1 A fast vertical trajectory prediction method for Air Traffic Management, and relevant ATM system
The present invention concerns a fast vertical trajectory prediction method for air traffic management
(ATM), and relevant ATM system.  More in detail, the present invention concerns a method which is
able to calculate the vertical trajectory of an aircraft, by integrating in a suitable way numerical
solutions and analytical solutions for some flight phases, in a fast and computationally effective way.
The present invention further concerns an ATM system implementing the method of the invention.
ATM systems are currently supporting flights. However, the relevant international traffic is increasing
rapidly [4,5] and the need is fe/A flashnekiidaidyajectsrihptesiipfont metnad éorohitignadfibat is much
larger than the one of current operzw've sgstemrﬁe. 'I;_Q%:@f%rteAm gu&)en&?tion level in ATM
processes must be increased to ful AR ?éaﬁlr AR RN UMDET oY Aircrafts that are planned to fly
in the next generation airspace would require a non realistte-number of human controllers [6]. As a
consequence, software cqontrollers wauld replace human ones in the.main fungtion suc onflict
resolution. Several tgg-lg grrgﬁ%%l%e'rn g\?%%’ﬂ)rﬁgﬂ?%nssu gp(f)ar?ttfyg ﬁhcﬁir%a ﬁf’;é@ﬁ é%scg?e%s%ftware
controllers. Indeethsthoe fonaiidreffie qnaragemeagtddmpexaaidoetbwss vt kgsteyrcomputational
Lﬁad- Moreover, since a ﬁ%%%Tne <§8l‘é§i?%‘é I';}\er%geeﬁ’f Inese:R o8 IS, 'Q%'%B&S‘H?&Hj‘éﬁ.ﬁg ensure
e output of a solution in"a short time."’In particular, uncontrolled Toops must bé avoided, since they
prevent the systerattie ftofittaleilatgu itesneatticaititraedtoeynihiam. aircrAf, itwp ontagr st of fols that
are needed for future airspace management are canflict resolutio 4?%]‘.% to be
supported by accut rlé?%gaqlggj\eh’c%r{} E‘|c‘)rrne‘:f§1ii((::trzlgll)nS 3%%?%%%5’11 PE) gazf1n‘?;e&$}z§'tcerzé fégﬁgﬁ% solu |§ﬁgé1%ﬁ§iﬂettected
in-flight congestiopbalsetheras féshamhmreputatibally bifecthewaeyElup pdeseptonidentfioctive
trajectory predictiqﬂr{ '1r1]ch§‘c?%¥Px%i”éﬁsuﬁ?ﬁ'%§§é%th%ﬁ§%'%%@ﬁﬂ é)f ﬁ,\gro%rtﬁr&ie(cispr ediction
tool are: The tool must be capableto Support real-time conflict resolution, I1.e. thousands of runs must
be performed in feémveabionds; The tool must be based on the knowledge of parameters included in an
aircraft database that co traffi ' - S jgible
A R T e A

number of new aircraft mod S Introduce nsuret on 1) IS satisfied,
the trajectory predictéonatmplitatfiicalseinineasiogt tapidiyubedlsantatiepestnis fiel doniamum

number of needed I0NSs lution. . ng.conditiqn. il wide
standard databaséﬁ\ m%yés ;me}e%ﬁ%ggapsﬁ P@grgnﬁ‘%’%&%ﬁ]ggtfgaﬁ%%&%o%%%ﬂﬁ'#ag\feﬁﬁaﬁ%” eveloped
in the last few yeaosnes & ADATN elseribpedysiaoeingngTM Europe for EUROCONTROLTM. The

version 3.6 included all pﬁﬁ%rr‘ré%%s nﬁ@eg%mﬁgﬁtgﬁgra{ﬁalﬂtpgp ?’ch %ggs Y)ﬁiHétIhBqu%

coverage of all aircraft operating in' Europe up to year and the majority of aircraft types operating
across the rest of thergassd [14] fulfilir Hbisoltewintpjoemal Bngclasankerclateditoraits sthat fed of

automation of AT : eSlaft - Y ATrai is.f ir. Traffic.
Automation,” AIAZ6 %ﬁﬁ%f@ﬁd%ﬁe go%ﬁ?@ﬁ‘D@%ﬁ]%q%@%gl aslﬁee%r,%grrc -,ibx%lrcl;l 1997,
pages 232-238; Swemben o hmaoaegtllerndellahe, 25 cariseaneme, Ssaftease Towseiers, B.,

Heere, K., "DeSig'}@“@Q@gfé‘é@ﬁ%@ﬁ'&ﬁggrﬂn%@‘?n%ﬁ'fﬂ?nWQBHFFQ%QKﬁB{ Bt Worth Air

Route Traffic Con enter,” 1st Europe Air Traffic Management Research and Development
Seminar, Saclay, FranceSgyeeal $9gis are under development to support the implementation

of safe software controllers. Indeed, some functions require running
complex algorithms with a heavy computational load. Moreover, since a
real time solution is needed, these algorithms should be adequate to
ensure the output of a solution in a short time. In particular, uncontrolied
loops must be avoided, since they prevent the system to fulfill the
requirement for time determinism.

An important class of tools that are needed for future airspace
management are conflict resolution systems [4,5]. They need to be

supported by accurate trajectory prediction algorithms to generate realistic



3 Glover, W. and Lygeros, J., "A Stochastic Hybrid model for Air Traffic Control Simulation™" in Hybrid
Systems : Computation and Control, ser. LNCS, R. Aluy and G. Pappas, Eds., Springer Verlag, 2004,
pages 372-386; Marco Porretta, Marie-Dominique Dupuy, Wolfgang Schuster, Arnab Majumdar and
Washington Ochieng, "Performance Evaluation of a Novel 4D Trajectory Prediction Model for Civil
Aircraft”, The Journal of Navigation, Vol. 61,2008, pages 393-420. It is worth noting that none of
the above articles reports about a real-time implementation of trajectory prediction for the automation
of the current form of Air Traffic Management System. It is object of the present invention that of
providing a verticaldhatieci® fpp detetied rimetligict foorgestiafis. Ntathe dasd feihatesnivesaerptoblems
and overcomes the difficulties of the pripr art. It is specific,0bject.of the present.inventign a system
for Ar Tt ManeSir B R SRR EE e R SEeeRe S8 aR TR R TG Pracer
of the present invaiteomaimthoskfoelate ptedibemealizatioaftf eepioperdjagotprynppedictidear for Air

Traffic Manageme{n%tca(‘)mprising the following flight calculation modules: Take-off; Climb; Cruise;

Descent; and Lanacl)ng, n(an'rresponding to the relevant flight phases, characterized in that: the
calculation of the predictéteaimrafntrsidaagpatdédotedpsinyraaldimmei ot sesp ool losving total

energy model (TEM) equalignghdk BR(dRs hidtdepErEME YRR B/IES AT 14 mo-(T D)I-

ESFIMI) diTAS
ii. The tool must be based on the knowledge of parameters included in

an aircraft database that covers all managed traffic and that is

updated as soon as a non negligible number of new aircraft models

is introduced in the market.

To ensure that condition i) is satisfied, the trajectory prediction
computational engine must be reduced so that it performs the minimum
number of needed computations to generate a solution.

