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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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OQBRUPTIOK 

' rag f roa headi c 

iniKRB IT APPKARS 
IK THE SYSTKM ( f i g . 3) 

A t h r u s t to oppose engine 
t h r u s t 

J 

Corns.pt ion from 
using a i r speed e.p. 
a measure of 
ground sneud. 

At the a i rspeed measur
ing dev ic s . 

Corruption fror. 
an . at ion d.i 'a 
which n 'f .hares 
-JOHi' toJ 

' o r .'.. . :- , 
an drag r e s u l t i - ^ 
fror. oon- l inen r 
dreg" speed re)o.t.i^o 

Ai, e r r o r measuring 
device 

SiaNIFICAHT CHARACTERISTICS 

Very low frequency. Indepen
dent of a i l o ther c o n d i t i o n s . 
Drag from headwind whot;e 
ve loc i ty t e 20^ of v0 would 
be g r e a t e r than Ufjtf of TQ* 

(Tory lov frequency. I n 
dependent of al l o n c . i t i o n e 
except .wind. A headwind 
of ?0# of v0 Mould In t ro -
duce a negat ive co r rup t ing 
s igna l a t the nirsueed. 
measuring device of ?0# of 

Any components cf high f r e 
quency can be f i l t e r e d oat 
before the s ignal i s fed 

: back without i r t ror tant laga 
' i n the p o s i t i o n da t a . Lack 
• of r e s o l u t i o n in the naviga

t ion system i s very . 
. ob j ec t ionab le and l i m i t s the 
1 o v e r a l l systc . 

A thrust to add with 
or 8t^btruct froa engine 
t h r u s t . 

Aseociated with a i r speed . 
Never over 5 percent of 
quiescent t h r u s t i f a i r speed 
s tays within ?0$ of quiescent 
value. Airspeed feedback 
decreases the effect of t h i s 
cor rup t ion 

Figaro k. faOle of Corrupt ions . 

The eva lua t ion of the effect on the f i r s t t h r e e c o r n n t i o n 3 
. i ^ t ed 1? very simple jeoause they can a l l be refer red to the input of 
lyatea i i r e c t l y . There theg Ban o i l "JC evaluated on the b a s i s of an 
anuiv&lent e r r o r i» the scheduled pos i t i on as shown in Figure 5 
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Clear ly , i nc r ea s ing gains I and Kg ceoreasee t i e effect on 
the s ignal frcn corrupt ion l . Increasing &, dec rea se ! the effect or 
the 3 i t n a l from corrupt ion 2, Nothing cex.diraiir.shi e f f ec t on the 
eignal from corrupt ion 3 became corrupt ion 3 l i always c o h e r e d 
d i r e c t l y with the scheduled posi t ion^ This fact demonstrates the 
t r u th of the statement t h a t a servo syntem cannot con t ro l a var iable-
more accu ra t e ly than i t can be measured. 

I f the frequency c h a r a c t e r i s t i c s of the c o r r u p t i n g s igna l s 
ar<- d i f f e r e n t froia c h a r a c t e r i s t i c s of the scheduled p o s i t i o n , which in 
the t rue i npu t , co r rec t ive networks can he used which n ln imi re the o u t 
put from these cor rup t ion! while not d i s t u r b i n g the fn i t h fu lne s s of 
the response to the scheduled pos i t i on inpu t . At t h i s tirae not enough 
data on the nature of tfco corrupt ions i s avai l / .ble f o r such e labora te 
design. Corrupting s igna l U i s a pre >ort ional - type cor rup t ion the 
ef fec ts of which can be minimized by Increas ing thr loop gain. Both 
airspeed feedbick and p o s i t i o n feedback f r e helpful i n t h i s regard. 

1 U l i n e a r range. 

The discussion of Corruption given a hove i a v a l i d only when 
the system i s opera t ing in the l i nea r range, j f a g iven c o l l e c t i o n of 
inputs c a l l s for s h igher th rus t than the engine can nrovirie, then the 
li i .ear reoresen tn t ion nro viced hy t h i s simple ana lys i s i s no longer 
accura te . The limits, of l i n e a r range of T-he system tnus;t be descr ibed 
in order to e s t a b i i s r i i m i t s to c loseness of following. 

