 (3.23)

11 
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Figure 3. Idealized altitude error response to a vertical gust
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IF one makes an a ’ priori assumption that P 
~~~ 1000 feet and n ~• 10 are typical ,

then one may approximate (3 .22)  and (3 .23~ by,

n + ° -W H ~~
- --- --——-- (3.~ -~)

‘~ 1 (3.25)

Th e frequency of oscillation (WH ) best characterizes the concept of system gain
and stabilit y so that the desire is to examine the behavior of (3.20) with WrI
held constant rather than Pm .

The pea’: value for h~ (RT) results from first differentiating (3.20) with
r e s p e c t  to RT , sett ing the result equal to zero , and solving the resul tant
equation for the value of PT at which the peak occurs (

~TMAX )

= tan~~(l/a n
(3.26)

n + 2

Again assuming n ~ 10 ,

RT MA X 1 (3.27)
n + 2

or ,

~T?.1 AV P 1~ W H
1 (3.28)

+ 2

Substituting (3.27) into (3.20) one finds the peak nondim ensional amplitude
(h EMAX )

hEMA X 
* 0 + 2 SIN (1/In + 2)  (3.29)

Again using n 10

- e
n + 2

= 

1 
= e~ WH

1 
(3.30)

n + 2
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For the autopilot control system discussed in a later section , stabi l i ty con-
s id era ti ons di ctate that the m i nimum value of WH 1 i s on the order of 60 feet.
From (3.30), the worst case gust response for the RPV system of this document
i S  app rox imatel y 21 feet of error per radian of ‘ ‘G or at an approach speed of
85 feet per second , approximately 1/4 foot of error per foot per second of WG.

As indicated by (3.28) and (3.30), the gust characteristics of the guidance
1 ~~ -i during the final approach phase (P 

~~ 
are only a function of the chosen

sp a tial °eriod (WH—1 ) of the system. It is suggested here that the choice of
the par t icular combination of n and 

~m 
to achieve this chosen spatial period

~ 60 fee t) be influenced by two considerations. These are (1) the amount
of time (- R~1/~ ) desired for high gain , concentrated tracking in the final ap-
proach phase and (2) the system gain at acquisition (P ‘~~ 3000 feet). For the
present , judgment (Figure 4) was used to select the 

~m 
= 1 000 feet, n = 15 op-

tion for this brief automated simulation test. This al lows about 12 seconds
for the final approach phase and reduces acquisit ion system again ( feet per
Second 2 of commanded acceleration per radian of measured angular error A ) by a
factor of 3 from its value at initiation of the final approach phase.

Figures 5 through 8 depi ct the oust response of 3.13 without gain limiting
(i.e.. 

~m 
= 0), when subjected to an upgust (t.WG —R A~G 

= 5 FPS) a t sever al
ranges . The system is initially trimmed on the descent path and is perturbed
f rom this path by the upgust. Since the assumption of A~ = 0 and initially

= -- 11 G are retained , the associated step change in is clear . Since the
system gain is continuall y increasing , the peak .~h E decreases for decreasingrange . Although Vigure 3 is only truly valid for values of P less than 

~m ’ 
use

of R~1 = P~rj gives a good approximation to the results of Fi gures 5 through 8
where Pm = 0. For example , from Figure 5, the peak altitude error is hE =

feet. From Figure 3 for Pm = RD = 3000 feet , the predicted value is . h~ 
= 3. 7

feet ( h E = 0.021 
~~ 

PU). As In dicated by the nondimensional results, the peak
hE remains approximately proportional to the range (R0) at which the excitation
occurred (e.g., 4 feet at 

~D 
3000 feet, 3 feet at P0 = 2250 feet, 2 feet at

R0 = 1500 feet and 1 foot at RD = 750 feet as shown by Figures 5 through 8).

Figures 9 through 12 depict the ideal system gust response with gain limit-
ing . Figures 9 and 10 were computed with 

~m 
3000 fee t and demons tra te the

desired invarient Ah E response for all values of R ..~ Pm. These two traces shouid
be compared with Figure 5 (R m = 0) where the disturbance was applied at 

~D =

3000 feet. Figures 11 and 12 were computed with 
~m = 1 000 feet and demonstrate

the ideal system response for the suggested n = 14 , Rm = 1000 foot design con—
figuration . For the gust response of the design configuration for P 

~m’ 
one

sh o u ld refer to Figures 5 , 6, and 7 as gain limiting is not in effect for R

Aqain , it should be emphasized that the preceding results for 10 = 0 repre—
sent the worst  case as far as gust sensitivity is concerned . When the airframe
is free to respond in pitch attitude to a AWG disturbance , the peak \h E w i ll
lecrea se. 
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4. PATH ANGLE CONTROL

The power required to susta in the flight of an a i rcraft may be represente d
by,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (4.1)
dt

The first term is the induced power required to sustain lift (ii W~~. The
second term is the power required _to overcome the aerodynamic drag of the air-
craft at the airspeed of flight (0 V~). 

The third term is the power_re-
quired to inertially accelerate the aircraft in any direction (V - m dV/d f)
such us turning , pull -up, ~r changing the speed of flight. The ’rast term is
the power required to susta in the orientation of the airspeed (Vw mg) rela-
tive to the gravitational force (e.g., a steady climb). The source of the
power input to the system is the engine and it is assumed 

~REQ = 

~ENG (i.e.,
the engine instantaneously responds to the flight power deman ds). The minimum
value for the righthand side of 4.1 is , therefore , the flight idle power output
of the engine.

When the aircraft acquires the glide slope , the auto p ilot i s ab le to pit ch
the aircraft over to begin the descent and also decrease 

~ENG to main ta in the
desired approach airspeed (Vw). As the orientation of the airspeed (V

~
) steep—

ens (V . mg more negative), less and less power is required to maintain air-
speed ~~ - in dV/dt 0). When flight idle power is reached , further in creases
in the steepness of the airspeed (y.~., . mg), mus t be accom panie d by an increase
in the magnitude of the airspeed (V w). The cleaner the aircraft is in the ap-
proach configuration (D . Vw), the smaller will be this limit ing path angle.
These cons id era ti ons lead to the conclusion that the guid ance law must i ncor-
porate a means for positive control of the aircraft flight path angle (y) in a
descent. As previously indicated , this is necessary to avoi d undes i ra b le in-
creases in the app roach a i rs peed which must be arreste d at touch down .

To control path angle from either the air or the ground , one must be ab le
to directly measure it or to be able to at least compute it from other measure-
ments. Since the only guidance measurements are A , A , and R, the latter ap—
proach is required. Recall ing 2.25 ,

X = R d) -. . ‘-
~

+ ‘,F + A )  (4.2)
dP R

The only unknown quantity in 4.2 is the desired flight path angle ( - ) .  If the
desire d maximum descent angle (— ~ ) is substituted into 4.2, then a lim i t on
the allowa ble X results. —

A = - 

~ 
~L 

+ 1
F 

+ A)  (4.3)
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The intent is to subject 3.1? and 3.13 to a command limiting process as defined
~
‘-

~ -~.3. The command lim it (
~c Lr~!) is variable being a function of instanta neous

range and angular error. In addition to function inq as a command limit , ~1i TMcan a lso ac t as an au toma ti c abo rt s ig nal . Normally 
~ LIM is negative as~ is

certainly areater than 1 F an d is nominally zero . A pos iti ve value for ~[IMindicates that has become , either at acquisition or later in the approach , too
large to execute the maneuvers to touchdown. This would be even more important
if a positive limit 

~LI~ 
was imposed on the guidance law to avoid attempting

to climb at too steep an angle for the maximum engine power available. The pos-
itive limi t will not be considered further here as a complete enqine simulation
is necessary to explore this boundary of the flight envelope.

The complete guidance law is ,

ac = (- 2R~ 
(n + 2) (

~~ 
(
~~~ - H (~~.4)

