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Abstract
T poaper summarizes current reseavch lor conditions, and are compatible with airline
ircreasing the eftficiency of traffic flow at hub sracedures and FAA regulations. The essential
atrports by application of four dimensional (4D} features of this algorithn were described In Ref
puidance technloves., A method for generating 4D 1.
g uldarce commands to control the landing time of
ircrsft that arve pov equipped with on-boerd 4D This paper briefly descrihes the selection of
guidance svstems is described, In one possible descont speed profiles, the profile peneration
implementation the commands are generated in an algorithm, and the results of an experimental
auxilisry preocessor linked te the ATC host evaltuation of the method conducted on an
computer and displaved on a controller's monitor alrifne-training-qualicy simelator of a 727
in the form of profile descent advisories. airervafr,
Accurate time controel is achieved by genevating
alr traffic contreller adviseries in a ground- Selection of Descent Speed Profil
based algorithm thet combines aerodyramic, thrust
and atmospheric models with sr efficient numerical The touchdown time of the ailveraft is
integration method, The rime accuracy and fuel controlled by appropriate choice of the airspeed
efficiency achieved when the nilet responds to profile during descent, All speed prafiles
these advisories were evaluated in a plloted generated by the descent algorithm conform to
similation of a transport airerafr, standard airline operating srocedures for subsonie
jet transport alrereft, In this procedure the
Tatroduetion piilot begina the descent from cruise gltitude by
T reducing thrust to near flight idle and using
Recent vearg have seen a conbinued Inevesse of plteh attitude to hold Mach number fixed at some
congestion in the natien's aiv-traffic-contrel ceonstant value. Sulficient thrust {s maintained
svsten, resulvivg in delavs and fuel waste to limit descent rate to a specified maximum,
especially ar those terminal areas designated by typically 2500 ft/min, As the snircrvaft descends
airlines as aperation "hubs." This study at censtant Mdch number, the calibrated alrspeed
investigates the uge of 4~0 nr time—contralled (CAS) increases steadily. When the piiot's speed
appreaches to handle traffic more effectively at indiecator has climbed to 2 specified value, he
congested Emb airports, Although the technology initiates tracking of the tarzet CAS, At 10,000
exlsty te implement accurates 40 zuidance =vatems fr ahove greund level the pilat reduces the
on beard mircraft, a erucial chatacle preventing descent rate briefly In erder to decelerate to 250
the early introduction of 4D techniques iz the knots CAS as required by ATD regulation.
lack of a method for accurately contrelling the
landing time of those atreraft that will not be 4D Control of arvival time iz achieved by
equipped for manv vears. appropriate cholece of descent Mach number and CAS
S within the speed boundaries of the afreraft. A
A& concept for contrelling the arrival times of single paramster is used to generate the complete
such unequipped sircraft by issuing to them speed family of profiles between the maximum and minimum
prefile advisories has heen develeped ro deal with speed boundaries. However, the depandence of the
this problem. An alzorithm has been constructed touchdown time on this parameter is extremely
to dmplement this concent on a ground-based micro- complex and non-linesr, and therefore {terative
computer linked to the ATO hest computer. By procedures must he used to calculate the value of
medeling how the typical pilor Plies a descent the parameter that pives » specified arrival time.
profile, the algorvithm predicts the arrival rime [rerarion is initiated by setting the parameter so
based on the current aireraft altitude, pesition the extremes of the speed enveleone ave generated,
and =peed., It then computes n range of possible therehy deternining the maximum and sinimom
arrival times baszed on operational !1nfgn iong of arrival vimesn, If the specified time Falls wirhin
the aircroft. A controller or autnmated scheduler the permissible time interval, iteration continues
sele a fspsible arvival time and, in response, by a directed tria! and error technigue until
the clearances to igasue to the convergence is achieved. Otherwis

:d time 1w

pil e o mest that rime. These ntreiler ig infermed that the
clearances take ints aceount Pvpe and woizht of gide the allowable range. [He
air » wind prefiies and atmospherd

This pager is declared 3 work of the 1.8,
Ciovernment sud therefore i3 ia the public domain.