The quantity i n tr,e system which w i l l be l i m i t e d by s a t u r a t i o n 
i s engine l h r u ? t , realc engine thrus t cannot sxceed the quiescent va lue 
by sere than a Pout *Oji. J-'nglns thrus'- can be cut to z< ro but c a n ' t be 
mac- nega t ive The l i m i t a t i o n in engine th rus t l i m i t s the s^eed range , 
th* a c c e l e r a t i o n range, and the range of windn which can be corrected 
foi .- the -joMtional feed-back. 

?. MtSIMj OF A Sr'VED CCKTROL• StfTTW TO KKKT SPECIFIC OBJECTIVES. 

To obta in an adequate c l o t u r e of the design procedure used to 
jakf the aystea both i n s e n s i t i v e to cor rup t ions and rap id in response 
to schedule chnnges, s p e c i f i c nrchlemp w i l l be d i scussed . Though exact 
ri»ta a r t not ava i l ab le f o r a thoroughgoing; design, t h e following simple 
Sieaplee are given to i n d i c a t e how the information of Sect ion 1 cen be 
ap-iiiad in so*»ciflc design uroblems. 
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2 , 1 f llo^vable gchedul ationg 

In th i s section i t i s assumed that there i s no head wind, 
no navigation error., anl no corruption fro;u non-linear effect I of drag« 
Effect: vely the question asked oi tha designer here i s wha; sort of 
system function will give acceptable responses and vhat sort cf schedule 
changes car be followed b.y tr. o a i rc raf t when saturation ia the only 
l imita t ion. 'Jo answer thit< cu«ialion, 10 crust find the allowable syftem 
baudwi Lth Sfid the l inear rsnee-

AP. i s usual ly trj.e when a systeor has limited output thrus t , 
• - tiie xn bandwidth in u s a reduction of l inear range 1 and an 

Lncreasi U Linear range can be obtained only by decreasing bandwidth or 
by increasing the available thrui t 

. great) =<- allowable bandwidth which can be used in the 
r a l i •. functions a b< educed from i study of the l imits oi 

the out-put member ' t he alrcraf ) The relat ion between the incremental 
thrust and the output displace s e function of frequency i s 

e n j '••' 

UJ 
o 

w.'i-i ra • - • • •tssntin£. Lncrenental positio -
to ti"- w'. .ir repre seiii i a* it.ronental engine thrust for steady-state 
operation at "••jrapiex frequency e 

~T& s are < si i tants if thi airplane described in section 1.2, 
0 

9 is ffleaauTci in fee i s aeasured in poinds-

Fir slnui •'• v state i>tion at frequency f cycles per 
second or v = 2/H* r a d i a n T1 ,f second* s will be raual to .i >) vnern j 
1.8 the imaginary operator Th« perfi . p ie< oi uuch a ciaueeJ"' 
is drf sed by ilq. 2-

Usxuf, (he constants for the Lockheed Constellatloo, e typi :al ^-engined 
transport plai»' one can re la te thf? amplitude ?i th^ lonasoidal output 
to the pe/iod of tha sinusoid nheii thi incremental thrust s fixed at a 

"55 cTT 

r p p 

(3) 
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. curve of sinusoidal . , ' . . . . 
thrust is plot i . • • b. 

response of the system [the - i tml no s i t lo a of the a i r 
craf t) to input scheduled position it; tensureti by th;> navigation By a ten. 
The accuracy cf aoBt na 1 : . Lon systems is io butler than j 250 feot. 

itn Pi jure f> i t is evident that sati ration thrust car.not produce th is 
reeponee for slgni * ?t >erlod if- • n • ian 13C seconds. Conseauently, 
i t i s unwi ; 7 f t nn bandwidth of rreater than the order of 
./13O cycli ic iond un] iss one. nai • ;•:: ibl< mors saturation thrust . 