Regarding condition ii), the worldwide standard database that was
selected as reference in most of the ATM tools that have been developed
in the last few years is BADA™ developed by Boeing™ Europe for
EUROCONTROL™. The version 3.6 included all parameters needed to
integrate aircraft altitude and speeds with the 99% coverage of all aircraft
operating in Europe up to year 2006, and the majority of aircraft types
operating across the rest of the World [11].

The foliowing journal articles are related to the same field of
automation of ATM systems:

- Slattery, R. and Zhao, Y., “Trajectory Synthesis for Air Traffic
Automation,” AIAA Journal of Guidance, Control, and Dynamics,
Vol. 20, issue 2, March-April 1997, pages 232-238;

- Swenson, H. N., Hoang, T., Engelland, S., Vincent, D., Sanders, T.,
Sanford, B., Heere, K., “Design and Operational Evaluation of the
Traffic Management Advisor at the Fort Worth Air Route Traffic
Control Center,” 1st USA/Europe Air Traffic Management Research

and Development Seminar, Saclay, France, June 1997;



th = -f dh =TAS sin 7 solved for VRCD, TAS, and m; where VRCD is the vertical rate of climb or
descent; TAS is the true air speed, ESF is the energy share factor, T is the thrust and D the drag, m
the mass of the aircraft modeled as point-mass, {M} is Be Mach number depending on TAS and
temperature and altitude, g is the gravity acceleration, and f is the fuel flow, and y is the flight pat_h
angle; the calculation of the predicted aircraft trajectory for Cruise phase, wherein only the mass is a
variable, is performed by using the following analytical solution to said TEM equations: Solved for the
mass nip, at the end of the cruise phase as a function of the initial mass mu,, and wherein t is the

elapsed flight time, k9-andloverrewonsianUipgaeorardefined pesardiporgsihe indbddyabpingaft
Preferably according to thle [ vegion for the Take-off phase, which is lelgled into ground roll,
transition and initial climb 6ﬁ%§é QRERLBIMHIBHAN tHE bheBrideSWHEME trheiopyiatigsiiantied by

using the following analyt@ehselutensitne®d REM BoatiiaBs PAIRAR E£HEE ShtifAgeMPerdR I LOR
; h(tm) =; V (tm)= VLO :12208]4!,'";%79&%57 29%%5;3'3 Cw2
- Marco Porretta, Marie-Dominique Dupuy, Wolfgang Schuster,

Arnab Majumdar and Washington Ochieng, “Performance

Evaluation of a Novel 4D Trajectory Prediction Model for Civil

Aircraft’, The Journal of Navigation, Vol. 61, 2008, pages 393—420.

It is worth noting that none of the above articles reports about a
real-time implementation of trajectory prediction for the automation of the
current form of Air Traffic Management System.

It is object of the present invention that of providing a vertical
trajectory prediction method for Air Traffic Management that solves the
problems and overcomes the difficuities of the prior ar.

It is specific object of the present invention a system for Air Traffic
Management that implements the method object of the invention.

It is subject-matter of the present invention a method for the
prediction of aircrafts vertical trajectory, in particular for Air Traffic
Management, comprising the following flight calculation modules: Take-off;
Climb; Cruise; Descent; and Landing, corresponding to the relevant flight
phéses, characterized in that;

- the calculation of the predicted aircraft trajectory is effected using a
computer by using the following total energy model (TEM)
equations:




that are solved by the ground travelled distance x, wherein t TR is the transition phase time, tu, is the
exact time of lift-off, XTR, the travelled distance at tTR, 7-1-R the travelled angle during transition, V w
the lift-off TAS, h is the altitude, hTR the altitude at :TR7V is the current TAS, (V staloro is the stall
speed of the aircraft with gear down, W is the aircraft weight, Cp ig ow,red -- the pre-defined coefficient
of power reduction. Preferably according to the invention, for the Landing phase, the calculation of
the predicted aircraft trajectory is effected by using the following analytical solutions: (h- hO)T7(.,4 ,"'n+
01,", - 11)170 for the glide approach, and dh = dt siny for the flare, wherein h is the altitude, hp is the
altitude for the beginning of glide a ro(aph,lbl creen -- t‘E}e decision altitude, VCA,screen is the
calculated air speed (CAS) spe’éﬂctp Heﬁhgdikgtﬁﬁfew a) is the CAS speed at ho, Vc the CAS
speed at h; Vil are thie CAS speed during flare and 7 is the slope of the vertical
trajectory during flare. 6 Pr@fﬂ%ﬁy:a(qcoqu)ggg ngﬁmﬁj@gj@ﬁi‘%};&ions are solved:
each time a flight plan is needed o¥éhanged, in particdl4¥ before the take-off phase of the aircraft,
each time, within a fixed flight pfan,the difference between the actual position of the aircraft, given by
a radar detection, and the pred;ggedfosition is larger than a pre-defined threshold. Preferably
according to the invention, the ig;e‘g atoHIBY the TEM equations for the calculation of predicted
trajectory is made by using a pair of maximum integration pitches for speed and height, in order to
address the minimum computational load at an acceptable accuracy level, the maximum integration

pitches pair being deter '8 5’¥<Pref} in following P ' imulations, . accerding to
said TEM equations, ofréﬁmﬁg% descerﬁ%d% gr%?sg %%a@bsﬁgfﬁi@r%rﬁgﬁ%u\{é@éé g?tga?rfs) of
speed and height pitchesclianyiagdaseeatinidmisnthaliee péispeatn&dmimnthaleesrgrishassuming
the minimum values pair@‘gﬂe Q t,acc \Y ir: E ach gi ion, rising_¢limb,
descent, and cruise phases, cér?;ir%tg%t %ﬂr%%u?ﬁ?gorﬁel‘peor‘#r%g the &?c%% Oﬁ?ﬁ)? (')rf"'?é%(ﬁch pair of
speed and height pitchesnateledgscpantanpssnidlins tbeidlaphinumber depending on TAS

and temperature and altitude, g is the gravity acceleration, and fis

the fuel flow, and v is the flight path angle;

- the calculation of the predicted aircraft trajectory for Cruise phase,
wherein only the mass is a variable, is performed by using the
following analytical solution to said TEM equations:

dISt 1 -1 k k
{~f = - Jt Bk LU —tan”Y (2.
T [ ] { [

Solved for the mass my, at the end of the cruise phase as a

function of the initial mass m,,, and wherein ¢ is the elapsed flight

time, &y and k;y are constant terms pre-defined according to the

individual aircraft.

Preferably according to the invention, for the Take-off phase, which
is divided into ground roll, transition and initial climb phases, the
calculation of the predicted aircraft trajectory is performed by using the
following analytical solutions to said TEM equations:



Choosing the optimal pitches pair as the pair representing the point that has an error of less than a
pre-defined threshold value and it is also the most distant from said minimum values pair.