301




Fau

For each trial
fteration, the cory
and arrival times are i integrating a
simplified set nf point mose eguations of motion,
This methad achieves the highest ne time

Faptty

Ince it can
mic and

qecuracy
atreraft's serodvn

well ae the wind ard atmespheric

It was assumed that throewn, :
descent, the piloc mairtaing either constant Maph
per o or constant CAS.  This assumption can he
toosimplify the cquation of motion fo cwe

i ifferenrinl equation ing ar
the

kel Ak

t arder
eorth fived voordinate nvstem wit
horizontal and z the wvertical axis,
af dnergdat velocity o and w that must be

integrated are:

is the true airvaspeed, the aerodvnamic
thoangle ard #  the horvizental comporent
Becance of the assumption on the speed
prafile, Y oean bhe written as ar explicit Fupetion
of the altitande =, The expression is too
cukhersams to be develrped here but can he found
ir Ref. 7.

of wind,

The aercdynanic fiight path angle, 7. , fs

derevtined by chooging ore of three commonly used
fFlight path control technic ;
thrust wetting, (2} ¢
1
i

(1Y Constant
wtant descent rate, and ()
flight parh angle. The

rate a1 three techoigues, but rhe
controller must smter the cheice actualiv veed by
A oparticular siveraft. Fepressions for

appiicakle to the constort Mach and censtant CAR
segments, reapectively, are an foll

constart inertis

aterrithm impie

O

venst

[
et
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n all expressions above the 1] engls
ssed to evaluastre sine and
1 fcient (nvelved
in caleulating B ie ~epresented by polynominal
fupctions In the 1ift ceefliclent and the Mach
rumbar.  Such functions must be developed for all
d att that ave = !V ousing
this methad.  in addition, maxirar ond Ldie thrusr
covering the operational envelope of al]
revaft must he supplied as input

ﬂﬁﬁ?wxfmnti@ﬁ can b

functions.,

The drag coed

s I

e

got ta time contre

wilue s

pating al

t

particd
vt the alporithm,

Attention is directed to the i
parcntheses in equations €3) a
corvects the Flight path an
wind shear, Ju 7. The c'Tect of wind
manmifests Itself in the descent rraijectory as an

expansion oy contraction of the distance tn

seand from crufse aleitude. For a wind shear of
agts per J000 ft atgitude, ¢ end~af-dencent
am 35,000
i more than 5 noautical miles {(n.m.} {rom the

21 peint.

toof an gircradt descending I+

Tf the descent is flown at a near-idle thryust
setting, which s the most common precedure in
airline flight, Y, {8 ehtained from eonations {1}
» owalue.

Y obhy metting T oto its minfmum or ir

and

Tntegration Aluariths

guationg (1} and (2} are ingeg ¥ oA
Fourrth order Runpge ¥utta scheme developed in (31,
1t has the advantage of glving ascourate results
with large step sizes and of not reguiring

TP st vepresants the
1 ?i+l at the
ned feas four
e increments as

svaluntion of derivatives.
time Increment, then the srtates .,
& . :
i+l time increrent are deferm
r
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The integrarion time fnerement b wese

‘rentally selacted b be ag lavge as soeaible

: each gegment of the trajecrory, in the

constant Machk and corsvant CAR ae

ze of 60 sec. has vielded accourate and
Tlv arable results.

A nten
1 5ty

numerfcnl
At the top and bottom of the seents, there
shert eopments In the trajectery where
¢v nor calibreted airapced ig
held constant. sueh transition sepments, an
agdditiors} differential equation, which determincs
the »ate of change of airvspeed, must he
integrated. The inevemental eguerions akove can
angrented In & straighe forwnrd wav to penerate
the airrpesd as 2 functien of tipe in these
nts of repfd deceleration ar aceceleration.

Can aeaounr
neither Mach nur

A& program that gensrstes time controlled
ecteries using the technigues described above
has heen written in VAX FORTREAN, The program is
constrocted in a moedular teop down fashion, wheve
the higher Tevel routines dirvect the calling
seduences and nversee the data flow, snd the lower
tevel rontines perform the calaulatiens and
integrate the cquations,

i1

Erample DNescent Profile

This seckior gives an exsmple of a complete
descent profile, including all neceszary
transiricr regments, penevated by the preg

The aireralt model used is that of a navrow hody

aireraft weighing 140,008 1bs, Tritially, the
airerai € ia creising at Mach £.8 and 35,000 ftr and
g 130 num, from touchdown. The controller clears
the aireraft to descend to a peint 30 nom, frem
touchdewn and 10,000 ft altitnde. At this end
peint the aiveraft must have completed it
teration to 250 knots CAS. Furthermore, rthe
ier has specified a descent time of 800
secords, wmeasured from the 150 n.m. starting point
te the end of the dereleration.

