APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

AIR TRAFFIC CONTROL PROJECT

Report R-191

STUDY OF A SYSTEM FOR POLLOWING
A FLIGHT PROGRESS SCHEIULE

HepoTt oY
Dr, William K. Linvill

SERVOMECHANISMS LABORATORY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Cambridge 79, Massachussatts

Project DIC 6673

August 1, 1950

i ———————




APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

6673
report R-191

STUDY OF A SYSTE} FOR FOLLOWING A FLIGHT PROGRESS SCHEDULE

ABSTRACT

A gchedule~following system for an airplane ig a servo-
mechanism. By use of conventlonal design techniques the system can
be made t¢ operate successfully up to the limits of the fixed nart cof
the system, which is the airplane itself and the navigation system.
For a Lockheed Constellation and an accurate (¥ 250 feet) navigation
system, the speed control cen have a bandwidth of ebout 0.4 cycle per
minute and a speed range of about * 15 percent of cruising speed, and
the nosition can be contrclled to within about * 500 feet. Winds and
navigational noise ere the main corrupting disturbances on the system.
By oroner design of the contrel system, the effect of windes on ground
speed can be diminished &lwosl to extinction as long as the required
alr sveed is within the range of the airplane engine. Navigstion-
syslem errors cannot be overcome by comnensation.

Durings initial approach, use of airbrakes to provide negative
thrust and use of sravity to onrovide additional positive thrust can
increase the incremental thrust range by a factor of four for a descent
of 1 foot in 10.
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STUDY OF A SYSTEM FOR FOLLOVING A FLIGHT ¥ROGRESS SCHEDULE

1. INTROLUCTICK

Automatic tlight control is the process of automatically
guiding #n airplane along a prescribed nath in accordance with a
prescritaed time schedule. Doth the path and the schedule may dbe
changed during flight. Flight convrol 1s exercieed through throttle,
elevator, ailercn, end rudder controls, Speed contreol is exerclsed
througn throttle control and is uged to keep the prescridbed time
schedule. To a first apvroximation, schedule control can te thought
of as independent of other controle; hence there is no loes in generality
in assuming the path to be a straigit line.

The objective in the design of & speed-control eystem i: to
cause a8 given airplane with a glven navigation system to kesp a schedule
within a desired tolerance. The quality of the system performance 1is
often expressed in terms of system bandwidth and limits of linear
range, along with freedom of the gystem response from effects of corrupt-
ing disturbances. The system bandwidth gives a measure of how fast
the plane can be mede to follow schedule changes; the limit of linear
range zives & mensure of the 3peed changes that can be followed vith
smooth operation. .

Agsuning optimum coatroller design, the performance limite
are sci by %wo factors: (1) the response limitations of the airplane
which are set by the peak incremeatsl thrust avallable from the englne
to change the speed of the plane, together with those parameters, such
as inertia and drag, which determine the thrust necessary to change
gpeed, and (P) corrupting disturbances such ne headwinds and navigation
noise which cause an error in position or speed. Without ontimum
controller desizin the performance limits are not obtajined. How nearly
they are obtained 18 & measurs of the quality of the design.

As in any control system design, the design data for a speed
controller include: (1) deszription of the dynamic characteristics
of the output mamber (the airplane), usually in terms of a transfer
function, (2) a etatement of the limits of the linear range of the
outpul memder (limits of thrust and speed range over which the air.
plane’ s reeponaes ara describable by a transfer function), (3) en
accurate description of the corrunting disturbences whose effects are
to be micimizad by zood design,

This report emphasices design of the servo system for sneed
control. Ecuatlions for the flight characteristies of an alrplane have
been taken from the appendix of Summary Report U,
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p 1% § &snumptioggﬂyaﬁe in the analysis.

In order to simolify the enalysis, the following major
agsumptions are made.