Preferably according to the invention, for all the flight pﬁases except Cruise, the TEM equations are
integrated and, for any i-th, i being a positive integer number, integration step: 7 one checks that the
calculated performance status is within a predefined target PS, comprised of a target CAS and target
altitude h, calculated on the basis of a pre-defined flight envelope; if the calculated performance status
is outside the flight envelope, performing the following steps: substituting said calculated performance
status with a corrected performange, status that is nearest to the boundaries of the flight envelope and
to which a safe margin diétaiise Tf@gﬁméﬁafb Ak heclin biller 19206 dnat in the
subsequent calculation it goes outside the flight envelope; proceeding to the i+ 1-th step of integration
starting with the corrected performance status, i.e. corrected CAS and altitude h. Preferably
according to the invention, the effect of the wind is taken into account by adding the following
equations to said TEM eqgations; G@L""g)* Long ;ITALY -WS -VRCD2 and solving for GSiong, that
is the horizontal componégt ot é‘aml% nd'gpe\ed, and for yi that is the heading angle, wherein
IFSL,"g is the horizontal wind speed, WSLat is the lateral component of wind speed, beta is the course
angle. 8 The results obtained by solving said equations may be displayed graphically. Itis
specific subject-mgtter of th tem for Air Traffic Ma ent, comprises a electronic elaboration
unit for the calcula iél% o‘%fI eg (gllr\é%scﬁeyd %Péajeg g%nan%gvc%?ﬁ%fo é?tg{' fe igW%&rc?\WdifTﬁ ] stfﬁ%
electronic elaboratiamsitinmatbesdatimeage casnthandsdot thime agé clifiopthexaircthé Hesstsléallow,
characterised in that said electronic elabgration unit executes a translation of the natural uage
commands into in%%éﬁaf:nee%:g’*\’/gﬁ'}gtg,ea %Viﬁ"ﬁ%taé‘g%gj&wgnﬁrcagﬂh%?at (i gﬁ%%f@f t?:%‘r%galculation
of the method thatrigsstiigesattitoaderof the pitsei Wveptivhis the tUsSMETAS SUbjentwrstire of the
present invention is an electronic, elaboration ynit, characterised in that it c rises code means that
execute, when runs,tﬁﬁmgsr%%ﬁqoé}t%‘& %rg[ﬂ?fe‘@hﬁﬁa éf’m@’ﬁéseﬁﬁrﬂ)éﬂﬁgﬁfee‘gﬁlt i @p@éﬁic
subject-matter of thee preseefimse tibeffiaieatyfeneiogidattiemaracterised in that it comprises code
means suitable to execut?t v¥hen fhe%:runr(fn a ele\%}géoratlon ?lectr?nlc unlt],_the calcuLatlon ?ﬁgordmg to

the method that is subjec -r%ﬁfgpé’f é:?)r 'Egn{?n higyention, for the Landing phase,
calculation of the predicted aircraft trajectory is effected by using the

following analytical solutions:

(h o ho )I/(,?{,.s'creen + (hs‘creen - h)I/Co
h .. —h

SCreen (2}

I/E,:

for the glide approach, and

dh .
_c}; = V}‘Iare Sm }/

for the flare, wherein 1 is the altitude, %, is the altitude for the beginning of
glide approach, ..., is the decision altitude, Ve . is the calculated air
speed (CAS) speed to be reached at kqen, Vg is the CAS speed at ky, Vi
the CAS speed at /; Vj,.. the CAS speed during flare and y is the slope of

the vertical trajectory during flare.



It is specific subject-matter of the present invention a memory medium, readable by a computer,
storing a program, characterised in that the program is the computer program that is subject-matter of
the present invention. It is specific subject-matter of the present invention a method according to
the subject-matter of the invention wherein the results of the solutions of said equations are displayed
graphically. It is specific subject-matter of the present invention a method according to the
subject-matter of the invention wherein the results obtained are employed in air traffic control. S

The present invention will be now described, for illustrative but not limitative purposes, according to its

preferred embodiments, Riidfgratiigu@cosigiencptctitee ipnertaf, thhenTopedduatings, adgerein:
figure 1 shows a géer?er | flow chart of the method according to the invention; figure 2 shows a flow
chart of the routin@*¢6i puteTEM" in the method according to the invention; figure 3 shows a

flow-chart for initialisatioeatptimthe Mighogianciy tiagdedherintenpipi, g yarichawseidiew-chart
for the method accordin%%gﬁhg inv&n ion ap?l'ed tq accelerated climb/descent phase; figure 5 shows
a flow-chart for the methdFa@EH& gﬁ’ trelin h@nﬁﬁﬁragplied to accelerated cruise phase; figure 6

shows a flow-chart for thegprthipsleackarii e textee imgitti plaap PR dirfehanss setieyehpgiéormed at

constant TAS; figure 7 shows a schemati repre_sentfegion of the landing phase of an aircraft ([based

on Ref. 2]); figure 8 shoREHILRIHY YRS 0 PIETRMEINShE¥AHa o AREFIARd @sh i ds: figure
9 shows a schematic repgesgitiedopoeitibe iakaeféphasedinscdaiinédhrégHdL0 shows a takeoff

simulation logic accordirllﬁ to the known art and standards; fi_%ure 11 shows a contour plot resulting

from typical simulation run'BIFERY ARFAHNGe!Bid R YRS B IISHRIGR BE NS & Mr with
respect to minimuaypieedE foi (ks DaRCtidMafipibeide nHgactiey e haso Byt depair

performance statucsfr'gn%ss(sl,i Emeiﬂ%ég?’é%o%‘:gﬁ{:ﬂgg %&tg%(iarév ra]\triw%nli\elight, in order to address
the minimum computational load at an acceptable accuracy level, the
maximum integration pitches pair being determined by performing the
following steps:

- Performing simulations, according to said TEM equations, of climb,
descent, and cruise phases for uniformly distributed set of pairs of
speed and height pitches ranging from a minimum values pair to a
maximum values paif:

- Assuming the minimum values pair as the most accurate
values pair;

- For each simulation, comprising climb, descent, and cruise
phases, carrying out contour plots reporting the percent RMS
error of each pair of speed and height pitches with respect to
said minimum values pair;

- Choosing the optimal pitches pair as the pair representing the point
that has an error of less than a pre-defined threshoid value and it is
also the most distant from said minimum values pair.

Preferably according to the invention, for all the flight phases except

Cruise, the TEM equations are integrated and, for any ith, i being a

positive integer number, integration step:



figure 13 shows target level speed margins, according to the invention; figure 14 shows a performance
status margins definition, according to the invention; figure 15 shows a course vs. heading diagram,
according to the known art and standards (ICAQO); figuré 16 shows a definition scheme of the forces
acting on an airplane [4], according to the known art and standards; figure 17 shows a schematic
representation of the landing flare phase [4] of an aircraft; figure 18 shows a schematic representation
of transition to climb [4] phase of an aircraft; figure 19 shows a schematic representation of geometry
of transition to climb [4] phase of an aircraft; figure 20 shows a schematic representation of an air

traffic control system accerdinghisckeetiaeniopariiateld fafbmnahidamalionaligPeseat invention

is implemented and used.%@%’ﬂe tool according to the invention was developed in the mainframe of

SESAR project funded b IBRENSnisAprised phareRiCRSANAJamalcaiRidh will be

also called in the followingafvigiEieal driales eyt eFdighrNAIAAEI Mg HVERAIopavas developed in order
to predict the altitude prof{le of the trajectory of an aircraft during a typical mission, in the framework of
R

an enhanced-Flight Data' Jeg spsfalarnce statHsik guigidadbedlistiheaMaiante
activities of main Air Trafﬁemnﬁggwfd&%@gé%ean control centers. The above mentioned
altimetry profile could be combined with _%eodetic trajector%profile in order to allow for full trajectory

prediction.  The main purpost R EREa BRI CaIGHIISG o rRRAOETB S eB18US raitbticR ertical

trajectory profile for each operatingrseeste thatrfsrhhseennagded bnir Tdaffiasragiroligrsidde list of
all implemented operating modg)sg@é%)orted in the following section. The vertical trajectory profile
[

was defined by means of a tim Bes ehife fighb evelars: and toandicherrsafamargiatus (PS).