Li ii true because at frequencies ei than 1/130 cycle per second 
the pei : '.. ' • s ;acted bj lavigntion systems. Whether 

is 1 •>:• sib .' "~ > ui B a ban<ivfi ••. • i . it 1/130 cycle pe second or 
• j ' f U v ">: th< • iion lai To characterize 

• ;. B a * cry 
v ~i char ct< ': citn to be used In if!: 

--1 • which fc to d, r- very conservative 
1 * : • • ' ' ' - . . .) navign -

* - . • : : , • 1 : • L i ,• U . . :• 

. • >he eaturat 
to the «< of 1 he oeriod, 

<> n ri • • - ... Jilt .- so ••• 
e only VJT c ling f re-

ere + '.' •• d of *_ '• . "'-, Hi or*ctieal 
Lid incresvft by \ 

•ed as a tynical a i rc raf t , 
at" r< . • - •. r tn< cruising speed, 

»at ratio n.-t cent than t'-.r thrust 
te y true Tnr ' l i coaven-

1th change 
ort ~ • . j.vired 

sirplane, t!»r vaiUS of/^ 
• • t ip cvr/c 

. - • - . . : •• 1 ewers re 
1. • n; ( imle, a linusoiaaJ 

' li • tive R Blnisnui .• riofl of 
i. 750 leconoi '. secondi e • 1 ratal position caul* 

shown In Figure 7. 
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INCREMENTAL SPEED CHANGES WHICH CAN BE 
MADE AT THE BOUNDARY OF THE SPEED -
LIMITED RANGE. 
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A period of 750 '• a 1 luadary of the spe .': 

l imi ted renge for a i r c r a f t l a r i n g T a 3 °^ t-̂ *5 o rde r o.f 7!5 seconds! ind 
i t i s not f e a s i b l e to attempt to change the schedule In l e s s than 375 
seconds because too l a r g e a f r a c t i o n of t h i s time would be s^ent in 
a c c e l e r a t i n g the mass r a t h e r than In opera t ing a t f u l l speed. For 
periods longer than 750 sec p i t the amount of schedule change which can 
be followed i e found b; muit i f lying -15v0 t i n e s the time al lowed. The 
assumption involved in t h i s procedure i s tha t the t i n t n"eded to ac-.;ler-' 
a t e to fu l l speed i s a n e g l i g i b l e f r a c t i o n of the t o t a l time used for 
the 5oil du l e change. 

i'fiak engine performance haf. oet>n used to s e l ec t two f i*equ«)ncis£: 
( i ) the .ippsr frequency Uinl.t of thr system b a n d v l d t i , and (2) the 

::«;t frequency a t which Lt would bs wiee to schedule a l a rge ' ampl i tude 
: i l l e t i o n i f th«' maxima s o l i t u d e l imi t vere to be sot by the top speed 

0i >'•' u r c r a f t r a the r tnan by i t s T>eak a c c e l e r a t i o n . The bandvidth of 
about 0 .0? radian -per second correnr^c >ls roughly to the frequency above 
which the engine cannot produce a change in. p o s i t i o n great enough to be 
measured <5ati«=fnctorlly by the nav iga t ion system. 

The sho r t e s t period of la rge-ampl i tude osc iL la t ion which i t 
wouid be reasonable to echo u l e i s 7t><> seconds. The value 7^0 *«iv«*»:1« 
IF, s i gn i f i can t because i t i s the boundary of the s->e3i-limited range 
i>'lgur«- 6 ) . Suppose the schedule cons i s ted of an os~ i l l a t iDi of period 
I' aucer x;Bea on a constant -spaed schedule. For values of £ g r e a t e r 
than 7t> seconds, the s a t u r a t i o n a; ; j , 'Aide* of t h i s o s c i l l a t i o n would 
be p ropor t iona l to P. For values ox > l e s s than j^O, the ampli tudes 
v.oul& be reduced more than proTort ionnie ly because t-50 much of the 
e.iglnt-. >ower Mould be used i.n a c c e l e r a t i n g and d e c e l e r a t i n g the mass of 
the plane r a t h e r than in overcoming crag . 

Tne two frequencies have s ign i f i cance In tan.i6 of the way 
each descr ibes the Diane 's dynamic behavior . Since toe system oaadwidth 
:>f OVtJJ radian per .second correspc/.t | fen. pvrto&l of approxin.-.tcly }C0 
secondr and c h a r a c t e r i s t i c times in the order oi IOC '-econds, s a a l l -
amplitt:de t r a n s i e n t d i s tu rbances w i i i d ie out i n the order of 100 
seconat,, thoxigh the system woulc net have power enou.jh to irake i t wise 
to schedule la rge-ampl i tude incremental p o s i t i o n changes of per iod l e s s 
thsn 7Pi0 seconds. 