.-~here ,

= - ~ H 
~~~ 

÷ 3~ (~~.)(~./R) (4.5)

and ,

c ~ CLIM
- . (4.6)

‘
~c ~CLIM ~ c -~ 

~CLIM

and ,

P if P 
~~

- Rm

- . 
(4.7)

R = Pm if P -
~ ~m

F4 gure 13 depicts the ideal system response (2 ,a = :~,a ) for the guidance
law (4 .4) from acquisition at P = 3000 feet and Ah E = 106 feet to touchdown .
The channel labeled “LOG IC’~ indicated the fract ion of the flight path during
which comman d limiti ng of was i n effect (-y r 80).

5. AIRFR AME /AUTOPILOT REPRESENTA TION

There is a tendency to consider the complete airborne computing capabil ity

~ana log or digital considerations are of no consequence) as the ‘ auto-pi lot . ”
Under suc h circums tances , the design objectives of the guidance function and
the con trol function may become unnecessar ily interrelated or even obscured.
The vie .~ taken within this report is that the contro l function pertains to the
con trol of forces , of any or i gi n, which act on the aircraft. The aero dynam i c
an d inertial forces on the aircra ft are predominatel y a function of the trans—
la ti onal (U , V , I.!) and rotational (p, q, r) rates of the airframe and their
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der ivat ives , while the gravi tat ional  force is a function of the angular orien-
tation (

~~, 
o) of the airframe . Wit hin this framework , con tro l of airspeed ,

altitude rate , glide path angle, pitch and roll attitude , and norma l accelera-
tion are all considered auto is i lot functions , wh ile contro l of heading (-j ,
altitude (h), translational positio n (N, E) or even the i- , 

‘ variables of this
document are all considered guidanc e functions.

The pertinent quantities for auto pilot control in this document are pri-
marily the norma l acceleration and secondarily , the airspeed. The design ob-
j e c t i ves  for the autopilot are :

a. To stabilize the short period and phugoid modes of airframe motion.

b. To minimize the variability in norma l acceleration response per unit
of command input.

c. To minimize the change in flight path angle ( )  produced by a vertical
wind gust.

The goal of this section is the synthesis of an autopilot concept rather
than an autopilot design. No attempt is made to optimize the parameters with-
in the concept to best satisfy the above objectives. Emphasis is placed upon
qualitatively showing how each parameter impacts the various objectives and
upon arriving at a conservative design framework for later optimization. The
technical approach used herein relies heavily upon analog—computer simulation
as a design tool. A nalysis is used to explain the results of the simulation.

The simulation of this report utilizes a linearization of the airframe
dynamics about a nominal condition of straight and level flight at the desired
approach a i rs peed. The sta bi lity der i vat i ves are est imate s of a typ ical flyi ng
wing RPV configuration. The specific characterist ics of the engine have been
neg lec ted for th i s effor t an d only the res ponse of the a i rframe to a pertur ba-
tion in thrust (,sT/m) is considered. Wh i le pertur ba ti on aero dynam i cs are use d
throughout , mos t k i nema ti c rela ti onsh ip s were re taine d i n the i r nonl i near form .
The coordinate system used herein is of the body fixed variety with its origin
at the center of mass of the airframe . The linear accelerations along the ro-
t~ting X axis (~~) and Z ax i s  ( w ) ,  and the angular acceler ations about the V axis
(0 ’ are ;

- U  = Xw ‘O j~ + X u ‘~-U 
— g A0 + , V.T/m (5.1)

= U A~ — - -a = U ( ti o — Ay) (5.2)

AO M.~ ‘\ A + M
~ 

.‘t!~ + Mo -~~E 
(5.3)

where

7
~~ - ’-~E 

Z
~~

AW 1
_ Zu ’LJ (5.4)

I W A  = - W  + .UG (5.5)

U = Uo + ‘LI (5.6)
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The quantity .a is the perturbation norma l acceleratio n of the center of
mass. A norma l accelerometer mounted a distance ‘-T in front of the airframe
center of mass wi l l  sense.

= a + tT  ‘(1 (5.7)

The guidance law functions in a closed—loo p fashion on the angular error (s)
hence from (2.25),

+ 
F 

+ X)} (5.8)

or

A = [ — ~~ + U (A ~’) + 1F + A ) 1 ( 5 .9 )
P -

and

= dt + (5.10)

The altitude error at any range is found from the open—loop calcu lation

h E = R A (5.11)

so that one must be especially cautious of scaling diffi culties (e.g., A and
R are both approaching zero). The simulation results within this document may
be sus pec t for perha ps the las t 2 seconds of fl i ght (17 0 feet) due to analo g
scalin g difficul ti es w i th A and P. Th i s is purely a s i mulation di fficul ty and ,
i n any even t, determ i nat ion of absolute errors at recovery is not the intent
of this effort.

The fol l owing stability derivatives were used in the simulation:

X~ = .2 (Sec 
—1 )

Xu = — .1 (Sec — 1 )

Z~,, 
= -3. (Sec —1 )

= -.75 (Sec 1) (5 .12)
= -50. (Ft - Sec -2 )

= -.1 (Ft -l - Sec -1 )

= — .6 (Sec —1 )

M0 = -20. (Sec -2)

U0 = 85. (Ft — Sec —1 )

Appendix A contains the scaled analog computer s imulat ion diagrams for equat-
ions (5.1) through (5.11).
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The set of equations (4.4 through 4.7) relate how the norma l acceleration
~~ 5 + ~ ( ’~If l (j  vary as a f unction of the ranoe (R ) ,  the angular error ( A )  re lat ive

~~~~~~ ‘1es ip - +~d strai ght line approach path of slope ( ~
) ,  and the approach

q~~~un- / s;~reu1 (-H. The set of equations (5. 1 through 5.6)  relate how the norma l
icceler a~ i on (‘a) varies as a function of the aircraft input state (.T/ rn, - - - E ’

. The f-1 nctio n of the autopilot is to manipulat e -~.T and ME to caus e .a
to ~+~ lnw the desired command (.ac).in the presence of disturbances (‘.WG) and
at the desir~d sneed of approach (—R). The landing technique most familiar to
all is to - ‘anipul ate the elevons (-1 H to control descent attitude and hence
the s re e ’i c f  ape roach , and to m anipu ~[ate the throttle to control rate of clu b

~~~~~~ 
- ‘ n ile thi s technique is safe in that it avoids attempting to climb at

an excessive rate (e.g., no worse than a full throttle , constant airspeed
d in-h), it is u sua ll yunacceptable for precise approaches due to the sluggish-
ness te response of c l imb rate to a throttle input. This sluggishness im—
:~acts both the contro l response (e.q., how fast can a commanded ascent/descent
rate be established?) as well as the gust response (e.g., how fast can a gust—
induced error rate be arrested?). The more responsive technique is to manipu-
late the throttle (:T) to control airspeed and to manip ulate the elevons (‘

~ E)
to contro l rite of climb or more precisely norma l acceleration . One must be
cautious in using this technique as it is possible to transiently establish a
c l i ch rate which cannot be sustained due to insufficient power available. Ad-
ditionally, if the aircraft is trimmed on the backside of the drag curve , the
maneuver is not very stable (i.e., an increase in angle of attack increases
the drag more than the l i f t .)

The behavior of normal acceleration control by elevon manipulation will
be investigated by consideration of an approximate set of differential equat-
ions for which u is assumed zero. A physical view of this assumption is that
V k = throttle is being deftly mani pulated to hold . ‘.u identically equal to zero
regardless of variations in . ,  w , and a.

From 5 .1 through 5.6 ,

-
~~~~~ S(S -M:.) A-I- = M ,~ “ ‘ E (5 .13)[S 

-U0 S 1 0

7w 0 1 -1a

One may compute the transfer function relating normal acceleration to d evon
deflect ion as ,