This type of information was dettignines fre@stiegiinadhedatiewing irydes fan eaelingiagidigthe time
sequence: 1. Aircraft Mass (m) R)Br%sg';éz Estimated Time Qver (ETO or t) [10-7s]; 3. Estimated Level
i

Over (ELO or h) [feet]; 4. True dhqSNEFaaRe) eale shaastcuisidrdie flight

envelope;
- proceeding to the i+1-th step of integration starting with the

corrected performance status, i.e. corrected CAS and altitude
h.

Preferably according to the invention, the effect of the wind is taken

into account by adding the following equations to said TEM equations:

GSL()ng = yVSLong + %/TASZ - WSZLar - VRCD2

Long

WS
=pf harcthZ : - Lat - )
VTAS? —WS20 — VRCD

_WS _WS
w=f—arctg| —L | = B —arct Lat =
g( TASMJ d g{ GS WSWJ

and solving for GSi. that is the horizontal component of the aircraft
ground speed, and for y that is the heading angle, wherein WS, is the

horizontal wind speed, WSy, is the lateral component of wind speed, beta
is the course angle.



6. Vertical Rate of Climb or Descent (VRCD or ROCD) [feet/s]; 7. Travelled distance d travel [NMI]; 8.
Ground Temperature (GT) [C]; 9. Normal acceleration [g]; 10. Longitudinal acceleration [g]; 11. Aircraft
heading Nr (). Moreover, a solution had to be proddced for each type of maneuver that could be
commended by Air Traffic Controllers during a flight. Some project constraints were assigned to the
system so that it would be adequate for real-time operation of conflict resolution routines. It must be
capable to accurately track the performance status of aircrafts during all typical transport aircraft flight
phases such as takeoff, climb, cruise, descent, and landing. The aircraft dynamics was determined by

using the Total Energy Moded (fEs\Wisthuisthineedbguselviag efficieagpaiindanaynasieliblapigraft
configuration paramet?{Js ir}cluded in the database named 12 Base of Aircraft DataTM (BADA) v.3.1
[1]. This database AR 83‘ Yed by EUROCONTROLTm. Figure 1 reports the main flow-chart of VTPA

algorithm. Main algorithm fitaisrespegificatiubjpodemi@vest! dperaiingystedesfare providatifor the
VTPA algorithm, sMch as: 1. Take Off mode. Thistmoderﬁ(ienera es a Piﬁg{ng serieﬁiﬁr a takg—off of an
aircraft; 2. Landing AN TR mcg(ﬁgpdéﬁérgtggeg pEli a?é)ﬁ@ B AR Beo?:ﬁ ﬁ'l!ﬂih? . Reach

a speed mode. Thisemprizigtectratgiectdtp time serdesfwliespsfethandithitepbswiiahgidot sagment of

ot Ml O A B B A

segment of an airct
cruise flight segméimg. aircraft has to follow, characterised in that said electronic elaboration

unit executes a translation of the natural language commands into input
numerical values, and in that said electronic elaboration executes the
calculation of the method that is subject-matter of the present invention.

It is specific subject-matter of the present invention is an electronic
elaboration unit, characterised in that it comprises code means that
execute, when run, the method that is subject-matter of the present
invention.

It is specific subject-matter of the present invention a computer
program, characterised in that it comprises code means suitable to
execute, when they run on a elaboration electronic unit, the calculation
according to the method that is subject-matter of the present invention.

It is specific subject-matter of the present invention a memory
medium, readable by a computer, storing a program, characterised in that
the program is the computer program that is subject-matter of the present
invention.

it is specific subject-matter of the present invention a method
according to the subject-matter of the invention wherein the results of the
solutions of said equations are displayed graphically.

It is specific subject-matter of the present invention a method
according to the subject-matter of the invention wherein the results
obtained are empioyed in air traffic control,



6. Performance Status Reassignment mode. This mode reassigns the final PS as specified in modes 3
and 4 if, downstream of numerical integration, one determines a PS outside the actual flight envelope.
7. Performance status and performance margins modes. These two modes computes the speed and
altitude margins of the actual performance status with respect to the actual flight envelope. Input
parameters Initial Performance Status that is composed by the following terms: 1.Initial mass; 13 2.
Initial ETO; 3. Initial ELO; 4. Initial TAS; 5. Initial Ground Speed; 6. Initial VRCD; 7. Initial travelled
distance; 8. Initial Ground Temperature; 9. Initial normal acceleration; 10. Initial longitudinal

acceleration; 11. Initial hehdingeSenendingion Wil ererSiNGIBRsHbdbe fell aiReatREB I awde also
et AT CIRC R e S R
segment (modes %, purp : 9 P ’ P

reference to the figures of the enclosed drawings, wherein:

- figure 1 shows a general flow chart of the method according to the
invention:

- figure 2 shows a flow chart of the routine “computeTEM” in the
method according to the invention;

- figure 3 shows a flow-chart for initialisation step in the method
according to the invention;

- figure 4 shows a flow-chart for the method according to the
invention applied to accelerated climb/descent phase;

- figure 5 shows a flow-chart for the method according to the
invention applied to accelerated cruise phase;

- figure 6 shows a flow-chart for the method according to the
invention applied to changes of level performed at constant TAS;

- figure 7 shows a schematic representation of the landing phase of
an aircraft ([based on Ref. 2));

- figure 8 shows a landing simulation logic according to the known art
and standards;

- figure 9 shows a schematic representation of the takeoff phase
(based on [2]);

- figure 10 shows a takeoff simulation logic according to the known
art and standards;

- figure 11 shows a contour plot resulting from typical simulation run
on TAS and altitude pitches (the color bar reports the percent error
with respect to minimum pitch (1m,1m/s)), according to the
invention;

- figure 12 shows a target performance status reassignment logic,
according to the invention;



2. TAS to reach - TAStarget [knots], i.e. the TAS that must be reached at the end of the mission
segment (mode 3); 3. Distance to reach - dtarger. Thiigistance Is used for KeepAState, i.e. cruise,
mode. diarget is the distance covered during the cruise*tlight segment (mode 5); 4. Maximum distance
to reach a level di" [NMi], i.e. the maximum distance that can be travelled before reaching a level
(modes 1-4); 5. Maximum distance to reach a TAS drAs [NMI], i.e. the maximum distance that can be
travelled before reaching a stated value of TAS (mode 3); 6. Performance modulation. This is a flag. If
it is true, then minimum, mean, and maximum thrust configuration shall be performed in order to reach

the constraints. If it is falfigufniy L4 AR Uargetu séesinfiaatiomamghde pestsraner (moghes 1,3,4);
7.Aircraft position. It is a data set that contains information about local values of environmental
conditions, i.e. sea level f¥fiBEPQure and wind, for given values of travelled distance (all modes).

