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STUDY OF A SYSTEt FOR FOLLOWING A FLIGHT PROGRESS SCHEDULE 

ABSTRACT 

A schedule-fol lowing systera for an a i rp l ane i s a servo-
mechanism. By use of conventional design techniques the system can 
be made to opera te successful ly up to the l i m i t s of the f ixed p a r t c f 
the system, which i s the a i r p l a n e i t s e l f and the nav iga t ion system. 
For a Lockheed Cons te l l a t ion and an accura te (+ 2^0 f e e t ) naviga t ion 
system, the speed con t ro l can have a bandwidth of about O.U cycle pe r 
minute and a speed range of about H 15 percent of c r u i s i n g speed, and 
the pos i t ion can be con t ro l led to wi th in about * 500 f e e t . Winds and 
nav iga t iona l noise a re the main cor rup t ing d i s tu rbances on the system. 
By oroper design of the c o n t r o l system, the e f fec t of winds or. ground 
speed cfln b« Alalnlshsd almost to e x t i n c t i o n as long as the required 
a i r BDeed i s wi th in the range of the a i rp l ane engine. Naviga t ion-
system e r r o r s cannot be overcome by comDensntion. 

During i n i t i a l approach, use of a i rb rakes to provide nega t ive 
t h r u s t and use of g rav i ty to Drovlde a d d i t i o n a l p o s i t i v e t h r u s t can 
increase the incremental t h ru s t range by a f a c t o r of four for a descent 
of 1 foot in 10. 
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STUDY OF A SYST^i FOR FOLLOWING A FLIGHT I-BOGRESS SCHSIULB ' 

i0 iK?romcnci,' 

Automatic f l ight control i s the process of automatically 
Rid ing in airplane along a prescribed eeth in accordance with a 
prescribed time schedule. Both the path and the schedule cay "be 
changed during f l igh t . Fl ight control i s exercised through th ro t t l e , 
elevator, a i leron, and rudder controls. Speed control i s exorcistd 
through thrott le, control and i s vsed to keep the prescribed time 
schedule. To a f i r s t approximation,, schedule control can be thought 
of as independent of other controls ; hence there i s no I083 in generality 
in assuming the path to he a stnJlgi:t l ine . 

The objective in the design of a speed-control system IT to 
cause a given airplane with a gi^-en navigation system to keep a ochcdule 
within a desired tolerance. The quality of the system performance i s 
often expressed in terms of system "bandwidth and l imits of l inear 
range, along with freedom of the system response from effects of corrupt­
ing disturbances. The system bandwidth gives a measure of how fast 
the ciane can be made to follow schedule changes; the l imit of l inear 
range gives a measure of the speed changes that can be followed v i th 
smooth operation. • 

Assuming optimum co i t ro l l e r design, the performance l imits 
are ae; by t w factors: ( l ) the response l imitat ions of the airplane 
whicn are sot by the peak incremental thrust available from the eigine 
to change the speed of the plane, together with those parameters, such 
as ine r t i a and drag, which determine the thrust necessary to chan^a 
speed, and (?) corrupting disturbances such as headwinds and navigation 
noise which cause an error in posi t ion or speed. Without optimum 
control ler design the performnce l imits are not obtained. How nearly 
they are obtained is a measure of the quality of the design. 

As in any control system design, the design data for a rpeed 
cont-rcllar include: ( l ) descript ion of the dynamic character is t ics 
of the output mamber ( the a i rp lane) , iisunlly in terras of a transfar 
function, (?) a statement of the limita of the l inear range of the 
output member ( l imits of th ru i t and speed range over which the a i r ­
plane 's rernonse^ ara describable by ft transfer function), (3) an 
accurate description of the corrupting disturbances whose affocts are 
to be minimized by good design. 

This report empha.?i:-.3s design of the servo system for speed 
control, Ecuat -ns for the f l ight charac ter is t ics of an airplane have 
been taken from che appendix of Summary Report U. 
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1•1 Assumptions made in the analysis . 

In c r i e r to simolify the snalysis , the following major 
assumptions are made. 

(1) The components? of velocity, thrust , drag, and accelera­
tion along the f l ight path effectively eaual the 
magnitudes of these vector cuant i t iea . Thi3 i s a good 
assumption because the angles between these vectors and 
the f l ight path are small. 