- —z. s 2 + 7. M~ S + U0 (Z. M
~ — M. Z)

~~ ( 14)
H ( S M ~ ) ( S 7~ ) U 0 Mw 

-

Usinq the stabil ity derivatives (5.12) one nay assume ,

Z Mw ~ 
7w (5 .15)
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and al so

a _
~~~~ 2 + 7~ Ni, S - Mi Z~ U0 (5 16)

- ‘-1 ( S M ~.) ( S _ z
~ ) U 0 M w

The denominator is the most fundamental approximation to the short per i od mode
of aircraft motion . The steady state relationship between Aa and ME is ap-
proximately,

Zw (5.17)

As indicated , one of the ma i n func ti ons of the auto p ilot is to reduce the
variability in how much acceleration is produced by a unit of coninand input .
(NOTE : Only for the case of no feedback does one unit of command input cor-
respond to one unit of elevon deflection.) The above relationship (5.17) im-
plicitly indicates the primary source of this variability , bei ng the change in
M~, produced by variations in the location of the aircraft center of mass . Fig—
ure 14 depicts the behavior of the approximate equations (5.13)  in response to
an elevon input , for two values of M~. The use of feedbac k to reduce t hi s var i-
ability is fundamental. The quantity to be used as the feedback signal is , of
course , the normal acceleration itself .

In addition to reducing the variability of the norma l acceleration re-
sponse , the use of an acceleration feedback causes a more oscillatory short
period mode . Assume for now that one may neglect the effects of elevon lift
(7c) in (5.13) and ,

- 

E 
= Ka (a c - a) (5.18)

Combining (5.13) and (5.18) one finds ,

- - U M Z Ka — o 0 w a 5.19
- (S - M~ ) (S — Z~) 

- U0 (Mw + M0 Zw K~~

Examination of the denominator of (5 .19 ) shows that the Ka feedback has the
same effect on the short period mode as does the “aerodynamic spring” or s tat ic
stabi l i ty derivative (Mb,). Increases in the gain of the normal acceleration
feedback wi l l  eventually have to be dampened by a pitch ra te feedback. The

— appearance of the Ka term in the numerator is due to the acceleration error
(‘ac - a) formulation of (5.18). This is , of course , fundamenta l to achieving
the desired relatively invarient acce leration response. In the steady state ,

.
~~~~ 

- 
- Uo M~ Zw Ka . (5 .20)

ac M~~Zw Uo Mw Uo M 0Z w Ka

For large Ka, var i at i ons in Mw have the des i red negl igi ble effect on the -‘-a
response p~r unit of comand input (Aa c ) .  Using Ka = .007 rad ians per fee t
per second , express ion  ( 5 . 2 0 )  becomes ,

a — 36 
— 21- 

1 .8 + 3.5 + 36 
- .78 s.
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Figure 15 demonstrates (1) the relative invariance of the ‘.a response for two
values of Ni (2), the roughly 20 percent difference between the coninanded ac-
celeration ‘?‘.‘ac) and the norma l acceleration (Aa), an d (3) the more oscillatory
short period mode caused by the acceleration feedback increasing the short per-
iod frequency of oscillation (WSp = 6.8 rad/sec versus the unaugmented W~p =

‘ .2 rad /sec ) .  The value of a c in Figure 15 was chosen to produce the same
initial elevon deflection as in Figure 14 (t6

E 
= 1 degree). The decreased

steady state acceleration achieved in Figure T5 is the result of the feedback
signal dynamically decreasing the elevon input from its initial value .

The feedback actually used i n Fig ure 15 was not the accelera t i on of the
center of mass (c ~),but rather the acceleration (Aa m ) of a point 9--r feet in
front of the center of mass . The in i t i a l  jump in Aa is due to a
lift upon the elevons (Zf), neg lecte d i n the above treatment. The sense of
thi s force i s opp os it e to the eventual stea dy state and i s hence detrimental
to the stability of a .- ,a to ME control system. Location of the sensing ac-
cele rometer at the instantaneous center of rotation (ZT = M~/Z~ 

= 2.5 feet)
negates the detrimenta l effect. Note in Figure 15 that the feedback signal

à 1~1 is initially zero for 
~-T 

= 2.5 feet. For the same comand input (Me) ,
Fig ure 16 shows the ampli f i cat ion of the elevon lift effect by feedback of the
acceleration of the center of mass (Aam = Aà). For sufficient gain (Ka), the
nonm inumum phase behavior of this feedback (tam = .~a) would lead to a static
instability of the short period mode. For all remaining simulation traces in
this report , the sens i ng accelerome ter is loca ted at the i ns tantaneous center
of rotation .