Output parameters 1.Tinfigweries ehBagaipaneerdnts stdlmnaieaiginstaesnidofinaccenihgnd/or
TAS: a. Minimum - if the final value is reached with economic thrust/ESF combination; b. Mean - if the
final value is reached Wi&?%%?f‘l'm\é? IRISYESF combination; c. Maximum - if the final value is reached
with maximum thrust/E Sfigeeentib agiasws. @opstraiat veathesting ey raen thacaoiingdexdsdn the PS
array where final level/TAS are reached. External @&1@ The external data used as aircraft data are
taken from database BAff)'l?f’\(?l1 ﬂgqa%@fb%‘%/ CONTROLTm. It contains both global aircraft

information, such as maXiguen a6cehtsoslangiefiitid @ aaetenaiéovf athe Sioglesaiserifigparameters

values, such as wing span. As prior. art feature, jt is constantl dated to contain parameters of all
g pairpia ell%r], accorcHng %o eoknown):/aH%nc} sandpargs; b

currently flying a i rcrafts:

- figure 17 shows a schematic representation of the landing flare
phase [4] of an aircraft;

- figure 18 shows a schematic representation of transition 1o climb [4]
phase of an aircraft;

- figure 19 shows a schematic representation of geometry of
transition to climb [4] phase of an aircraft;

- figure 20 shows a schematic representation of an air traffic control
system according to the invention, wherein the flux of information of
the present invention is implemented and used.

The tool according to the invention was deveioped in the mainframe
of SESAR project funded by the European Union [5].

The method according to the invention will be also called in the
following “Vertical Trajectory Prediction Algorithm” (VTPA). It was
developed in order to predict the altitude profiie of the trajectory of an
aircraft during a typical mission, in the framework of an enhanced-Flight
Data Processing (e-FDP) system, i.e. an integrated tool for supporting the
activities of main Air Traffic Management (ATM) European control centers.
The above mentioned altimetry profile could be combined with geodetic
trajectory profile in order to allow for full trajectory prediction.

The main purpose for the realization of the algorithm is to generate
a realistic vertical trajectory profile for each operating mode that is



Requirements 15 This section describes the initial requirements for the method or "tool" according
to the invention. The underlying logic for requirement definition was driven by a series of issues, such
as: Tool routines must be capable to support real-timejéberation of an ATM management system;

ii. The tool must make use of widely used databases of aircraft performances so that it could be easily
updated when new aircrafts were introduced in the airspace; iii. The tool must be able to estimate the
aircraft performance status for all typical flight phases with adequate accuracy on all terms; iv. The tool
must be able to determine up to three solutions for each call of Reach a Speed, Reach a Level, and

Takeoff modes. Thesaraghdian 3¢ taggerragitlimemmmdiMeanTaad haxigiumangensnusy be

relevant to three different levels for the values of Thrust and Energy Share Factor (ESF). This latter is
defined as the ratiSHRERHESTIRIRS IS (SRANRAID the fRNBNEG SRE!P e energy needed to keep the

level. TEM software architagtvegtical TrafeRtbRPpecfildpA0 A FrrdiNaie dne WETHAL Yasto

determine the aircr%ft a tiﬂle series of performance statuses relevant to a trajectory vertical profile of

an aircraft. This caft a8 ghidataihph WakrAIRRSIE B NGa s iatue d1o) a Bysdifieathrust
profile was assignetl iffsifapasiediasRRIAHIARE $RCEQBMBRAGARCINRIIF ARl $5lesiRg) was

TEML1 that was a point-mass aircraft model represented by the following set of equations: 16 VRCD =
- D)TAS ESFIMI iigStAGT RIVREBL SEWPRIGE(T D)(1- ESF {M}) dtTAS tit = - f dh = TAS sin)’

Aircraft Mass (m) [tons];

Estimated Time Qver (ETO or #) [107s];

Estimated Level Over (ELO or 4) [feet]:

True Air Speed (TAS) [knots];

Ground Speed (GS) [knots];

Verticat Rate of Climb or Descent (VRCD or ROCD)
[feet/s];

7. Travelled distance di,u..; [NMI];

8. Ground Temperature (GT) [°C};

9. Normal acceleration [g];

S o e

10.  Longitudinal acceleration [g];
11, Aircraft heading v (°).

Moreover, a solution had to be produced for each type of maneuver
that could be commended by Air Traffic Controllers during a flight. Some
project constraints were assigned to the system so that it would be
adequate for real-time operation of confiict resolution routines. it must be
capable to accurately track the performance status of aircrafts during all
typical transport aircraft flight phases such as takeoff, climb, cruise,
descent, and landing. The aircraft dynamics was determined by using the
Total Energy Model (TEM) that turned out as an efficient point-mass model
[1]. Aircraft configuration parameters included in the database named



Solved for VRCD, TAS, m; VRCD is the vertical rate of climb or descent; TAS is the true air speed,
ESF is the energy share factor, T is the thrust and D the drag, in the mass of the aircraft modeled as
point-mass, {M} is the Mach number that can be calcufded as a function of the TAS and temperature,
g is the gravity acceleration, f is the fuel flow and 7 is the flight path angle. The term ESF is the
energy share factor accounting for aircraft attitude in the airspeed axis reference frame that can be
expressed as a function of Mach number {M} [1]. TEM routines are organized according to the
invention in a software architecture that is composed by three types of routines such as: 1. Routines
for pre-processingRdsuirefaRitktiFbEsta?y RBAIAQ Rvaéept?r}{ e itasasinpas 3afpdigas,for testing
results. SincerEQg@? tabase [1),is compiled in ASCI| text format, the first type of routines have
been developed i dRAs data available for runtime routines. Moreover, all data that is

constant for runtime routiFigaiRnd tBpbABIRES Maly aevicemaB I Ay TipeBassraRfiom other references
was initialized using these routines. The achievement of the assigned trajectory prediction

requirements is carried out by the second type of routines. A main routine implements 17 the general
form of the algorithm that supports trajectory prediction services. A series of subroutines realize
specialized tasks, Maih atgdrithimfieatioresf parameters; 2. Check of flight envelope constraint
violation; 3. Realization of trajectory prediction steps, i.e. determination of aerodynamics drag and
thrust.  Finally, QRERIHBIA98EN testing algorithm performances was developed by the invention.

Chain testing was needegéQeiBPRIRING BB 8RS PRI MOTIENIIRGMFRT egiersion

during debugging. Preprocessing routines Two main database structures have been initialized
(imported in the in@&ntion method tool) to be used for the trajectory prediction algorithm: 1. A structure

named "BADA" byfthe inviNioDfhicRRITS AbaecRalhBdatp saprinastisthe BARATH database
developed by EUROCONTROLTm. It is divided into three substructures by the same

EUROCONTROLTm, i.e ®AnhaiiHaftucture named "OPF" that contains all data that are relevant to a
single particular aigcraft. Ingiefiflg"ROBA TTa8tHBaORRNORedY ARy iateraliiaelwded iaihmdatabase;

b. A substructure named "APF" that contains all data that are relevant to airline procedures for a single
aircraft: of an aircraft;

3. Reach a speed mode. This mode generates a PS time series for a
speed and level switch flight segment of an aircraft;

4. Reach a level mode. This mode generates a PS time series for a
level switch flight segment of an aircraft;

5. Keep a state mode. This mode generates a PS time series for a
steady cruise flight segment.

6. Performance Status Reassignment mode. This mode reassigns the
final PS as specified in modes 3 and 4 if, downstream of numerical
integration, one determines a PS outside the actual flight envelope.