(1) The components of velocity, thrust, drag, and accelera-
tion along the flight path effectively equal the
magnitudes of these vector ruantities. This is a guod
agsumption because the an;les between thesze vecters and
tha flight path are small.

(2) Gusts, which disturd attiiude momentarily but which do
not lagt, have no long-term importance and consequently
have no anorreciable effect on speed control. Attitude
of the aircraft can be clozely contreolled even in the
presence of corrupting effects of gusts because attitude
veriables are 2asy to measure and are directly controlled.
Consequently no lon;-lastin; attitude disturbances exist.
Ugually path variations Are assoclated with at least the
first integral of an attiiude variable, and path varia-
tione do not result from attitude variations which do
not last ror some tima. In short, the plane is a low-~
pass filter, and it is not sensitive to gusts, which ere
higzh-frequency disturbing signals.

{2) The only winde 5f 1umportance are headwindis or tail winds,
or the component: of croee winds along the nath. Thosge
comonents normal to the path are corrected for by laterel
peth control (by establishing & crab angle). The most
important wind to overcome is a high head wind or tail
wind, because it exeris neak thrust along the vath.

(4) Linearized analyels and incremental values should be
used because Ura: i1s a non-linear function of sneed.
Linear aporoximations are acceptable as long as the range
of increments i1s not large.

1.2 Approximate characterization of the thrust-speed relation for the
aircraft.

The relation between thrusi and displacement of the craft along
the oath is compactly described in terms of the block diagram shown in
Figure la.
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Since the mass of the alrcraft i3 known, the acceleration can
be rclated %o unbalanced thrust, and ground sreed is the integrel of
the acceleration. Ground speed plus wind givee airspeed, which dater-
vwines the Grag. Distance travelled ie the time integral of ground
speed. The only complication in deseribing this sgystem by transfer
functions acises from the mon-linearity in the drag-airsopeced relaticn.
A conventional apnroximation is applied in this instance. Incremental
values of all the guantities can hbe aporoximately releted by linear
relationships. Assume that the alrcraft is flying at ground speed v,
in still air with a thrust of ¥, and that the drag just equels ¥,.
These cenditions are called guiescent conditions. An approxinately
linear relation exists betwesan incremental dreg end incremental air-
speed.

—i
=
H]

dra,; at any sirspeed v, then

-
I

4 Je. since drag varies as the squrre of the gpeed.

v

=p(
a o

and = v * Av
o
AN ATy
N = t—— 1 ..
A F. 3 ) ]n
L o )
{ AV v
v 2‘..
Sl Av
¢ t v =
(4

S'uce the unbalanced thrust unier gquiescent conditions 19
zeio, Lhe in-remental unbalanced thrust esouals the total value. The

incremental unbalanced thrust equals the masg, m, of the aircrait Limes
the rate of change of the jround gneea, whlch eocuals the rate of change
of Incremenval ground speed. The unlock diagrem of Fig. la can be

modifie¢ to use incremental vslues, giving 1D.

T e head-wind disturbance can %e related Lo the resulting
drag And referred to the thrust summing noint. It is then possible to
find how the combined incremental engine Lhruet ana nead-wind drag is
related to the incremental ground speed. Call the waplace transform of
combined incremental engine thrugt and head-wind drag F, and call the
Laplace transform of incremental ground speed V. The complex-frequency
variable used in the Laplace trangfom is a.
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(@ - V) = ngV,

EFG
or F = mgV + g v

o

r ¥, .

The rati o = e [ vmme—wm ). Wit thig relationship the
Ll 2F 1 *mv, i - P

2F
feeldback locy of Figure 10 way de ninated, and the simplifled

block disgre: of ¥igure lec results.