Figure 17 depicts the approximate .short period response with both a normal
accele ration (Aa m) and a pit ch rate (he ) feedback. Using,

[ 

S -U
0 S 1 0

—Mw S ( S  - Me) 0 = M
6 M

E 
(5.22)

0 1 L
~
am 0

and ,

Ka ( iliac — Aa m) — K~ A~ ( 5 .2~ )

one finds ,

- U0 M0 7w Ka (5.24)
- a~ 

= (S - M~ + K~ M0) (S - Zj  

~~
j
0 

(M.,,~ + M0 Ka Zw )

Not only does the pitch rate feedback act to dampen the mo re osci l latory short
period mode , but it also inc reases the s teady state error between Aa~ and ~~~Consider the steady state of 5. 24

= 

Z~ (M ~~~~~~~~~~~~~~
J

~~~~~~~
T

W 

~~~~~~~~~~~~ (M~ + M 0 K~ 
~~~ 

(5.25)
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Usino the st abi li .iy derivatives (5.12) and the selected feedback gains (Ka =

— .007 rad/ft/sec~c and K~I = — .35 rad/rad/sec) the numerical factors of the
steady state rela tionship are ,

= 
]J~ + 21. 

36. 
= .53 (5.26)

For pure acceleration feedback (.am/Lac = .78) and for pitch rate dampened
acceleration feedback , .ari/:ac = .53. Physically, the additional error is
del/eloped because a : resc~-tbed steady state relationship exists between norma l
acceleration and pitch rate (‘.a = u0 ) .  Not only does the pitch rate con —
tribu te a transient dampening effect but it also introduces predictable steady
state effects . Th is can be countered by a feed-forwa rd pa th  i n  the  a u t o p i l o t
(Figure 18) from which ,

= 

~
‘a (a c — a) + K~. ( ‘ - -

~~ 
- r n )  (5.2 7 )

where

c = a~ (5.28)
L’0

Eu j a t i r - s ( H2 7 )  and (5 .28) may be combined to obtain ,

= 

~-a [(1 + a - ‘a1 -K  
‘ -

S

- (5.29)
- L\ Ka Uo) 

d

The ~r’~~_ f o rward path does not affect system stabi l i ty  and is equivalent to
multiplyin g the input command ac by a factor (1 + K ,’./’Ia U0). For the chosen
qains and approach speed , the numerical value of the factor is 1.59. The over-
all idealized relationship between am and .a

~ for the pitch— rate—d ampened ,
acceleration feedback would become (1 ”.a~ /-’.a~ 

= .85). The feed-forward feature
was not included in this simulation . This is consistent with the intent to
maintain a conservative framework for this effort. If the performance of the
cou p ’ - guidance/control dynamics are satisfactory with t.am~

..EAac then the de-
sign . uncept is relatively sound.

The next autopilot objective to be addressed is the wind gust (.‘~‘!G) re-s ponse of the s tabil i ze d airframe . For the lan di ng mi ss ion , the gust charac-
ter i st ics  of interest is the change in flight path angle (~~~~) produced by the
angle of attack gust (‘~q 

= “ ~c /lJo) . As indicated in section 3, if attitude
is maintained (‘c Q ’

~ dur in~ the gust , the change in ‘
~~~

- is precisely 
~G•Fo r a ctati ul y s~uhle 

~~~ 
negative), unaugmented airframe , the natural ten-

‘lency is to rotate into the wind and drive the steady state angle of attack
‘A = , ‘W A/IJo) to zero. That is , in the steady state ,

= 
- 

— ‘ ,~~ ( S . 3 0 )

I 

—~~~---- - - - - - -  - -- _ 
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Fi gure 18. Acceleration autopilot with feed forward path
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or

= 1 + ~;iI:~ (5.31 )

From

S — i’ 0 S 1 0

— Mw S(S — ~~ 0 ~~~~ 
= Mw .‘.W G (5.32)

4,, 0 1 ‘a~ Zw

then

Mw Uo
= (S - M~ ) (S — 

~~~ 
— U0 Mw (5.33)

which in the steady state equals ,

= 

Z w r-r , - U0 M~ 
(5.34)

For the stability deriva tives of 5.12 , then ‘o /Ao~. = .9 in the steady state.
The response of the basic airframe to a downgust ~A -i G — 3.4 degrees or
W’- = - 5 ft/sec ) is shown in Figure l9a and confirms expression (5.34). As
seen earlier , norma l acceleration and pitch rate feedbacks to the elevons may
be treated as increments to Mw and M~ , respectively.

M
~ 

= Mw + Ka r ’~ Zw

‘ft. 
. . .

= M~ — K~ M~

The conclu si ons are quite clear. The acceleration feedback increases the ten-
dency to rotate into the wind and is beneficial to the gust response, while
the pitch rate feedback inhibits rotation into the wind and is detrimental to
the gust response. Figure 19(b) and Figure 20 (a) demonstrate these individual
characteristics. In keeping with the aforementioned conservative design ap-
proach , the chosen values for Ka and K~ make the combined augmented system
somewhat more gust sensitive in the steady state (Figure 2Gb) than the basic
airframe (Figure l9a), hut still substantially less than the A c )  = 0 analysis
of section 3.

