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STUDY OF A SYSTH FOR FOLLOWING A FLIGHT PROGHESS 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
eystem, the speed control can have a bandwidth of ebout 0.4 cycle per
mimite and a speed range of about 4 15 percent of cruising speed, and
the nosition can be controlled to within about + 500 feet. Winds and
navigational noise are the main corrupting disturbances on the system.
By oroner design of the contrel system, the effect of windes on ground
speed can be diminished &lwost 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 FLIGH? FROGRESS 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 conirol i1s exercieed throuvgh throttle,
elevator, ailercn, end rudder controls, Speed contreol is exerclsed
ihrougn throttle control and 1s used 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 loss in generality
in assuming the peth to be a straizit line.

The objective in the design of & speed-control system 1l: to
cause a given alrplane with a given navigation gystem to kesp a schedule
within a desired tolerance. The quality of the system performance is
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 & meesure of the sneed 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
gspeed, and (?) corrupting cisturbances such ae headwinds end navigation
noise which cause an error in position or speed. Without ontimum
controller desiin the performance limits ere not odbtajned. How nearly
they are obteainec 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 reepconaes ara describable by a transfer function), (3) en
accurele description of the corruvting disturbances whose 2ffects are
to be minimized by good 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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1.1 Assumptions wade in the analysis.

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

(1)

(2)

(2)

('l‘_.:

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

Gusts, which dieturb attitude 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 controlled 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-
tions 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.

The only winde of 1mportance are headwinds or tail winds,
or the component: of croee winds along the path. Those
comonents normal to the path are corrected for by laterel
path control (by establishing a crab angle). The most
important wind to overcome is a high head wind or tail
wind, because it exeris neak thrust along the vath.

Linearized anaiyels 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 1s 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.




A-45093

ENGINE T UNBALANGCED IIERTIA ROUN
2 FTHrust | OF THE D _""NTEG“AT'°”'TDJRSJAVELLEB"

THRUST CRAFT

|

DRAG FROM|AIRSPEED L:—
-
DRAG WIND ALONG PATH =

—+
HEADWIND

F1G.la. RELATIONSHIP BETWEEN THRUST AND POSITION.

+
INGREMENTAL < |UNBALANCED | | INCREMENTAL i INCREMENTAL
e —— —

ENGINE THRUST| THRUST ms |GROUND SPEED S ISTANGE
- TRAVELLED
INERTIA INTEGRATION

INCREMENTAL

DRAG

2F0 | o INCREMENTAL +

vo |~ _ARsPEED | = [*

ALONG PATH
DRAG +
HEADWIND

FIGIL.RELATIONSHIP BETWEEN INCREMENTAL THRUST AND
INCREMENTAL DISTANCE TRAVELLED. USE OF INCREMENTAL
VALUES MAKES POSSIBLE THE USE OF TRANSFER FUNCTIONS.

+
INGREMENTAL] _JUNBALANGED| Vo | LNCREMENTA.L. | INCREMENTAL
— - —
ENGINE THRUST THRUST 2Fo\l +MVo. /IGROUND SPEED S GROUND
= 2F, DISPLACEMENT

DRAG FROM

HEADWIND * —2 - 2F,
Vo

FIG 1c. SIMPLIFIED BLOCK DIAGRAM TO RELATE INCREMENTAL
ENGINE THRUST TO INCREMENTAL GROUND DISPLACEMENT.




LoT3

Report R-191 Page U

Since the mass of the alrcraft is 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 deater-
wines 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 annroximation 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.

=
]

1f dra,; at any sirspeed v, then

Fb{% J?. since drag varies as the squrre of the gpeed.
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S'uce the unbalanced Lhrust unier quiescent conditions 139
7ero, Lhe in-remental unbalanced thrust epouale the total value. The
incremental unbalanced thrust equals the mass, m, of the aircrait Limes
the rate of change of the jround gneea, whlch eocuals the rate of change
of increment'al ground speed. The uvlock diagrem of Fig. la can be
modified to use incremental vsliues, giving 1b.

T e head-wind disturbance can bHe related to the resulting
drag And referred to the thrust summing noint. It is then possible to
find how the combined incrermental engine Lhruet ana nead-wind drag is
related to the incremental ground speed. Call the weplace transform of
combined incremental engine thrugt and head-wind drag F, and call the
Laplace tranaform of incremental ground speed V. The complex-frequency
variable used in the Laplace trangfom is a.
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Then 2F
(r. - V) = nsV¥,
[e]
F
or F = pmaV + ;--9- v
o
y vo ]
;Phﬁ ratio g = £l ( E—-;—-;—;-: ~=). Witk thie relationship the

feedback locp of Figure 1t way be olininated, and the simplifled
block diagres of ¥igure lc results.