£ t s ign tr. minimize cor rupt ion ui the schedule by head winde, 

Aside from e s t a b l i s h i n g the typos oi schedule changes which 
eaa be followed in the absence of c c r r u n t l o n s , one muBt des ign the 
v t o m so t h a t i t i s as indotendent ar p o s s i b l e of the co r rup t ions which 
are always present in some degree . 
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She system should be kept re la t ively free of corruption 
neadv:inds» Bffeotlvely, a headwind resul ts in the two con-irptions of 
the eyfttem perfc nuance shown in Figure 5 '*3 corruption 1 (headwind drag) 
and corruption c \ error from using airspeed e.s a Mature of ground 
Speed). Both these corruptions are referred to the input., where they 
act ea if they were erroneous schedule data. In Figure 5 there are no 
f i l t e r s or elements v i th frequercy-dependent behavior between the error 
and the actual application of the corrupting signal • and at a resv.lt i t 
i s very simple to refer the corruptions to the input, 

2-21 Minimizing corruption on the system of Figure ^ 

In the simply de:,igned system of Figure* 5 the size of 
corruption 1 war. decreased by Increasing 1U and Kg- Only K- reduces 
corruption 2 Increasing L, and K„ to a reasonable point i s useful, 
in any case,, i t i s undecec..sary to attempt to decrease the Dize of 
corruptions 1 aid 2 far below the size of corruption 3 (er rors in 
navigation oyetrm), 

in the previous section, the bandwidth wao set by the 
l imi ta t ions of a i r c r a f t acceleration and navigation system accuracy* 
Unless a more complicated uysteii. of corrective networks then that of 
Figure 3 anc Figure 5 * 8 used, the selection of the bandwidth and 
damping defines the valuei of K... and K_. 

Lfit as now see how bad corruption will be with the K. and K̂  
given by bandwidth and daiping requiremeits,, F i r s t the size of X, and 
K- must be calculated- The system function of the system of Figure 3 and 
Figura 5 if; 

e 
o 

0 i + -4- + 4 - s~ 
- (U) 

aX1 a l j 

where y?~ • ra t io of Laplace transform of incremental output position 

to tho transform of the increme/ital input scheduled posi t ion 
8 • the complex variable frequency in the transform domain* 
K, • gain of the r^stem connecting posit ion error to the speed 
feedback summing point„ 

o 
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< invo. ved, i s impl l f i • modi i ca t lone of the .11 
)8 made with the jurpose of reduci <.g tho corrupt ions without 1 '. ; 

the nysten response. The objcct ivi of the eystem design It to maintain 
(1) '••tic bandwidth of the o v e r a l l sj rstam a t about 0 0 2 rr .dirn pei -nd, 
(?) n high IOOT ga in , (3) good da&pSng, and, at tho same t ime, oo 
redu<:e the corrupt ion due to head inde. In the d i scuss ion which fol lows 
the r e s ign i s carr ied oui. :aore or '.os^ s tep-by-stup* K f e c t i v e l y tho 
prob..em i e to reduce the co r run t i o : of the schedule by head winds .ritL-
out A v e r s e l y a f f ec t ing the overnl"'. system responaua. 

The two cor rup t ing distta -bance» r e s u l t i n g from wind a re 
cor rupt ion 1 .ind ?. By p u t t i n g f i l t e r s '.n the system eo tha t the cor
rupt : cms refer red to the input are niniti:.zed without changing 
appreciably the o v e r a l l sy s t ea funct ion, i t ia por> :ible to make the 
system much better*. Because tho a i r c r a f t i s • s i a n t l a l l j a low-pass 
fi l t<?r, the reduct ion of lov-frequ ncy corruption?; i6 more important 
than the reduct ion of hi^.h frequency co r rup t ions . 