The autopilot discussion thus far has been concerned with control of the
short period or anale of attack motions of the airframe . The discussion and
simulat ion results have proceeded on the assumption that thrust variat ions of

-
‘ the engine maintain AU identically equal to zero . In a similar fashion , phu~o i d

airframe motions can be visualized by the assumption of AW = 0. This is equiv-
alent to the airframe having a quick stable short period mode so that angle of
attack motions may be neglected. The phugoid mode is dominated by variations
in the X and Z forces due to ‘u and A ’~ perturbations .
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= 0 (5.3E ~)
2 _ s ‘- U0

s2 - S - ‘_s
~~ 

= (5.37)

o 1 —~htl —c dampened approximation to the phuqoid mode is shown in Figure 21 .
The 1

~J = 0 constra int was approximated on the sim ulation trace by increasing
l’~~ (- 1. versus - .1). The most direct method of damping the phu goid is to
increase the drag of the airframe . Modula tion of the thrust of the engine is
eguivalent but too small in magnitude to be useful . Deployment of drag brakes
would per~- i t steeper descents as well as dampen the phugoid but this approach
is not considered here. The usual means of increasing phugoid damping is to
feed low ~reguency nitch attitude information back to the elevons . (Gust
res:--ense ;onsidera tions preclude high frequency pitch attitude feedback). Be-
-cause the PPV mission tends to require extended periods of circling , a verti-
cal qyro is not usually part of the RPV sensor package and low frequency filter-
ing of pitch rate to obtain quasi -att itude informa tion is undesirable because
of the fi l ter initialization difficulties which are typical of such implemen-
tations. The a pp roach taken here , therefore , is to rely on the tca , , :- auto-
pilot feedbacks as well as the low frequency A , ~ guidance feedbacks to main-
tain contro l of the phugoid mot ions.

Figure 22 is a simulation trace of the complete airframe motions (5.1 to
5.12) in response to a 5 ft/sec ~:nd gust (AWG). The phugoid mode has less
damping than the classical phugoid (‘W = 0) due to coupling of the LW motions

- • (~
‘-,~ 

= — .1) with the AU , . 11E c motions. The per iod of the phugoid motion (W~~ 
=

13 seconds is relatively unaffected by the AU degree of freedom . The ~n-
corporation of a norma l acceleration feedback affects both the short period
and the phugoid modes of motion. As indicated in Figure 23, the damping of
the phugoid mode is more like the classical phugoid case (Figure 21). The ac-
celeration feedback has quickened the short period mode and made the ~-W = 0
approximation of Figure 21 more valid than for the unaugmented airframe case
of Figure 22. Another effect of the feedback is to convert the phugoid motions
into l ower frequency (t ~p = 28 seconds), slightly higher amplitude motions.
This is beneficial as the l ower frequency behavior is more amenable to stabil-
ization by the guidance feedbacks (A ,~ ) on approach. A pure pitch rate feed—
back has the same low freciuency effects upon phugoid stability as does the
norma l accelera tion feedback (e.g., La u0 AG). An important dicference ,
however , is the magnitude of the exci tat ion of the phugoid motion . As can be
seen in a comparison of Figures 23 and 24 , the  AG induced by the initial wind
gust is much greater for the Aa feedback than for t.~ cas e. It is apparent
that the price to be paid for the ‘-.W G gust alleviation character of the a
feedback , is increased excitation of the phugoid mode . The combined effects
of the ‘ -i and La feedbacks are shown in Figure 25.

The coupled set of perturbation equations (5.1 through 5.6) together with
the stability derivatives (5. 12) are stable. As a r e s u l t  of being stable,
when these equations are perturbed from their trim va lue by a step wind gust
(‘W G), the aircra ft will eventually return to this trimmed aerodynamic state
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= = = 0). This :-ooavi or is clearly ~-.hI i-I r in F iI1IJP ’ e 22 w h c - r + -  1 - 1 1 1 1 -

sr - - 
~l1 

i -  - ull that FI- 
H) ~~ - w 

- 
and  that~ .~ 1 bein q nlr!IzerrI is cons is ’ c- rl t  w’Hh

t ’ - S~~- i ’ + ’ -~ d c r O d V l l d I i C  ~+ - i r I  O~ 
t )~~ a i ro~-a f t .  The ir- (.u r -p op at i o n of 1” aIl t I I~ 1lot

~~~) V  C t I - ~~ not i (1 I 1 ~~~~~. ~~ +I~~~ h- -Hv i r+ c1r~ c r ihed abov e. The I-l I Jr IIp i l ot  - - --hback
(5.23) is ~- -ir :sir -- ’ i t lI I l ut , II so t r a t  t ’ o  stabi l i7ed airfram e (Figure ?5) a l so
re~ . rns te. the ur iq inal aer , ,- I’Iv na r l i i c  tr irt . If the a uto pil ot i f l C O r I - O I - I l ( - 5  a
pi t - h t - i r :  i r t ea ra ta r  c c  Ii ic

- = 1-a ( a , 2 - ~ u)  - 
- 

~- ‘ i (La~ 
- a )  ~~t (5.38)

I’ I - 1 II  p r ; - - h e b-c - -.’ io n - - 11~~ a ‘ C I  II + t is mod i led as S n c r l z e r o  10
‘-- e Y e I , I I ,1 s~ ute (Fiqur.- H. i is th e opin ion o~ t h i s  ~ u~~hor th a t c d I c t i o n

~~~~~~ ~~ I-
~~C~ in the  ISP o’ ic- i ,  ~- - ec - ~- - - c :  -,- feed baHs in a nec essaril~, I’CS PI) f l . i  ye