Lf pusition error were ueed to actuate the thrust coentrol

throgule: e Lluck cdiapgray of the sverall systen could be repregented
hy Pligure Ine (regsfer functlon of the engine will be assumed to be
g congtent & and to have no wime lng, Actually this assumption is

sptiwiscic, sepecially for jets, "he engine responsge ig characterized

b¥ a tranefer function of at leget 1 tiae lag. Tu see whether the
englne tloe _ag 1s lmpo-tant, compare itg characteristic time with the
time coostant mv, of the airp.ane. Fur a 4 engins propellor-driven

2F,

slane, F_ 1i¢ of the order of 700G wmds, v ig ot the order of 350 feet
per second, a2nd mass ig of the order of 1090 giuge. The time constant
of the ajrplare theu is about 75 saconuds
Wit ut conpensal Lo: ¢ ru=edmconlrol gystem's feed.forward
s6ction bus o transfer funciion g a " _ 4 - G
- e all

81 *ﬁ:- 8)

v = K gd == = I Phe aversll aystem function of the

mcompengste . ayele Figare  w Z
K
.S —
¥ =
. .. .

Sl .,}.\ S 1 Tal e ¥

"i ? T

‘a

tha «'mple gyetonw o Fogure £ i very inadequate. By merely

chaiy log the ayelen gaio, 1t is no! ¢ lb.a o lwprove the frequeacy
harpcieriai.cs of the ayeten " v 1ow value of K; the eysten has a

Low catoff freq.ency (narrow bandw ) " K is increased to lncrease
we bardwide the 3yuiem be g v w2l underdfamped. One system
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desisn objective should be to increase the tandwidth without decreas-
ing the damping. There are three standard types of compensation to
schisve this objective: (1) a metching lead controller, (?) airspeed
feedback, (7) ground-speed fTeedback.

If the oblective of the use of compensation were only to
moilfy the overall system frequency characteriestics, all three tynes
of compensation would be eaqually ueeful In addition to modifying the

frequency characteristics, it is important to minimize the effect of
gorrunting disturbances whose effacts should be minimized are head
wiads anéd corruptione from the non linear drag-speed relation. Both
airspuel Teedback and ground-gpestl fredback minimlze corruptions from
W non-Linesr drag-eveed relation. If ideal ground-speed feedback
rere avallenie, it woulc be mcat acceotable because directly it would
ainisize corrunticone “rom headwinca. Airgpeed feedback does not do this
Lessvas 30 does "ol cenarate founl-gpred ant wind.

he pmatohin lead controiler is effectively a high-oase filter

ehich woilt onerete gn the threttic control signal (Figure 2) It §s
magallefpctory becanss 1% 1a nlaced at » spot on the loop where all
ilgh-{recoency coerrunting sinals are largest.
1 Al choldee, then, 13 bewween alrgpeed rnd sround-
peed feedback. Actually Lthere exisis no sirole way of persuring
rrpune aomed dilectly 1L couia be mancared indirectly oy nutting e
Le ontro . .er in tae feedback loon %o odtain au snxsroximate derivative
ol the Yl 8 IR Thig technigune is nov sallsfactory becsusa
ere 12 a Large smount ol hi:h-lfreguency noise present in the navigna-
tgnaly which radicete nosition. 'with present equinment, air-
speed freddack e most ornctical, and though it does not minimize corrup-
lene 1Ton Adwincy directly, 1% al.ows Lhe overal.s syecter bto be

avabilized with = hi:h locn <ain. The high gaia reduces corruption from
hesdwinds "hue rruntion effects o1 herdwinds are diminished indirectly
hy airsnead feedback

e overal. system with airspe Terdback compensation cen be
repre wed Ly Fioure 3 The pirepeed feedback i: resresented an
ground -speed feedback nlus a corruntin, signal sogual to velocity. The
cerrupting ei,mal ie posltive for a heatwind, nezsative for a tailwind,
1.9 '.-.-aib..'._ I:-I_;‘:-:J

M-SR e

To evaluste the cloaeness of cchedule fnllaving mr:sible with
the gy-lam shown in rimre ? and Lo have oroper neregpective in further
'es.gn of compensulicn netwoerk, the deginer must attempt to characterize
al: the possibie corrunting éiatucbances, thou@: he characterization,
wey be lnexnct Figurs & 18 A trble lleling Aand desoribing the ‘~nortpnt
cormptions appearing in the speed conirol system,
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