deg

contro]

The avnthesizad ajectory comsiste of a total
of four ents which sre summarized in Table 1.
The tiret i » Tevel flipght sogment Teading from
the starting point te the poiny of descent
calculated te Be J08 n.om. from touchdown. This
segment 1s followed by @ Mach 0.8 descent with
ergine pressure ratio (FERY, whick contrels
thrust, set to a pear Idle value {approwimate Ty
enel. The target speed calculated by the
algerithm i=m 370 knots CAS, reached ar 77604 ft.
At this poine the thi apd constant CAS mesment
ins uvsing idle thrust {(EPE=1) until 10,000 ft.
1s veached, The feurth segment is a decelerarion
from 320 to 250 knots CAS flown at 10,060 ft. The
of the takle shows thar the time and
touchdown at the erd of the last
csely mateh the specifted walues,

velating o the

e the numbsr of
nt and the Ffuel
the tahle,

Various other ﬁﬁrumcter

ed descent
E tert

Ihe n? =m,—:€
efficiancy e

cifd
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fdle thrust descent and the choice of the point of
to eliminere anw fue? wasting leiter
Lo,ann fo

degcent =0 25
Flight at rhe

b

terminal altitude of

Simulation Fvaluation

sirducted onoa
simulator

] Man-Vehicle
Ames Rogearch Certer,

Ar evaluation of the method was
so-catled Phage 17 =200 &
instailed in the recently oo

stems Reesesvch Facili

widely used by airlines
cquipped with a six
stem and a computer-—
ayaten. The

This type of simulator
for cvew trainiang. It
degree of freador motion
venerated, night/dunk wision
comprter-generated Imagery aved in front
af the cockpit windows bv Ffour projfection
giving a wide, high r tution field of view Lo
the pilot and copilet.

8YE

Test subjects were thrae current 727 piicts
one each from three major airlines. A tail-wind
of TG knots at 35,000 ft, which decreased
Tinearily ta zero at grou level wae wimalated,

There was Light turbulerce and the CCiJlng waR ot
L3080 £t with tope at 10,000 ft. Pillots wers
briefed on wind and weather renditions prior to
the simujation., Feeh simulaved flight congisted
of 2 straight-in approach heginning av 150 n.m. to

the runwav threghald and 35,000 7t altitude.

initdally ecch pllot flew & profile descent
and approach using & procedure recommended hy his
airline, All rhree pllots used essentlally the
same procedure, consisting of a Mach 0.8/780 knets
CAS descent profile. Fach pilot also used a well
known rule of thumbh to select the DME range to
touchdoewn ar which to initiate the descent
(top-of~descent}, These base Tine profiles were
flewn without aly traffic control advisories.

After completing the base line rung, pilets

flew three f\peq of profile descents referred to
ar nominal, slow and fast. The corresponding
speed profijeR were Mach G.8/320 Knats, 230 ¥nots,
and Mach 0.84/7350 Knotg. The slow and fast
nrofiles repregented the usable extremes of the
aircraft’s speed EﬂV@}*pe. An experimenter
located at the engineer’s position In the cockpit
issued simulated aiv traffic ceontrol clearances to
the pilets, PFilaets were briefed or the importance
of exercising care in fellowing the profile
clearances. The clearances specified DME range
for the top-of-descent peint and the descent Mach
numbayr and calibrated airspsed, The clearances
had heen caiculated @ff«llne by the previous
deseribed computer wrogram and weve printed on a
compact fore convendent for use by a controller.
Each profile except the {ast descent was [lown at

sr I vimes. These relatively few simidation

ch profile type are thought to be
o eetshlish importent trends hut sre
£ to warrant caiculnh,o? of gt
itfes of interest,

of vorious guan

£ ¢ cage, The
tch ig defined as ference
hetwean rhe savliiest and latest an For
a1l prefiles of a given type, is reduced from 196




seconds for the base e profiles to a maximue of

35 meconds for the nominal profile,

The wvariskiliey of the slow profile has an
extremely low value of only seven secondas. This
resule can be explained by ite greater sivplicicy
comparesd to the other twe. The slow profile lacks
& constant Mack gepment and can he {lewn at idle
thrust for the entire de=cent. The absence of a
deceleration sepment ar the bottom of thes descent
further helps to reduce timing errvers, TFProfile
complexity 7w thus =een to have an {mportant
effect on time conptrol accuracy and should he
carefully considered in cheosing 4D descere
profiles fov manual {light.