The aizo of cor rup t ion 2 r e fe r r ed to the input i s reduced by 
pu t t i ng a h i^h-pnss f i l t e r a f t e r tho Blrapeed censuring device to cut 
down the low-^reouency corsuonents f the corruot ' r .g s i g n a l s . The low-
freqv»ncy components of the ground ppeeo, which are a l so a t t enua ted by 
th* J i i t e r , are not neadtc tc ad,ju?t thp o v e r a l l aystea freouency 
resoonse an; damping. 

A high-pass f i . t e r in tn air~c;peed feedback channel reducee 
UIM low- frequency components of corrupt ion ;.-> without d i s t u r b i n g the 
nigh frequency s t a b i l i z i n g s igna l s 

Ins ide the a i r - s p e s d loop,. F igure 3, the t r a n s f e r funct ion i s 

l" + "Cae 

With t,hp i n t e g r a t i o n V=0 cascaded, the phase sh i f t of the ove ra l l feedVo 

forward sec t ion a t f requenc ies g r e a t e r than W - —I i s g r e a t e r than .135 » 
and ncrear ing the gain reduces the o v e r a l l systen damping as i n d i c a t e d 
by a sharp peak in the system response to high f requenc ies . Uae cf 
ground-speed feedback modif ies t h i s system funct ion to make the new 
frequency cf L35° phase ;diift = hr The e f f ec t ive bandwidth of the 
feed, forward sec t ion would not be lianged by i n s e r t i n g in t h e feedback 
loop a high, pass f i l t e r v i t h a gain of 1 for f requencies of -^- and 
higher t but v i t h nmch le36 gain at l o v e r f requencise- A s u i t a b l e f i l t e r 

0 .1 * 759 
woul'i be one with a t r an x! or funct on V3"""s~7c^ 

The new inner loop now has t h e conf igura t ion shown in Figure 8r 
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The so lu t ion of the charnct 2-J.3C} e equation of the sys tc 
^ ives rootr? it 

3 ^ e M - l + V 1 - 4 ^ aKx)« 
c b » 

The bandwidth of the systen f i xe s T t ' o r a bandwidth oi 0 02 
radiaa per second the value of -a=r.s the f reouenw a t which the resoonst 

it o 

ii half the, value at *erc frequency, should b« net at about 0.0?. Tho 

quant it; 2Tb is fixed at ^0 seconds by this procedure. For a well 

damped system, the damping ratio, !-TL; aK^, should he set at, 1.0. 

If 

«i a Kl 
From the bandwidth setting-. 

?rom Jiq. 5, 
K- = 80. 

?rcn Bq. 6, 
• r ?/3> 

?rom Ke ?, 

1 POO 

(7) 

(s) 

(9) 

UO) 

(11) 

Usin^ these values of K̂  and Kj>, the cor rupt ion of the irrout r e s u l t i n g 
from a dteady headwind of .10 v0 i s : 

Cori-uptton 1 [F4,$. 5) 

Corruption 2 ( / ! < . l)) B 

J " . £ a « n i 2*7000 - T l f t 7 f l 

-£_.= 
3/200 ?333 " . 

Bssen t l a l ly i theae fi^xofc i n d i o a t s that P steady headwind of 
10 percent of c r u i s i n g speed vould r e s u l t in the Diane 's bc in^ about 3500 
f e r t behind schedule in the steady s t ^ t e . Both theno co r rup t ions aro 
l a r^e because the dynamic c h a r a c t e r i s t i c s o:" the sy«t»?m were chosen >o 
provide adequate damping but / i th no n t t e n t i o n to reducing the e f f ec t ive 
'Corruption. 

? 21 Select ion of naw co r r ec t i ve netwc-rVr, to reduce the ef fect of 
KenSwxri? '"^J1?1** ^ o i H n j dynaalc response of the system 

A more careful design «-emld be completely c a r r i e d out only 
a l t e r d e t a i l e d d e s c r i p t i o n oi <̂he c o r r u p t i o n s . To i n d i o a t s the -irocedures 
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DRAG FROM 
HEADWIND 

K 

HIGH-PASS 
FILTER 

CORRUPTION FROM USING AIRSPEED 
SIGNAL AS A MEASURE OF GROUND 
SPEED. CORRUPTION EOUALS THE 
AMOUNT OF HEADWIND. 