Lf pusition error were ueed to actuate the thrust coentrol

throtuler Ve Lluck diagmray of the orverall system could be repregented
by Plgure [ne (regsfer functl. " Lte engine will be assumed to be
8 condtent b and to bave no <ime lang, Actually this assumption is

sptimisiic gpecially for jete, "he engine response ig charecterized

by a tranefer function of at leqet 1 time lag. To see whether the
englae Llwe Lag is lmpo-iant, compare itg characteristic time with the
time coaetant mv, of the girplans. Fur a 4 enginas propellor-driven

=4 N

slane, F 1i¢ of the order of 7000 wmds, v ig ot the order of 350 feet
per second, a2nd mass ig of the order of 1090 giuge. The time constant
af the alrplarnz theu is about 75 gaconds

Without conpensatlio £ ru=ed=onLrol gysten's feed.forward
saction L3 transifr funci.ion g e ¥ 1 G
o —¥ all
g(1-* é—-: 8)
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N v oV . G
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meompengste l aysle: Figure  w T
v
[t i " &6 B
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g .’. 1 1 '.‘I r
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k la
Tha ¢'mple systan o e £ is very inadequate. By merely
g Loy the aysten paio, it 1s L & to improve the fregueacy
narpcierial.cg of the ayetenm W v vow value of E; the eysten has a
ow catoflf treq.ency (harrow bandw ) " K is increased to lncrease
e Yardwidt 1€ 3y4iem he % . ol underdamped. One systen
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BLOCK DIAGRAM OF OVERALL SYSTEM WITHOUT COMPENSATION.
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A thrust to

| thrust
|

oppoee engine

- Very low frequency. Indepen-
dent of all other conditions.
Dragz from heatwird whose

velocity ie 20% of v, wounld
be greater thau LO% of To.

ing device.

Ay, error
device

measuring

2

A tarust to Aald with
or aubtract

thrust

|

At the sirspeed measur-

from anzine

Very lov fregquency. In-
dependent of #11 concitions
except.wind., A headwind

of 20% of v, would intro-
duce a negative corrupting
signal at the alrspeed
measuring device of 20% of
\

e ———

Any componente of higzh fre-
guency can be filtered out
befocre the signel is fed
back without important lags
in the position data. Lack
of resolution in the navliga-
tion system 1s very.

; objectionable and limits the
{ o:erall systen

Associated with airspeed.

Never over § percent of

quiescent thrust LI airspeed

stays within 20% of gquiescent
, value. Airepeed feedback

decreases the effact of thie
. t_orrupt ion.

Fable of Corrupticns.

The evaluation of the ~ffect on the first three corruntions
iisted 19 very simple Decause they can all be referred Lo the input of
gyetem directly. There they cen all Ve cvalualed on .the basis of Aan
aquivelent error in the scheduled porition as shown in Figure 5.

) :',_‘..'l f A ",
PRI Y L LN\ LN b dbtldie
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FIG. 5
CORRUPTIONS 1,2, AND 3 REFERRED TO THE INPUT.
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Cleerly, increasing gesing K, ancd K& decreasae the effect on
the signal from corruption 1. Incresding K decreases the effect on
the signal from cerruption 2, Nothing cer. diminigh effect on the
gignal from corruption 3 because corruption 3 1is elveys compared
directly with the scheduled posgition. Thig fact demonstrates the
truth of the etatoment that a servo eystem canno® control a veriable
more aceurately than it can be measured.

If the frequency characteristics of the corruvting signals
are different frou characteriatics of the schewuled nosition, which is
the true input, corrective networks can %be uged which minimire the cut-
put from these corruotions while not disturbing the faithfulness of
the resnonse to the acheduled ncsition imnut. At this time not enough
data on the aature of tke corrintions ls available for such elabora‘e
design. Corrupting signal L is a provortional-tyne corruntion the
effects of which can be minimized by inereasing the locp £rin. Both
airsnced feedback and nosition feedbrck #re heloful in this regard.

l.h uinear range.