(2) (Juste, which dis turb a t t i tude momentarily but which do 
not lac-t, have no long-term importance and consequently 
have no an-> reel sole effect on speed control. Attitude 
of the a i rcraf t can ba cloiely controlled ever, in the 
presence of corrupting effects of gusts "because a t t i tude 
variables are ?asy to measure and are direct ly controlled. 
Consequently no long-lasting a t t i tude disturbances exis t . 
Usually path variat ions are associated with at least the 
f i r s t integral of an a t t i tude variable, and path varia­
t ions do not result from at t i tude variations which do 
not .Last for Buoe time. In short , the olane i s a low-
pass f i l t e r , and i t i s not sensi t ive to gusts , which are 
high-frequency disturbing signals. 

(3 ; The only winds of importance are headwinds or t a i l winds, 
or the component? of crosB winds along the path. Those 
componentB normal to the path are corrected for by l a t e ra l 
path control (by establishing a crab angle), '-he roost 
important wind to overcome is a high hend wind or t a i l 
wind, because i t exerts oeak thrust along the path. 

(•*) Linearized analysis antf incremental values should be 
used because J rag i s a non-linear function of soeed. 
Linear approximation:-, are acceptable as long ap the range 
of increments i s not large. 

1,2 Approximate characterization ot the thruat^apeed relat ion for the 
a i rcraf t . 

The relat ion between thrust anC displacement of the craft along 
the oAth is compactly desc r ibe in terms of the block diagram ahown in 
Figure la-
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Since the mass of the a i r c r a f t i 3 known, the a c c e l e r a t i o n can 
be re la ted to unbalanced t h r u s t , and ground steed in tho in t eg ra l of 
the a c c e l e r a t i o n . Ground speed plug wind g ive i a i r speed , which da ' ,er-
laines the ora^ , Distance t r a v e l l e d i s the time I n t e g r a l of ground 
speed. The only complication in desc r ib ing t h i s system by t r a n s f e r 
functions a r l s e e from the non-line.-srity in the drag-a i rspeed r e l a t i o n . 
A conventional approximation i s appl ied in t h i s i n s t a n c e . Incremental 
values of a?kl the q u a n t i t i e s can be approximately r e l a t e d by l i n e a r 
r e l a t i o n s h i p s Assume tha t the a i r c r a f t i s f ly ing a t ground speed v0 

in s t i l l a i r with a t h ru s t of F 0 and t h a t the drag Jus t equals J'0. 
These condi t ions a re c a l l e d quiescent cond i t ions . An approximately 
l i n e a r r e l a t i o n e x i s t s bet we-in incremental dreg and incremental a i r ­
speed. 

I f f' • dxa, a t nay a i rspeed /, then 

v ? 
v = / ( — ) , since, drag vuriee ns the squrre of the spaed, 
a o u 

0 

u« t it. * M •* & y. 
d 

' - / I 

5 ace the u. balanced thrust under quiescent cond i t ion ' i 3 
•'ttio, the Incremental unbalAncec th rus t equal i the t o t a l value. The 
. . reaental \uibalancec; t h r u s t equal e the ma*t| ra, ol the a i r c r n l t t imes 
thi ra t t oi Change of '-he ground ipeedi which eau«ls the r a t e of chajvge 
of incremen1 wl ground speed. The block d iagrexi ol Kig. l a can be 
nectiliec to use Incremental values, g iv ing l b . 

'" • hoad-wi.-;a d is turbance can ">e rela-ei. to the r enu l t ing 
• r/.., ana r e fe r r ed to Uie th rus t sumning >oint. I t i s then poss ib le to 
i'jiid now tr.o combined increnei i ta i engine .h rur t m.a. nead-wir.o drag i s 
r e l a t ed to the incremental ground speed Call the r e p l a c e transform of 
combined incremental engine thrust and head-wind drag Ft ana ca l l the 
Laplace transform of incremental ground speed V. The complex-frequency 
va r i ab l e used in the Laplace transform L| 9 
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Then 2F 

0 

or 
2P 

fhb r a t i t i o 

ar 
2F 

•). tfith th is relat ionship the 

feedback loop of Figure I'c may o». ninatedi ard. the simplified 
biocf iiagri •••." 'lgure ic results* 

if pv.'3itjji. erroi **• t i^-.: to actuate the thrust control 
thi • • the bl k igrsi it the i • • eytttec: could be repreeented 