Comparison of times listed in the first ard
second columne shows thet the average descent
times for the three types of advicory-controlled
rrofiles are alas accurately predicted by the
algorithm, The accuracy achieved is all the wore
remarkable considering thot the descents were
flown marually, ard that rhe adviseries were given
orly once befcore the start of the descents,

The eolumns in Teble 7 that tabulete average
fuel use show that the slow profile 15 the most
fuel efficlent and the fast profile fhe least fuel
efficient. The rominal prefile, thaugh
considerably faster than the hose line prefile,
consumes only ghtly move fuel than the hase
line does. Thus, the tradeci? between time and
fuel, so importent in sirline cperaticns, weighs
in favor of choasing the nominn) profile when
there = no scheduling confiict.

The range of fuel consumption for the four
types of deseerte, listed ir the last column,
shows characteristics slmilar fe the time
variabiiity. The diffevence of 700 1hs for the
base line descents 18 reduced to a maximum of only
34 1be for the controlied descents,

Tr pddition to evalusting the tailwind
sonditlior deserihed shove, time accuracy of
profiles wae also determined for hesdwinds and
zere winde, These conditions vielded results
basgically similar te the cnes described,
Farthermore, the time wariability of flvinz from
the 36 n.m. point to touchdown was investigated
for hoth a straight-in and a srandard approach
pattern, the latter consisting of downwind, bage
arid Final segments., Aralvais of results for these
tests is still ip progress,

Pilots parvticipating in the simulation
generally reacted favorably toward the profile
descent advisory corcept. They cited as the
primary benefit the scourate timing of the reop-ofw
dezcent point in the presence of complex
sltitude~depaendent wind profiles, Moreover, thev
considered the advisories as unchitrusive and all
prefiles asz comfortable vo flv.

The exparience of
following ur conditionsg
accurate fime control of uneguipped al
First, dewrent procedorss giv
should pond to widely used
Second, pi
purpGse
executing it

are neECes

cts mugt be carefully ;
the advizory aud the importance of
Third, aircraft

performance and trajectory dynamics must he
aceurately wedeled in the algerithm. Fourth, an
altitude~dependent wind model must be updated
frequently te reflect current wind conditieons,

The time accuracies achieved in the simuistvion
would be adeguate for a time-~based alr traffic
contrel svstem 1€ they could he duplicated in
practice. However, uncertainty in the knowledge
of the actual wind profile and inevitable lanses
in pilot attenticn to the profile trackiong task
will result In larger ervors than ohtained in the
gimulation. One can attempt to eatimate such time
errors from analysis of ATC radar tracking returns
during an alreraft's descent. They can ther be
reduced by the controller issulng an updated spead
clearance near the midpoint In the descent, Byv
this method it ig considered feasikle to contral
time ervors at the 30 n.m, point within +20
seconds, A simulation test of the mid-descent
zorrection clearsnce is planned for 1986 after an
sn=-line implementacion of the pragram has been
completed.

Concluding Remarks

The descent profile advisory system deseribed
in the paper promises to be an accurste and
flexible tool for assisting an air traffic
controller in controlling the touchdown rime of
aircraft not ecuipped with 4D guidance systems,

Tt can help to achieve the benefits of 4D
guidance, such as increased capacity and fuel
efficiency, without requiring a large fraction of
the airline fleet to become 40 equipped. Accurate
time control combined with good fuel efficiency is
obtained by an efficlent method for integrating
simplified performance equations along standard
airline descent profiles. A piloted simulation of
the method has demonstrated its accuracy and
consistancy in predicting the bottom-of-descent
time of an unequipped transport aircraft. Current
plans call for & more extersive simulation
followed by an operational evaluation of the
methed at an enroute afr traffic control center,
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{PRESTYEL PROFILE

CRUTEE SEGMENT
~ Step size e 300,0000 sec

Mach is held constant

x

Hle

5T E epeed {e heid constant
ture ~108.0001 n.mi total distance
- Allowable capture error of -+ T.00O0000E-03

Dist
{n.mi)

Alr Mach
1)

¥otr
{kts)

Vogal

(kts)

famra
{deg)

A }}Q

Thratk
{the)

FTuel
{1bs)