The discuseion of corruotion iven nbtove 13 valid only when
the system 1s ouverating in the linear range., If & glven collection of
inputs calls for A higher thrust than the engine ean nrovide, then the
linear renresentation nrovided by this simple analysis is no longer
accurate. The limits of linear ranze of the sysitem must be descridved
in order to estabiieh limits to closeness of following.

The quantity in Lhe system wnhicn will be limited by saturation
ig cngine thrust, reak engine thrust cannot exceed the guiescent value
by more Lhan aho;h 0%. FYngline thrust can be cut to zero but can't be
mac.» nezsative. The Limitation in engine thrust limits the sneed range,
the acceleration range, and the range of winds which can be corrected

o1 ¥ the nositional feed-back.

7. DESIJN CF A SPYED CCNTROL SYSTFM TO MENT SPECIFIC OBJECTIVES.

To obtain an afequate victure of the design procedure used to
aake the systew both insensitive to corruptions and rapid in response
to schedule changes, epecific prebleme will be diecussed. Though exact
Gmtn are not available for a thoroughgoing design, the following simple
exarples are given to indicate how the information of Section 1 cen be
apslied in specific design vroblems.




APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

LN Ean)

r‘ 2
Raport B.191 Lo
2,1 illowable s iations

In thig saction 1t 18 assumed that there is no heed wind,
no navigation error, and no corruption from non.linesr effecte of drag,
Effectively the question acked of the designer here ls whai sort of
system function will give scceptable responses and what sort .cf schedule
changes can be followed by the alrcrait when sgturation is the only
limibation, To answer thile cuesiion, he muet find the allowvable gretem
bandwiith and the linear range.

Ag is usually true when a system has limited output thrust,
an increage ia btandwidbh means a reduction of linear range, and an
incresis in linear range cen be obtsiunad only by decreesing bandwidtn or
*eadilyT the availaole thruet,

The greatest allowsble bandwidsh which can b2 used in ths
yveral, svetam functions can be ceduced

el from & etudy of the limits of
the oulput member (the ailrecreft) The relation between the incremental
sngine thrust and the output displacement as & function of frequency 1s
*iven Yy Eaq.
[
3 . < 1

where 3+ 4 e ratio & vecter resresenting incremental posgitien

4 e = "
to the vecior representing incremental engine thrust for ateady-state
peEraticn at nplex fraquency e

ta and g~ are coratants of the pirplane described in section l.2.

@ ip measured in feet; P ig measured in pounds

For einusoldn stepdy. state motion at frequency f cyclea per
second or w= 2T radians per fecond, & will be ecual to ,jWw , where j

is the imaginary operator. The pericd. p seconds; ol wuch a siounsgeld
ie defined by Eqg. 2
= iall 5
D B o W el L
f W

Usiug the constants for the Lockheed (onstollation, a typical L. angined
tranepert plane, one can re.ste the gmplitude 2f the sinusoidal output
to the period of ths slnugoid when the incremenial thrust ig fixed at &
peak velue of O.3F




APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

y snonse ¢ tral nosition :
2raft) y inpui sched 1tion 1 - ad 1 th a lon syasen
‘4 J ¥ 8 ofil L m 1avi Lo st en y better t % 250°Ly

oM Fl ure 4 y ;hat sat vhTuet o o Nl
resnor =01 1 ine s y2 f : gecon o
ie vnwi i i T and i u he
/ LS: cy ( 8C nd 1 { nes le VT shura
18 1 Cc Al W\t fra e ] than 1/ 30 (
ped tn ‘ 1 b3 vi ion L em
A £ 1 ‘ t 1 cLe } co or
{ o ’ . i ey 1 M seberd e
xPct ci 1in Aol
am £ whi . yng, 1 v v
L t A } he 1 aof navi;
r ' N L i .
4 i 11
- b e p .
{1 1 ) rerunt
. R 1 no nge I
] 1 b
3 ) 3 he or cel
L I e 1 i
-1 i H rer v
4 f cruiel 1need,
v chAa “he Thrm
L 1 1 van-
4 . )1 change
v Y : ( vit
- i1 8, the va
t e the CUTE
’ -  Bwe
- i A ¥ Sinus 3. VETrlp-
A & i I 0a f
[ ' ¢ ¢ remantal pe 100 coul”
LAz i h ghown in Pigure [