' / f pin Sat "ansfer fun tl enpine wil l be assumed t» be 
b constant K a^d to r d v no ." << ac tual ly th is assumption i s 
gp t l s i i q>o\.la.U> for j<-te- Ch« i . La* response is characterized. 
by H transfer function >f 4t *yt ; Lag. T:. see whether the 
engine tia< Las * -1 -31P "taat t eoapare i t e character is t ic time with the 
tlae constant n>\ al he airplane, for a U,engin» prooellor-driven 

2P.. 
Lsne, 1« f t) srder it I tads, *• Ls-oJ thf order of 3^0 feet 

pei s« saet i= oi ti * >rd*i it JOOO alugs. The time constant 
j f the airpl then i s about 7 

^ 

rfit: tt :, .-. • t .~f\r D r I syate«r"B feed-forward 
JL •ect ta •..-, transfer -^r. . . .. , Call 

s(i • • j ~ •) 

fl v i rs tss >U"i ti 'ii of the 

incostpensatej systea Flgu 

• r : 

*• • -* 
• 

file wepl F.f-. . . >t re i:ad«qutitr» lv sorely 
..*. l Qrst« gain, Lt i t n i s i . ^ / . ' v e the fr«*aiancy 
M-, r ist es ol th«« system M • > value >f K( the system t«is a 
v ' ,• .. v. " K :o ir.rreased t,> increase 

•„ . i« i • . isderdaaped. 0»« ay it*: 
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design o b j e c t i v e should be to increase the bandwidth without dec reas ­
ing the damping. There a re th ree standard types of compensation to 
echisve t h i s o b j e c t i v e : ( l ) a Batching lead c o n t r o l l e r , ( 5 ) a i rspeed 
feedback, ( ' ' ) ground- speed feedback. 

i f t h e ob j ec t ive of the use of compensation were only to 
moiifi: the o v e r a l l system frequency c h a r a c t e r i s t i c s , a l l t h ree types 
of compensation.would be equal ly useful In add i t i on to modifying the 
frequency c h a r a c t e r i s t i c s , it, i s important to mir.i.ni^e the e f f c i t of 
cor rupt ing d i s tu rbances whose effects should he minimized a re head 
triads and corruptions- fron. the non l i n e a r drag-speed r e l a t i o n . Poth 
ulrsi feedbacV end ground speed feedback minimize cor rup t ions fro:^ 
:'. nnn^xim r ii ig-speed r e l a t i o n , if i dea l ground- spsed feedback 
fe re ava l l i >ie, i : wouli be DOst accentab le because d i r e c t l y I t would 

. . . • . 1 .•» rom headwinds si sps edback does not do t h i s 
••' »•* ) t os nut - n n m t i ' ^round-spe in wind. 

s i I e f f ec t ive ly a h igh-pass f i l t e r 
• noti eon' rol s igna l (Flgurci ?) I t i s 

• ry e MI i t 1 1 placed at spot on the loop where n i l 
1 ' i , i i j a L fge * 

is be ... .rspeed round-
Lbe t. : y I a . • s i r o l e *ay of o e a s u r i n j 

I t re lnd r ec t l y by p a t t i n g P. 
tre - i tin feedl »taio an approximate d e r i v a t i v e 

si '• • - ue i s tot sat J (factory because 
Pi '. noise present in the navlga-

• .1 present equipment, a i r -
- ; • > ! , and ihough i t does not. n i n i n i z e corrup 

l ieu from r r e c t l y , i t B ••• le overa l l syiteE to be 
nin ;•> high gain n Lucas co r rup t ion fron 

"Hu 1 ru >tiou e f fec t s 1 •. diminished! i n d i r e c t l y 
bj air* -'ml feedback. 

lys t s • t a irepi feedba impensation can be 
.;•' .. .-1. 1 ?• • • • - eCba rk i ; r e p r e s e n t e d *IB 

feed l ' i : .- < r lignal equal to v e l o c i t y . Thr 
• r . . . . . y i i b . e t i i v - for a headwind, negat ive f o r a t a l l wind, 

L. 3 ., • • 3 

• ertule fo] loving i>t -s ible * i t h 
' • I] wn ' -ure ' rc\t- r r cpe r ">rrf D^ctl ve lr. fur ther 
< ' » network, i >•: mist at tempt to crir-rrctcri ze 

urbaneesi tro-. c h a r a c t e r l r a t i o n . 
Li i tabli u«» \Tc- PT e s c r i b i n g ih'-' i r w r t a n t 

M r r . 1 appear .;.-• in the a ^ t d 1 »nf I system, 
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