FIG.8 
ADDITION OF A HIGH PASS FILTER TO THE INNER LOOP OF FIG.3 
TO DIMINISH EFFECT OF CORRUPTION FROM HEADWINDS. 
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ef fee of n ip t ion 2 and Lea sffect of < . bion 1. 
krevar, inr, * K^ oyer a l l fre< Lecreases the sysl .-

i ng , lui was e r . Ii K, a t lov frequencies o 
doe: . MJt the sya l ing. Hence the i n se r t i on of a low-pans 
f i l t e r as showz in Figure ) w i l l Incroase the ^;.-'in at low frequencies 
wi thout inc reas ing i t at high f requencies . 

He i t r c r tne nigh-pass f i l t e r in tho a i rspeed feeribaclr loop 
HOC ti/ie low-pass f i l t e r in the o v e r a l l feedforward sec t ion w i l l reduce 
connipt ion from high- f rcrm sney wind is. This fact I s not a shor t -
coming, because though the schedule i s corrupted by these high-freouoncy 
d i s tu rbances t r r syst l d t h i s not wide enough c allow tne 
a c t u a l output p o s i t i o n to :>: g r e a t l y corrupted. AJI ove ra l l sys tea with 
I t s eff( cor rup t ions ,siven In te rns of t n « i r Laplace transforms 
i s shows la }'ic.;ure 9» 

i o T e r a l l syst >r ol Figure 1 tai e very simple low-pass 
f . l tR ; ' af ter the e r ro r to r . If used n% i t now s tands , the pyetf.r. 
wouir. be so' swhat unde.n 9 ping can be modified by 
pronev coirpensati i To carry i it hese d e t a i l s i s not 
necessary or f e a s i b l e now. Exact system t r a n s f e r A u c t i o n s of the a i r 
c r a f t i r e not a v a i l a b l e , and the examole w ^ ca r r ied t h i s f a r nerely to 
i n d i c a t e tha t the proc'khir'i descr ibed i s veri table. 

Summarizing, the study described above ind ica te s t h a t the 
fol lowing r e s u l t s can be obtained iti the design of e speed con t ro l 
system of a t y p i c a l U-engined t r anspor t o l ine with a c r u i s i n g speed of 
YJC feet per jecjnd (?^0 miles pe r hour) : 

The ive 
radians per 

r o l l v i t n i i Vindvidth can be mode to be about 3.02 
per jecond (about O.h cycle per ir.inute). 

2. The itain cor rup t ions which a f fec t the system schedule 
^ adverse ly a r • 
* 

(r.) A schedule cor rupt ion if ab*.ut + 2JjO fee t e r r o r from 
navigat ion no ise 

(b) A Corruption from the use of a irspeed feedback in the 
presence >f w'.ids, which in the steady s t a t e would 
corrupt th< schedule by a number of feet approximately 
equal to the ve loc i ty of tht bead winds in n i l e s per 
hour, (a 60- flsph head wind voulc r e su l t in a corrup
tion of t h i s type ol about hO feet ^ 
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NAVIGATION 
CORRUPTION 

( ± 2 5 0 ' ) 

ERROR FROM CORRUPTION 3(FI6.4) 

LAPLACE TRANSFORM ,(S) 

SCHEDULED 

INPUT + 

— i 
1 

^ 
4 

0. I+75S 
I+75S 

20 
3 

H-20Q0S 
H-200S 

_ _^ 3 1+200S _+ 
20 I+2000S 

ERROR FROM 
CORRUPTION 2 (FI6.4) 

LAPLACE TRANSFORM' 

v h (S ) - 2F ( I+2000S) 

v 0 - I2U + 200S) 

LOW-PASS 
FILTER 

INCREMENTAL DISTANCE 

0.1 + 7 5 S 

I.0 + 75S 

HIGH- PASS 
FILTER 

POSITIONAL FEEDBACK 

TRAVELLED 

FIG 9 
IMPROVED OVERALL SYSTEM DESIGNED TO REDUCE CORRUPTION 
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Lule •)••'-• g from i i winds 
Wit . • t a i l winds) t h i t eor-
rup i • i s 5 times tha wind Telocity in 
n i l hour. 