http://car.no

SANOO3S NI g0oI1¥3d
; gd oeh OAT ...... _a@n ! owv._ 2 00¢ _
_ . _
_
_
i
_
|
_
_

3§

| Syed
7 _ |
1] | HH |
| il i ! 1 #
| (LHOdSNVNL |
N3AING -¥31713408d INIONB - |
IVDIdAL V O1/A1ddY S3MVA) |
|
|
|

. I3nTVA NolivEnivs) %3 €0
i (1o, SESEENE

. 40 zo_._.niau v
_md AN3W30V1dSId LNd1iNnQ VIIN3W
_ wmoii_ 40 monk_ﬂnid zo_._.d nivs

_
--.r,__,ilt-.J_ffr}l /1
| | \

JONVY
NOILISNVML

EASE. CASE 06-1104. _

- [39ONVY

f
_
+TTTO3LnI1-033ds v_l
_
_
|
|
|

(14 39NVYH OQ31INIT

i \x \m it

RE

1334 NI 30NLINdAY

ROVEDR FOR PUBLIG

APP

L60SYH-v




A-45098

APPROVED

O

DEVIATION FROM SCHEDULED POSITION IN MILES

ni

FOR PUBLIC RELEASE. CASE 06-1104.
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FIG. T

INCREMENTAL SPEED CHANGES WHICH CAN BE
MADE AT THE BOUNDARY OF THE SPEED-
LIMITED RANGE.
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A period of 750 seconds ie roughly the boundrry of the spoed-
l1imited range for alrcraft .u?ing’fg'a of the order of 79 seconds, and

it 1s not feasible to attempt to change the schedule in less than %75
seconds becavsc too large a fraction of thisz time would be svent in
accelerating the mees rather than in operating at full speed. For
periods longer than 750 seconde the amount of schedule chnnge which cen
be followed ie found by multiplying .15vy times the %ime allowed. The
assuzption involved in this procedure is that the time needed to acceler-
ate to full epeed is a negligible fraction of the total time used for

the sch dule chenge.

8

Peak engine verformance hes been uged to select two fregquencles:
(1) tns apper frequency limlt of the system bandwidtz, and (2) the
nignest freguency at which it would be wiee to schedule a large-ampiltude
nseilletion if the maximm anplitude limit were to be sel by the tep speed
u? %ne airereft rather than by itg neak acceleration. The bandwidth of
about ¢,07 redian per second corresvends roughly fo the frequency abave
which tne engine cannot produce s change in position greal enough to be
measured aatisfnctorily by the navigation svstem.

The shortest veriod of large-amplitude oscillation which it
would be reasonable to schedule is 7HU geconds. The value THD reecnnle
is significant because it is the boundary of the snezd-limited range
(Figure 6). Supsose the sciedule cornsisted of an oscillation of period
P superposed on A constant-spsed schedule. For valucs of P greater
than 750 seconds, the saturation anplitudes of this oscillation would
be proportisnal tc¢ P. For vaiues of i+ less than 750, the amplitudes
would be reduced more than orosortionately because too mach of the
engine sower woula be ueed in acceleraling and decelersting the mass of
the plane rather than in overcoming crag.

The two frequencics have sigalficance in tarms of the way
each deacribes the olane's dynamic bebavior, Since tne system bandwidth
57 0.0¢ radian per second corresponte Lo periods of avproximately 200
seconds end characteristic times in the order oi 100 seconds, snell-
amplitude trangient digturbances will die out in the order of 100
seconds, though the system would nct heve power enough %o make it wige
to schedule large-amplitude incremental position changes of period less
than 7%0 eeconds.