~n o i l o -  - ‘ “ - l I nI-- l .  E m - r -or cc I -in in t - :aiu -rto rc cu C h  as 5.38 are t ’ce b a y  ~~~~~
s~ - - -- cc reedoacks hu l the general feel inc still a l - c l ies .
f1~1 ’ :  - - s can na - c a beneficial ef f o rt  on He lo ng t O t - I- s tab i li t - ,- of t i l r  air —
- ‘~~~c P ~c .c . , rot e the inc rea - +ed Ih I I q C i - d da rlr l inq uf Finure 26 co l=rc ared v -

~
Hci u’~ 2 - ~- . hut s uch e f f o r t s  can also be obtained by qui r ia nce Fhe r4nl h:lIa (1 -

- , etc .). To r e t a i n  t n , o’~-- ;e rva t i ve  c r+ iIlc oIJori , exp res sir~n 5.38 is :c ~eh as
the a c ce 1 e r - a t 1 cn h I t O f l i  ~ot feed hacl f -~m - the r -em a~ nci~ r o~ the si niui a t ie n
(se e il:icr Inci i ~ -‘~ 

- t~~~0 coir pi ete autopi lo t  representat ion)  . Figure 27 de—

~ 1c t S  th e n-us t  + -c~---pons e of the compl ete aut opi lotjai r fralcf- S;s teI .