7. Performance status and performance margins modes. These two
modes computes the speed and altitude margins of the actual
performance status with respect to the actual flight envelope.

Input parameters

Initial Performance Status that is composed by the following terms:

1. tnitial mass;



c. A substructure named "GPF" that contains all constant parameters that are common to all aircrafts.
2.A structure named "TEM" that contains all the data tlé]%t can be derived from the BADATm database
but that are constant for the 18 trajectory prediction algdrithm. It can be divided into three
substructures, such as: a. A substructure named "conversions" that contains all conversions factors
among the different measurement units adopted in the trajectory prediction algorithm; b. A
substructure named "Global" that contains global parameters, such as the maximum allowed TAS in
mid-air flight; c. A substructure named "Aircraft" that contains parameters specific to each aircratft.
Runtime trajectory prediction ro@tines Initial Ei$®ection reports flow-charts for all components of VTPA
routines. Routine names are higglight d.£'n red in figures. The main routine that performs general form
of trajectory prediction routines callga' @éﬁiﬁeTEM". It is organized following the scheme reported
in Figure 2. The general algorithn is chptidld rSestimate all the terms required for VTPA as above
described, such as: 1. Determingation qf f{rlgl(?nd Eadrt%'al Performance Status for accelerated
climb/descent (Reach a Speed ode),'y.I erfil '&?Wfinal and partial Performance Status for
accelerated cruise (Reach a Spéed madié¥ Y/REBermination of final and partial Performance Status for
constant TAS climb/descent (Reach a L vc?l mod é 4. Determination of final ad partial Performance
Status for constant TAS cruise (Keep g@'@\tg ?Hgﬁ 51%'.35’&8%ination of final ad partial Performance
Status for Take Off (Take Off méde); ktt@OBtotmihdupmpefrfinakad partial Performance Status for
Landing (Landing mode). - .
9. Initial normal acceleration;
10.  Initial longitudinal acceleration;

11.  Initial heading.

Depending on the operating mode, the following terms may be also
input;

1. Level to reach - hy.. [feet], ie. the level that must be
reached at the end of the mission segment (modes 1-4);

2. TAS to reach — TA4S,. [knots], i.e. the TAS that must be
reached at the end of the mission segment (mode 3);

3. Distance to reach — dug. This distance is used for
KeepAState, i.e. cruise, mode. du.., is the distance covered
during the cruise flight segment (mode 5);

4. Maximum distance to reach a level d,, [NMi], i.e. the
maximum distance that can be travelled before reaching a
level (modes 1-4);

5, Maximum distance to reach a TAS drs [NMi], ie. the
maximum distance that can be travelled before reaching a
stated value of TAS (mode 3);

6. Performance modulation. This is a flag. If it is true, then

| minimum, mean, and maximum thrust configuration shall be

performed in order to reach the constraints. If it is false, only



Mode 5 and 6 are needed since the BADA data base does not contain parameters to allow for
dynamics integration during take-off and landing. For this reason, a pure kinematic model is adopted to
carry out PS estimates when the aircraft level is belo 00ft with respect to departure/landing
runway. This model will be described in the following. Initialization The initialization block has two
main purposes: 1. The initialization of parameters used for the integration; 2. Performing a check in
input values consistency. The relevant flow-chart is reported in Figure 3. Description of TEM !nit block
This block perform the initialization of integration parameters such as mass, TAS, ELO, ETO, dtravel,
and VRCD. They are set equal ieitiraunpuhiisudessigniietion fimaist Ase ipeetdadedakeeides landing
conditions). In these latter casei%%ial and final TAS are set equal to minimum TAS during takeoff or
landing, that is derived by BADATNM.When this correction is performed, also the initial/final altitude is

set to 3000 ft above runway levairdrafthsosititigle lwhera takepfsandrandivgtant Resemation of

InputCheck block The InputCheck routine performs the checks reported in table 1 in prder to verify
the correctness of input parameq Péft B AP tgg\ﬂﬁoé‘f?&%f%rﬁfrﬁ%gfﬂaﬁe &ﬁecﬁ??a%\feho
Maximum and minimum TAS istdetpeninged eonbige)Fonayirenmaindaronitravsliedligrttastdir Speed
(CAS) and Mach reported in B@IPDE(A b Jneans of the following procedure: 1. Given current temperature
at sea level, current local temp Itmé Sﬁgssure, density, and speed of sound are computed following
the ISA atmospheric model [1]; 2. Mach and CAS constraints are transformed into TAS constraints; 3.
Initial condition are. rifil(-:-d on initial mass values; 4. Final max TAS and ELO are verified for initial
mass values; 5. Fina R T RS is verified for minimum operative mass, i.e. the mass that

determines the minimumconstrime NeridkofdPerformance Status:

2. Constraint states for final Level and/or TAS:
a. Minimum - if the final value is reached with economic
thrust/ESF combination;
b. Mean - if the final value is reached with nominal

thrust/ESF combination;

C. Maximum - if the final value is reached with maximum
thrust/ESF combination.
3. Constraint reached indexes, i.e. the array indexes in the PS

array where final level/TAS are reached.

External data

The external data used as aircraft data are taken from database
BADA™ that is provided by EUROCONTROL™. It contains both global
aircraft information, such as maximum accepted longitudinal acceleration,
and single aircraft parameters values, such as wing span. As prior art
feature, it is constantly updated to contain parameters of all currently flying

aircrafts.

Requirements




Type Unit Admitted values Description 1. ELO final double feet Min: -300 Max:Maxheight with _
minimum mass Final height 2. TAS final double knots :Mjin:o Max: Max TAS with minimum mass Final
TAS 3.

This section describes the initial requirements for the method or

“tool” according to the invention. The underlying logic for requirement

definition was driven by a series of issues, such as:

i. Tool routines must be capable to support real-time operation of an
ATM management system;

. The tool must make use of widely used databases of aircraft
performances so that it could be easily updated when new aircrafts
were introduced in the airspace:

iii. The tool must be able to estimate the aircraft performance status for
all typical flight phases with adequate accuracy on all terms:

v, The tool must be able to determine up to three solutions for each
call of Reach a Speed, Reach a Level, and Takeoff modes. These
solution are tagged as Minimum, Mean, and Maximum and they
must be relevant to three different levels for the values of Thrust
and Energy Share Factor (ESF). This latter is defined as the ratio
between the energy devoted to climb/descent to the energy needed
to keep the level.