7.2 Design to minimize corruption oi the schedule by head winds.

Aside from establishing the types of schedule chanzes which
can be followed in the absence of corruntione, one must design the
svetom so that it is as indevendent mec possible of the corruntions which
are always present in some degree.
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2 L

Fage 1

The gystem cghould be kept relatively free of corruption Toom
neadwinds. Effectively, = headwind results in the two corruptions of
the eystem perfcrmance ehown in Figure 5 as corruption 1 (headwind drag)
and corruption ¢ {error from using amirspeed as a measure of grounc
epeed). XBoth these corruptione are referred to the input, where they
act g8 1f they were errconsous schedule data. In Pigure 5 there ars no
filtersg or elerentg with frequercy-dependent behavior between the errcr
and the actval gpplication of the corrupting signal. and as# a resylt it
is very simple to refer the corruptions to the imput.

2.21 Mirnipiging corruption on the system of Figure 5

In the simply designed system of Flgure § the size of
corruptlion 1 wae decreased by increasing LK, and K,. Only X, reduces
carruption €. Increasing K, and K, to a réasonable point 1% useiul.
in any cese; it 1& unnecesgary to attempt to decrease the size of
corrunptions 1 ard 2 far below the size of corruption 3 (errors in
navigation syetem).

in the previous section, the bandwidth was set by the
limitations of szircraft acceleration and navigation system accuracy.
Unless a more complicated system of corrective networks then that of
Figure % and Figure 5 is used, the selection of the bandwidith and
damping defines the valuec of X, and X

Let us now see how bad corruption will be with the K. and K,
given by bardwicth and dapping requirements, First the size of and
E, mugt be calculated. The system function of the system of Figure 3 and
F'igu:r'a 5 i

6 :
é-" - - : (4)
1 1 +.,-§..'+‘E_:b... 32
R
a3
where -6;3 = ratio of Lgplece tranaform of lncremental output position

to ths transform of the incremental input scheduled position.
¢ = the complex variable frequency in the transform domain.
K, = gain of the system connecting position error %o the speed

feedback summing point,

T & wibe (%)
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invo'ved, & simplified set of modi icationg of the sy-tem desizn will
e nude with the purpose of reduciiz the carruptions without lmpsiring
the nyster responge. The objective of the system design is to maintain

{1) the benowldth of the overall system at about 0.02 redian ver second,
(?) a high loon gain, (3) good demping, and, at the game time, to

reduce the corruption due to head «inds. In the discussion which fallowsa
the design ie carried out more or less step-by-step. KEffectivaly the
problem ie to reduce the corruptlion of the schedule by head winde »itl-
out adversely affecting the overall system responses.

The two corrupting disturbances resulting from wind are
corruption 1 and 2. By putting filters in the gystem so that the cor-
ruptions referred to the input are minimized without changing
aporecinbly the overall system function, i1t is pos=ible to make the
system much better. DBeceuse the aircraft 1s essentinlly a low-pass
filter, the reduciion of low-frequency corruptions is more important
than the reduction of hish-frequency corruptions.

The slze of corruption 2 referred %o the input is reduced by
mutting a hish-pagg filter after the alrsveed mansuring device to cut
down the low-Irequency components ~f the corrunt’ng signale. The low-
freguency components of the ground epeed, which are also attemmated by
the filter, are not needed %c¢ adjust the oversll system frecuency
resncnse and damping.