CO~- P L E D  i’4I I ’ f l~~~ CF HP fl~ TR0L FHNCT Ifl~ S

The a: - : “na- h ‘ a ~ en thus far has been to treat tn~ oI ; idance ~~1 ct i  — r and
‘be ~~~~~~ ‘ -

~~~~ nc~~inr in an independ ent fashion. This does ‘-ot i~:p~y t a f  ‘he
- c - ~’~ ia l o~ cou~- l in q between the quid ance dyna mics and H+’ -c I n tr r 1 c i v ’ .a ‘cs

: - =e~ i gnore-a . The near—field gain 1 imi t inq was i r I+ - o + - : - n+ - i t I - .~ ‘ I~

oui dance la. .- in achieve compatibilit y between the guiIlIince d-/r l aI--i cs and l i e
=i .it o o’ln t - - a i ’ -tr ar-e dyn am ics .  The simulation effort •-+~ l 1 he c o m p l e t e d  by the
r t e r a i r c  of these t~io Func tions.

Figure 22 is sim ilar to Figure 13 with the e x c ~~ct ~~-~in tb~ t the coinic ande d
f c r rna i  acce lera ti ~rri ( a c) and the commanded air - peed (tU c) are fil ter -rd by i
a i r -~ raIl1e ’aut opi lo t dynamics before computation of the q i idance ~i ron l a t i c s (.- ,

H. Since the guidance gain is n~ t l imited (8~ ~~~~~, the O X I P I  t e l  nea r--f ield
‘H ia nt  c at n  i ns t a c i l i t y  is produced. For the a u t o p i l o t  i n Ip lon len ta ti on  0~ 

r lCl
-i re .‘~— a , the range at ~-~hich the instabi l  i tv occurs is r n  f- tie o’-der oi 300 feet
Hr the chosen n = 15. The might now eHect to see a s ab ili t y anal y si s of t h ~
guidance law (4.4) and the 1-tU = 0 a p L c m o v i li ion to the sta i l ized ài~ f r - i r e
(5.19). )nH~ 1ii natel - v , this st ab i 1~ t -+ anal ysis is not so easy . T he s v s t o l n  of
pr :uations decicted hi Fiau re 28 is linear , bu t due to thi- time—var ying coef-
ficients produced i~ the const an t l y Iecre ’m si n g ranl le , an iin a l ytica l treatment
is reall y qu it ’- d it ’ficult and fortur:atrly unnecessary . The rr ’ar -fie ld qa in
control eliminates the ana l y t i c dif tH cu l ties by conversion of the mea cured a r c -
gular i n formation (H ~ trn its - - - ill ivalent (hE, hE ) and sta b ilization of the
svsta m gain at the P~i val ue. More importantly, proper adjust i-lont pt ‘he gai +
:c’itrol W~ i l be seen to e l ir ’inat e fhe instability along w i t h the associa tc ll
ana ly ’ 1 c di ffi culties. 
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F igu m e ~ 30 and 31 (I+ ’ I i i i t  the gust response Ot the coupled system with aa in
l i iTi i tiilIl (R ,~1 

= 300 ft). As in Section 3, the system is perturbed (RD = 600 ft)
fr-em i t- ; initial trim on the glide slope. The instabilit y is still in evidence
th I uqh i~ s s+ ~v r -r i t - .- i s  hounded by the gain l imit ing (~ 1~ = 300 feet to touchdown.
To pr-o- i i 1+ - some gai n -~a t i n  for the autopi lot  confi q-~rati on of Figure A — 4 , the
de s iqn  va lue  for t he qa i n  parameter (R fl ) was chosen to be 1 ,000 feet .

The I PI ,i le d l-r- -~. : i m s e  11i the design configurat ion In = 15, Rm = 1 ,000 ft)
is qi .--- - ri Flgure- + 32 and 33. The idealized guidance response (a = ‘ac) was
p r r -- v i o u s l - ,- I I i’ -.r- ’ in Figure 13. The most apparent difference between the two

~igur’-s is r~e low f requency d ri f t  (a c, - a 0) of Figure 32. This phenomenon
is the I - e - I , l t of the t r i m  inteqra tors previously mentioned and more quantita-
ti v elv dep ic te1 in the ‘- E  trace of Figure 33. Comparison of the :.a and .a~
traces dem onstra te that a successful approach is not dependent upon holding

m + — near net -n . As a matte r of interest , the reader should also note the effec-
tive control of descending flight path angle (1H ~ 8°) by command limiting of

Figures 34 through 37 depict the coupled guidance and contro l responses of
the desi qn configuration to a WG gust input (RD = 600 and 300 feet, res pec-
tivel y . In both cases , the  peak hE was one (1) foot. The invarient :-hE per—
t I l+ - t r a t i I I r l  is r+ )plsiS tp n t w i t h  the concept of a constant gain system for all
r anges  len s than Rm = 1, 000 feet. The worst case computations of Section 3
( - -  = 0) indicated a peak hE of 1.5 feet (e.g. ,  See Figures 11 and 12). The
d i f l e r + - ! I c e  is due to the gust alleviation properties of the stabilized airframe .

7 . t-”-t’RY OF CPNILUS IO N S

effort,c of the creced inq six sections have tried to indicate a sug—
i- - I + - -~ dir ection for- the b -sign of an RPV approach guidance and control system.

Eve -v ci tort i-ian m ade to maintain a conservative framework for the nominal de—