We see that ig corrective networks specifically to 
reduce corruption from stea f winds allows reduction c.f these corruptions 
by • factor of 10. Inst changes Ln head winds (casts) are not usually 
important because they do not cone into frequency ranges ln vhich the 
overal l system bandwidth (0.0? r U - pe.- second) allows substantial 
outpui reopor.se t.o the corruptions. I t . <. >le for t ransient 
corruptions to be 1C times as great as the steady-st ,te values. Kven 
then, when thn system is operating in i t s l inear range, actual t ransient 
posit ion errors of 1000 feet wr.uld bo extremely rare. 

Tfct- Taluei presented above p.re 7nli.d onlj when the systen is 
operating in i t s l inear range; i . e . , on^y when the i can produce 
the thrust called i'or :y th atrol lystem for head winds greater 
than about IS pei-csnt of cruising spued the en,ino can not produce 
enough additional thrust to nveraiie the increased drag, era the plane 
will ba blovr. off schedule, 

I 7 Clcse-iffifi to v.h?.ch asc^edula con be maintained during i n i t i a l 
roach. 

There ure three important factors vhich dist inguish i n i t i a l 
aporoach procedures fros r-airport f l i g h t : 

(1) fast change ln a l t i tude resu l t s in fast c h a n t s in wind 
relocity, 

(?) If the schedule position chosen-wher. the control system 
is turned i a resu l t s in a large I n i t i a l e r ror there may 
lot be time enough to correct the error during the ent i re 
I n i t \ a l nop ro ach. 

(3) The use of a i r braUee makes possible ;he extension of the 
availa • crems&tal thrust by about a. factor of 3 o r ^-

factors 1 mad ? indicate that conditions peculiar to i n i t i a l 
aporoacn make i'; desirable to have increased l inear range of the control 
aysteir during i n i t i a l approach to insure that n schedule can be kept. 

Facto ' 3 Indicates that a i r brake* are a pj 'actical means for 
increasing the l inear range. Unfortv:.ately brakes can be used only for 
producing negative thrush. BigD posit ive thrust i s nvailab.e during 
descent becpuse of the oomponsnt cf gravi ta t ional pull alon ; the apyjroach 
path. Brakes pan be uted ".c get posit ive incremental thru^i by applying 
them steadily luring descent and i.y removing them when a p- »it ive increment 
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i s called for. Reports )rJ eicperimenti-li work on air brakes indicate 
thai • f brakee '•• s< t | odace a negative thrust a"̂ out 

I I / i t :>f .- - i t . 

Probably d - s< •• be controlled readily ever a 
": 0,1) T t f Tot speed it: cho 

i' '.v., >. • T , The i n c r e m e n t a l 
for a lei lope of 1 to 10 

In >rder . . . . •• ental of F - there 
o 

be a l thruet of F At a negative incremental 
thn ;-3t be zero., o xavitat lonal 

ppOBfl i 9 | , 

Hhf) : )> . ' • ! : E y -.-linear, and any 
i. an t na v • >raation ow have i s 
f ru i t ies t , It .: q . h] I at usual Lging ror.i l ts of 

i ! be ef • • sore nearly 
P< iha dig us : i I s as . • that application of 

• 'ikes i s usable •• ratro] syetea us t for level fli^Jit. 
aiid tliat i t >• u incj i .; .- l inear range oy a factor cf four. 

>re a l l pre a cha • .a t ic tlrao in 
he o DO aeconde a t lo >tea ope ra tes in i t s l inear 

pa r i l I v i th Itea Of Figure 6 
ana • • i ih it ^ change f rot • ~. >ehind 

i ta b a l l e t hi i mild ix> brought about a 6 Binutes, Head-
Kindt (or :., w J a •« , b] • La) - • W schedule-

• t MI • Ln ,'.i • ihova that a positional error 
1 )00 " • " al l for foil <• • >val correcting torque-

CI- poasi 'in nfi a i r brakes n$ .* Beans »f increasing 
.'••'.ii :u?" of .h^ ^ y i! --rt i s t r iking. However, the use of .air 

8 -i . jigle of ieacer.t, and 
jaentlj i long* b<. ^r-> lesosnt ie s tar ted. This will require 
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