A nigh-pass filter in the air-espeed feedback channel reduces
the low-Ifreguency componentis of corruntion 2 without disturbing the
nigh-fregquency stabilizing signels

Ingide the alr-spesd loop, Figure 3, the transfer function is

K,v
2o

E?O 1 + 7as
With the intezration \i) cascaded, the phase shif} of the overall feed-
forward section at fre&upnﬂiea greater than = e ig greater than 135 .
and “‘ncrearing the gain reducee the overall systenl damping as indicatad
by & sharp peak in the syetem responge to high frequencies. Use of
ground- speed faedback modifies this system function to make the new
freguency cf 135 phage ghift = 25 The effective bandwidth of the
feed. forward section would not be changed by inserting in the feedback
loop a high-pass filter with a gain of 1 for frequencies of 5= and
higher, but with much less gain at 10ver frquencigﬁ. A suitable filter

would be one with a transfer function Tf-:-f;;

The new inner lLoop now has the configuration shown in Figure 3.
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The srlution of the characteristic eguation of the syste:

Zives roots as
s = AT AT

mal

The bandwidth of the system fixes Tt For a bandwyidth of 0.02
radian per second thc value of Prch the frequency at which the resnonas

ig hais the value at zero freguency, shonld he set at about 0.02. The
quantity 2_[{b is fixed at %0 seconds by this nrocedure. For a well
0

P . 1 ; . A
demped system, the damping ratio, 4% eK,, shoulc be set ab 1.0,

1f 3 .
:-H'h a :I'_. = Ll '\T)

From the bandwldth setting.

T:; = @3 (8)
From ‘L"‘{l 5,
X, = 80, (3)
¥rom ba {4‘, )
ar= 2/3. (10)
From Eaq 7,
B, & 2 (11)
- 200

Using these values of Ky and Kp, the corrupiion of the input resulting
from a stendy headwind of .10 v, is:

A\
¥ .
5) : _{,?,Lz,‘ 247000

Corruption 1 (¥ig. T P * 3730080 = 1167 ft.

Vi,
Corruption 2 (#1g. 5) = —F = 5 2= 2333 1t.

Essentially, ithese figures indlcate ithat # steady headwind of
10 percent of crulsing speed would result in the vlene's beingz about 3500
feet behind schedule in the steady state. Hoth these corruntions are
large because the dynamic characteristice o the system were chosen %o
provide adequate camping but with no attention to reducing the effective
corruption.

2.21 Selection of new corrective networks to reduce the effect of
headwind withou! svoiling dynamic response of the system

A more careful desi;n could be completely carried out only
afver detailed description ot Lhe corruotions. To indicate the »roceduras
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DRAG FROM
HEADWIND
ks + v |
| - f gk ~ =z |+74S .
0.1+75S |
|+75S B = +
HIGH - PASS T+
FILTER

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

FI1G.8

ADDITION OF A HIGH PASS FILTER TO THE INNER LOOP OF FIG3
TO DIMINISH EFFECT OF CORRUPTION FROM HEADWINDS.
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T™a size of F1 can be incressed to éiminish further the
lso to diminish the effect of corruption
However, incras=sing I'l over all freouencles decreases the system derp-
r Increasing }J at low frequenc .
oes not affect the syster demping. Mence the ingertion of a low-zers
filter as shown in Fig rage the gsain at low freaquencies
without increasing it at higsh frequencles.

4 mYs
clies onl

Weitner tne ni pass filter in the airsneed feeddack loop
uoe che low-pass filter the overall fecdforvard sectlon will reduce
corguntion from high-frenusncy wind changas. This fact is not a sl
coming, becnuse tho 12 zchedule is corrupted by these high-freguency
distu-bances the bandwidth ie not wide enough tc allow the

e greatly corrunted An overall eystem with

ong <iven ia terms of their Laplace transforms

its elfective corrup

is shown in Flgure 9,

The gverell syster or Figure 3 has a very simmle low-pass
filter nfter the error delazctor If used n¢ it now stands, the esystem
wonln be so! ewhat underdemped hie underdanping can be modified by

pronar cemnensating networcs. To carry out thnese detalls is not
necessary or feasible now., Exact syslem icticns of the air-
craft are nol\ availablae, and the eramle wne carried this far merely to

indicnte that the prochdure described is workable.