si I I  con fig uration devel oped ~-~it niri fi0St six sections. As a result , it is
‘e lf Hat the performance of the cI l rll ept can he siqnificantly improved by a de—
?n r i lr - d st ab ility and control anal-, -~is , II ,-r r ti cu l arly in the near— field region
I-i i~~~

1c t h e  intent ot selecting opti M um va lues for the parameters (R~1, n , Ka, KO )
‘or use i-ii th a specific RPV airframe/engine design. The more pertinen t results
of flit - eftort of the first six sections follow .

a. An approach guidance law was developed which was felt to have applica-
tion to the cieneral problem of IFR landing of aircraft of any type. For c o n t i n-
minus meas urement of the angular deviation of the aircraft from the glide path
(
~~) .  i t s  t i m e  r a t e  of ’ change (I- .) and the horizontal range (R) of the aircraft
‘‘ - n - -  t h e  landi ng site , the guidance law was shown to have inherent stability

-i s the range approaches zero . To achieve this inherent stabilit y , the band-
wi d t h ~~t th e g uidance 1111-1 is re qui red to vary as

h. To ‘ llrIIp e r l n a t e  for the ef fects of ldgs in the response of the a i rframe
~- I I O g im idan e e Iai-i demand s , a near—field gain contro l was incorporated. This
qain ( (In~ ccl was shown to limit the bandwidth of the guidance law for R .., Rm toa v d b I m e (( IIIgI ,lt ihle with the airframe ’s ability to respond. The guidance law
bandw id th must also be compatible with the data rate and noise spectra associa-
t+I l  w i t h measurement of ~., ~~~, an d R . In many applications, a direct measurement
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- 1-,-ill n o r  he available . System performance (i .e., q mii dance law bandwidth )
- -.dll ‘ - .~t-efore be ir~ luenced ly one ’s ability to approximate — within the de—
si ’-c--a frequency region b2 operating upon the measured va l ue of H

C. The near- field (R < 
~m ) gus t response characteristics of the guidance

law were quantitatively related to the guidance parameters Rm and n , and equiva-
lentl y, to the bandwidth of the guidance law. This analyti c treatment, which
rieclected airframe dynamics, was shown to represent a worst case situation due
to the gust alleviation properties of the stabilized airframe .

d. Command limiting (
~ c) 

within the guidance law was shown to provide an
Hfective control over the maximum angle of descent when a measur ement of flight
nath angle (i) is not available. The command limiting is necessary to avoid a
build- u p of airspeed under flight-idle engine conditions. The technique may
also be appli ed to climb i ng flight to avoid conditions of insufficient power
a. — a i l a b l e ,  but this applic ation was riot considered in this sim ulation effort.

P vet -v simple “approach autop i lo t ” concept was suggested for the min i -
~iP1 , landin o function. The autopilot relies on normal acceleration and pitching
rate feedbacks to control and stabilize the short period and phugoid modes of
airframe motion.

An attempt has been made within this document to carefully distinguish
between the guidance function and the control function. The intent was to
clearly discrimi nate the desi gn objectives of- each. When one considers the
physical mechanization of the two functions , howeve r, there is no associated
implication that the two be clearl y discernable (e.g., guidance calculations in
a ground—based computer , contro l calcula tions within the air vehicle). Mos t
certainly, the minimum required airborne computation is that associated with
the control function . W ith the advent of microprocessor technology , however ,
one is inexorably drawn toward centralization of the guidance and contro l calcu-
la ti ons i n wha t s houl d be referre d to as an “App roac h Gu id ance an d Con trol Com-
puter .” The inputs to the computer would be communica ted A and R from the
ground based radar or optical tracker , an d the a i rframe norma l acce ler a ti on an d
pitching rate from the airbo rne sensors. The outputs of the computer would be
electr ical signals to drive the control surface sensors (i.e., a “digital auto-
pilot”) for an RPV application , or to drive a flight director for the IFR.
ciloted application .
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APPENDIX

This appendix contains the scaled analog simulation diagrams for the air-
frame , auto -pilot, and associated kinematic relation ships.
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