TEM software architecture

The purpose of the tool according to the invention was to determine
the aircraft a time series of performance statuses relevant to a trajectory
vertical profile of an aircraft. This calculated time series can be determined
once an initial state and a specific thrust profile was assigned. As reported
in the previous section, the main dynamics model selected was TEM'® that

was a point-mass aircraft mode! represented by the following set of
equations:



dtravel final double NMi Min:0 Max: Unlimited Finaldistance for cruise flight 4. PS initial structure
Initial Performance Status 5. .ELO double feet Min:-30106Max:Maxheight with initial mass

LWCDm£ZZQQxSEw%M}
mg
dTAS

dt
i=—f

dah =TASsiny
dt

=@upymg%£?m@—Dm—ﬂwmw

4]

(3.1)

Solved for VRCD, TAS, m; VRCD is the vertical rate of climb or
descent; 74S is the true air speed, ESF is the energy share factor, 7 is the
thrust and D the drag, m the mass of the aircraft modeled as point-mass,
{M} is the Mach number that can be calculated as a function of the TAS
and temperature, g is the gravity acceleration, f'is the fuel flow and v is the
flight path angle.

The term ESF is the energy share factor accounting for aircraft
attitude in the airspeed axis reference frame that can be expressed as a
function of Mach number {M} [1].

TEM routines are organized according to the invention in a software
architecture that is composed by three types of routines such as:

1. Routines for pre-processing of aircraft database;
2. Runtime trajectory prediction routines;
3. Routines for testing results.

Since BADA database [1] is compiled in ASCII text format, the first
type of routines have been developed in order to make its data available
for runtime routines. Moreover, all data that is constant for runtime routines
and that can be derived from BADA database or from other references
was initialized using these routines.

The achievement of the assigned trajectory prediction requirements
is carried out by the second type of routines. A main routine implements



Initial height 6. .ETO double S Min:0 Max: Unlimited Starting time 7. .TAS double knots Min:0 Max:
Max TAS with initial mass Initial TAS 8. .mass doublej'f(_}ns Min:Minimum

the general form of the algorithm that supports trajectory prediction
services. A series of subroutines realize specialized tasks, such as:

Initialization of parameters;

2. Check of flight envelope constraint violation;
Realization of trajectory prediction steps, i.e. determination of
aerodynamics drag and thrust.

Finally, a routine for chain testing algorithm performances was
developed by the invention. Chain testing was needed for the

determination of accuracy and to avoid performance regression during
debugging.

Preprocessing routines

Two main database structures have been initialized (imported in the

invention method tool) to be used for the trajectory prediction algorithm:

1. A structure named "BADA” by the invention that contains all and
only the data contained in the BADA™ database developed by
EUROCONTROL™. It is divided into three substructures by the
same EUROCONTROL™ ie.:

a. A substructure named “OPF” that contains all data that are
relevant to a single particular aircraft. Indeed, “BADA”
contains one “OPF” for any aircraft included in the database;

b. A substructure named “APF” that contains all data that are
relevant to airline procedures for a single aircraft;

C. A substructure named “GPF” that contains all constant
parameters that are common to all aircrafts.

2. A structure named “TEM” that contains all the data that can be
derived from the BADA™ database but that are constant for the



operative mass Initial mass 21  Max:Maximum operative mass 9. .speedRate double knots/s No
limit Initial speed rate. It has no influence on TEM 10. 1.\8/RCD double

trajectory prediction algorithm. It can be divided into three

substructures, such as;

a. A substructure named “conversions” that contains all
conversions factors among the different measurement units

adopted in the frajectory prediction algorithm;

b. A substructure named “Global’ that contains global
parameters, such as the maximum allowed TAS in mid-air
flight;

C. A substructure named “Aircraft” that contains parameters

specific to each aircraft.

Runtime traiectory prediction routines

This section reports flow-charts for all components of VTPA
routines. Routine names are highlighted in red in figures. The main routine
that performs general form of trajectory prediction routines is called
‘computeTEM”. It is organized following the scheme reporied in Figure 2.
The general algorithm is capable to estimate all the terms required for
VTPA as above described, such as:

1. Determination of final and partial Performance Status for
accelerated climb/descent (Reach a Speed mode);
2. Determination of final and partial Performance Status for

accelerated cruise (Reach a Speed mode);

3. Determination of final and partial Performance Status for constant
TAS climb/descent (Reach a Level mode);

4, Determination of final ad partial Performance Status for constant
TAS cruise (Keep a State mode);

5. Determination of final ad partial Performance Status for Take Off
(Take Off mode);



feet/s No limit InitialROOD.It hasnoinfluence on TEM Table 1 Summary of input and output terms for
Initialization Input terms: 1. Initial PS; 2. Level to reach - htarget [feet], i.e. the level that must be
reached at the end of the mission segment (modes 1-4)?3. TAS to reach - TAStarget [knots], i.e. the
TAS that must be reached at the end of the mission segment (mode 3); 4. Distance to reach - dtarget.
This distance is used for KeepAState, i.e. cruise, mode. dtarget is the distance (mode 5); 5. Maximum
distance to reach a level diev [NMi], i.e. the maximum distance that can be travelled before reaching a
level (modes 1-4); 6. Maximum distance to reach a TAS d-rAs [NMil, i.e. the maximum distance that

can be travelled before repabingitatictedivatg Ad parEC TR ALY Siles foTrLeaHHfH#t terms

are the same input terms after the following actions are performed: 22 1. Initial and/or final AS_and/or
altitude are corrected if ittBIAING FIRESS equal to 0, i.e. the TAS is set at a minimum value that is
sufficient for altitude keeping;

Mode § and 6 are needed since the BADA data base does not
contain parameters to allow for dynamics integration during take-off and
landing. For this reason, a pure kinematic model is adopted to carry out
PS estimates when the aircraft level is below 3000ft with respect to

departureflanding runway. This model will be described in the following.
Initialization

The initialization block has two main purposes:

1. The initialization of parameters used for the integration:

2. Performing a check in input values consistency.

The relevant flow-chart is reported in Figure 3.

Description of TEM Inif block

This block perform the initialization of integration parameters such
as mass, TAS, ELO, ETO, dyave, and VRCD. They are set equal to the
input PS unless initial or final TAS is set to 0 (takeoff or landing
conditions). In these latter cases, initial and final TAS are set equal to
minimum TAS during takeoff or landing, that is derived by BADA™. When
this correction is performed, also the initiaiffinal altitude is set to 3000 f
above runway level, i.e. the altitude where takeoff and landing end.

Description of InputCheck block

The InputCheck routine performs the checks reported in table 1 in
order to verify the correctness of input parameters. The call generates an
exception if a single check fails.



2. All parameters are verified to stay within reasonable flight constraints. Accelerated climb/descent
The "Accelerated climb/descent” block performs perfogmance status integration in the condition where
the most general type of trajectory must be commandéd. As it is known, in this phase two terms must
be changed at same time, i.e.: 1. The TAS must be incremented/decremented by performing a speed
switch; 2. The altitude level must be changed by performing a level change. Three main
procedures must be accomplished by following the method reported in [1] in order to determine the
current values of the dynamics terms for the integration of Equation 3.1, such as: 3. Check for Flight

Envelope constraints; 4. Raétminatiod @ﬁkﬂr&mm 5 ABeteraunaiinined tbouslidesind RSximunt he above

the algorthim R EH G B CRLRY F e SPASBU PO MERP P DR D EAIBSY

parameters are veﬁms;cnbmeqbsmng\mbdbgm@onstralnt as described farther in the following. 23

D ipti f Aerg bl A d to th th ted b
means of the foloVing p ST £ L RSN T LSt SOl JSMAGLA BEnary p s

computed following the |fessunes ahenisityasied [W@éﬁ@meﬁr@emrﬁfhu&dommm%mlde”ng
equilibrium condition (lift %walfs aircraft weng'goé l[ =W). Itresults: 2mgc-P 1?.A15S
atmospheric el 1
Mach and CAS constraints are transformed info TAS consiraints;
Initial condition are verified on initial mass values;

Final max TAS and ELO are verified for initial mass values;

o N

Final minimum TAS is verified for minimum operative mass, i.e. the

mass that determines the minimum constraint.