LT

ranaier ju

Swwsarizing, the study doseribed above indicates that the
folloving results can he obtained in the design of a speed control
systen of a typical U-ongined traasport vlane with a cruising speed of
350 feet per second (?‘»0 m.les per nour) :

1 The sverall system bandwidth can be made to be ebout 0,02
redians per second (mbout 0.4 cycle per minute).

2. The main corrmuptions which affect the aystem schedule
adversely are

() A achedule corruption >f about ¥ 250 feet error {rom
navigatlon noise.

(b) A corruption from the use of airspeed feedbnck ia the
preaence of winds, which in the gteady state would
corrupl Lhe schedule by a mumber of feet annroximately
equal to the valocity of the head winde in miles per
hour. (A 60-mph head wind would result in & corrup-
tion of this tyne of adout 60 feet.)
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A-45100 APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
c’:f;’;gﬂ?g‘; ERROR FROM GORRUPTION 3(FlG.4)o L 5 veom
(+250") LAPLACE TRANSFORM = v, (S) " I+788 ' 3  T1+3008

|

SCHEDULED + + + + GND. SPEED| | |INCREMENTAL DISTANGE
——.J = > ~ i - --i 1+200S — —n-4°‘—'9 ' — ] o
INPUT - - = ™20 i+20008| " = Fo 1+758 S VRIWELLED
- 4= ow-pass A
FILTER
ERROR FROM
GORRUPTION 2 (FIG.4)
LAPLACE TRANSFORM:= 0.1+75S -
vp(S): 2F (14+20008) 1.O+75S
vo- 12(1+2008) HIGH - PASS
FILTER
POSITIONAL FEEDBACK

FIG 9
IMPROVED OVERALL SYSTEM DESIGNED TO REDUCE CORRUPTION
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(c) A gchedule corruption from éraz from herd winde
1th steusdy head winds (or tail winde) this cor

mapbion in feet is 5 times the wind veloclity in
miles per hour,

We gee that building corrective networks snecifically to
reduce corruption from steady winds allows reduction of these corraptions
by & factor of 10. ¥ast chaages in head winds (guets) are not uaua;ly
important because they do not come into frequency ranges in which ¢
overall system bandwidth (0.02 rallens per second) sllows ;uhstnntfa-
output respor.se to the cormptions. It is pCFEiﬁlﬂ for trenseient
corruptions to be 10 times as great as the steady-stnte walues. Fven
then, wbhen the system is operating in its linesr rane, actusl transient
position errers of 1000 feet would be extremely rare.

The values pregented above esre valld only when the systenm is
oporating in 1%s linear range; i.s., on’y when the engine cen produce
the thrust celled for by the con%rol system. ¥or head winde greater
than about 1% percent of cruising speed the engine can not produce
enough additional thrust tc overcome the incressed drag, end the plane
will Yea blown off schedule.

T Clcseness to which a scheduls can be maintained during initiasl

approach.

n

There nre three imoortant factors which distinguish initial

!

apnroach procedures from inter-airport flight:

(1) #¥ast change in altitude results in fa:t changes in wind
veloecity.

(7) If toe schedule position chosen:when the control system
is turnsd on resulis in a large initicl error there may
1wt be time enough to correct the error during the entire
initial annroach.

~—
A0
St

lhe use of air brakee makes possible the extension of the
avallable incremental thrust by about a factor of 3 or 4,

Factore 1 and ? indicate that conditions peculiar to initial
apnroacn make 1% desirable Lo have increased linear range of the control
gyster during initial avoroach to insure that a achedule can be kept.

¥actor 3 indicates Lhat air brakes are a practical means for
increasing the linear range. Unfortusately brakee cnn be used only for
producing negetive thrust. Hligh positive thrust is aveilable during
descenl becouse of the compoanent of gravitational pull alon: the avproach
path. DBrakes con be ueed %o gel positive incrementsl thrust by applying
them steadily during deecent and Ly removing them whea a @ sitive increment
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