9824 .0 0.0
9824.0 6171

0.00 150,000 35006.0 0,80 461.1 nERLD o.nG b.as
286,37 108,000 3R000.0 0.8¢ 461.1 2770 .00 1.95

— 2 integration steps

CONSTANT MACH ERGMENT

- Step size is 63.00000 sec

- Maeh is held constant

~ Vertical gpeed 18 held conastant

- Capture 320.0000 krs CAR

Allowable capture error of 4= [.000000

Timo Nist Al Mach Votr V ocal Camma FPR Thret Fuel
(sec] ip.mi} (Fe) (kts) (kea) (dep) (the) {1ha)

L8O 461, 272.0 ~3.21 .00 9G0. 3 517.1

108,006 350040, !
LEO 467 .4 191.0 ~3.21 1.0% Z475.5 648.5
4

99.193 26040,
A06,32 G4, 382 29006,
434,25 86.278 17603,
~ 4 Iptegration rteps

286 .27
346,32
L8O 473.5 310.6 -3.2 1.08 2246.4 689.9
L8O 476. 319.9 ~3.71 1.0% 1664, 8 713.1

D
ot Bt i B

COMSTANT CAS SECMENT

~ Step gize is B0.0M0000 gec

- CAS 1g¢ held corstant

~ EPR getting is held comstant
NG00 .a0 feet altitude

w Capture

- Allowable capture error of +- 7.00000C

Time st Alr Mach Voer EN {amma FOR Thrat Fuel
faac) (n.mid (ft) (kts) {kta) (deg) s {1bs}
434.25 86,778 ?7603.7 0.80 576.4 119,49 -2.,9% 1.00 73.7 Ti3.1
494 .75 77.661 P4B95 R 3,76 4574 219.¢9 =301 1.00 ~135.3 7481
584.75 68,437 2A224.7 4,72 438.5 119.9 -3, 1,00 ~278.8 7671
614.25 f1.584 19594.3 (.69 422.8 319.9 -3,27 1.00 ~383,2 7948
674.25% 54 .40 169%6.4 0.65 406.9 319.9 -3.32 1.ne -150,09 823.5
734,25 46,933 14439.0 G.62 397.0 319.9 ~3 .47 1.00 -334 .58 8546
794,75 40,0696 1i927.2 .60 37801 319.9 ~3.51 .00 -294.,0 48%.3
B44.99 34,987 10600.1 0.58 367.8 3jle.9 3,80 1.00 -2ea.] G188

- 9 dntegration steps

ROTTOM-OF-DESCENT DECELERATION SECMENT
- Step size is 30.00000 sec

~ MNeither Mach nor CAS 1s held constant
~ Vertical epeed is held constant

~E¥R zetting 15 held constsnt

- Capture Z30.0000 Lkt CAS

~ Allowshble capture error of 4 [.0G0000

31,
%99 17 :

- b imtagrat

Time ist ALt Mach ¥oesl Gamma EANS Thret Fusl

(e fro, it (Fed (kesd {dew) {ibsd {iksas

240,99 34, GR? 16801 0,58 319.9 .08 .00 ~289.3 218.8

830,99 1 0.51? 2RY LS 0.060 1.600 ~175.9 937 R
L4B 7.1

149.8 .00 FOG ! 454.9

ANR

R




TABLE 2 SIMMARY OF .

Time {(Secondg) and Foel {Pounds) to 3 n.m. to Touchdown Point

Time Avg., Time:
Predicted N, of Range of Fuel
iy Nescents ime Avg., Hae; Fuel
Tepe af Profile Algoritha 0 Diff. {3} Fuel lse MEf. (9
M 0.87780 KOAS
Without Profile - G673 890 - INRA 1045 945 - 1145
lvigories 53 {136 200

hemiral
M OLLE/BE0 KCAS 2ag3 895 BEG ~ 975 BRI 1064 - 1098

Top of TDascent: (4} {353 (343

108 nom.

Slow
230 FCAS 1164 HLOG LO98 -~ 1164 771 764 - 778
Top of Descent: {53 (7} (143

133 n.m,

Fast
M 0.84/7750 KCAS 867 260 854 - 871 1175 169 - 1183
Top of Descent: (33 (7 (14}

N7 o.m.

* Simulation runs started at 150 n.om, from tevchdown, ¥ = (.8 and 35,000 ft.
Aireraft welght at atart wes 140,000 lbs. All rune used a 70 knot teil
wind at 25,000 ft., decrenging to zero at sea level.
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