No. | Name Type Unit Admitted values Description

1. | ELO final double feet Min: -300 Final height
Max: Max height
with minimum mass
2. | TAS final doubie knots Min:0 Final TAS
Max: Max TAS with

minimum mass

3. | diaye final double NMi Min:C Final distance for
Max: Unlimited cruise flight
4. | PS initial structure Initial Performance
Status
5. | .ELO double feet Min:-300 Initial height

Max: Max height

with initial mass

8. | .ETO doubie S Min:0 Starting fime
Max: Unlimited

7. | .TAS double knots Min:0 Initial TAS
Max: Max TAS with
initial mass

8. | .mass double tons Mn: Minimum | Initial mass

operative mass




(3.2) where: m is current aircraft mass; g is gravitational acceleration (9.81 m/s2); VTAs is current
TAS; S is aircraft wing surface that is reported in BADA. 3.The drag coefficient CD can be computed
as: CD = Cp.+ CDLCI"(3.3) where: CD is the aircraft p%lasitic drag coefficient that is reported in
BADA; cm. is the aircraft induced drag coefficient that is reported in BADA. 4.D is given as: _24 D=
0.5TAS S Cn(3.4). Description of Thrust mix block Thrust and ESF are computed depe_ndlng on
the selected Performance Modulation following the procedure reported farther in the following.
Summary of input and output terms for Initialization Input terms:

Max: Maximum

operative mass

9. | .speedRate doubie knots/s | No limit initial speed rate. It

has no influence

on TEM
10. | VRCD double feet/s No limit initial  ROCD. It
has no influence
on TEM
Table 1
Summary of input and output terms for Initialization
Input terms:
Initial PS;
2. Level to reach - herget [feet], i.e. the level that must be reached at

the end of the mission segment (modes 1-4);

3. TAS to reach — TAS et [knots], i.e. the TAS that must be reached
at the end of the mission segment (mode 3);

4. Distance to reach — diarget. This distance is used for KeepAState, i.e.
cruise, mode. diage is the distance (mode 5);

5. Maximum distance to reach a level di, [NMi}, i.e. the maximum
distance that can be travelled before reaching a level (modes 1-4);

6. Maximum distance to reach a TAS dras [NMi], i.e. the maximum
distance that can be travelled before reaching a stated value of
TAS (mode 3).

Output terms
The output terms are the same input terms after the following
actions are performed:



1. Initial PS; 2. Level to reach - htarget [feet], i.e. the level that must be reached at the end of the
mission segment (modes 1-4); 3. TAS to reach - TAStarget [knots], i.e. the TAS that must be reached
at the end of the mission segment; 4. Maximum distané€ to reach a level die, [NMil, i.e. the maximum
distance that can be travelled before reaching a level; 5. Maximum distance to reach a TAS dms [NMi],
i.e. the maximum distance that can be travelled before reaching a stated value of TAS. Output terms 1.
Time series of Performance Status; 2. Constraint states for final Level and/or TAS: a. Minimum - if the
final value is reached with economic thrust/ESF combination; b. Mean - if the final value is reached
with nominal thrusyESF oeiedlinaliger Rt NMAXMaHa/ ol thatiel wiiediriasched Wmmdmum
thrust/ESF combination; 3.Constraint reached indexes, i.e. the indexes in the PS array where final

level/TAS are reached. ALCSe S RUALICED: 1-6n thR Fﬁ&ﬁh‘éﬁii@ﬁt%ﬂgvﬁm!@. wlbsnthahisltitude)

but a positive or negativesﬁmgrﬁw@pgimy@éb@é@ﬂggd. As a consequence, only the speed rate must
be determined an%VRCD Is equal to zero. Figure 5 reports the flow-chart of the algorithm for this

phase. Descriptiorfof Flight EPRFABISHEs aia pepfipdndterstiak vithiy wrsserrigtefigRith flight
constraint as described ags&raintgis case the algorithm computational footprint is optimized
considering that, being the altitude constant, also all the other parameters which depend exclusively

on the altitude are constant. 4 climb/descent

The “Accelerated climb/descent” block performs performance status
integration in the condition where the most general type of trajectory must
be commanded. As it is known, in this phase two terms must be changed
at same time, i.e..

1. The TAS must be incremented/decremented by performing a

speed switch:

2. The altitude level must be changed by performing a level

change.

Three main procedures must be accomplished by foliowing the
method reported in [1] in order to determine the current values of the
dynamics terms for the integration of Equation 3.1, such as:

3. Check for Flight Envelope constraints;
4. Determination of drag D;
5. Determination of thrust T and ESF.

The above mentioned procedure are common to all phases
reported in the following sections. The flow chart of the aigorithm in this
phase is reported in Figure 4.

Description of Flight Env block

All PS parameters are verified to be consistent with flight constraint
as described farther in the following.



Description of Aero block The aerodynamic drag D is computed as above reported. Description of
Thrust mix block Thrust is computed depending on the selected Performance Modulation following
the procedure reported farther in the following. Summéry of input and output terms for Initialization
Input terms: 26 1. Initial PS; 2. TAS to reach - TAStarget [knots], i.e. the TAS that must be reached at
the end of the mission segment; 3. Maximum distance to reach a TAS di-As [NMi], i.e. the maximum
distance that can be travelled before reaching a stated value of TAS. Output terms 1.Time series of
Performance Status; 2.Constraint states for final TAS: a. Minimum - if the final value is reached with
economic thrust leRelsdrigifieprof Adéhe hidakvalue is reached with nominal thrust level; c. Maximum - if
the final value is reached with maximum thrust level; 3.Constraint reached indexes, i.e. the indexes in
the PS array where final ARCOIO G R RS BHREEH: 1ESARIAMAEENETa0 Fhis SOmPHIEE Bhen a
level change mustrhegpry sfrthedolitiaong prereefligyvitch. In this case the integration is performed in

order to determine the R%,CD. Figure 6 represents the relevant flow-chart. . .
1. iven current temperature at sea level, current local density p is

computed following the ISA atmospheric model [1];
2. The lift coefficient C, is computed considering equilibrium condition
(Iift equals aircraft weight — L=W). If results:

£ Imy
Y PV S (3.2)
where:
* mis current aircraft mass;
¢ gis gravitational acceleration (9.81 m/s?);
o Vrysis current TAS;
» Sis aircraft wing surface that is reported in BADA.
3. The drag coefficient C, can be computed as:
Cp=Cpet CpLC (3.3)
where:

» Cpe is the aircraft parasitic drag coefficient that is reported in
BADA,;

e Cpy is the aircraft induced drag coefficient that is reported in
BADA.

4 D is given as:



Description of Flight Env block All PS parameters are verified to be consistent with flight constraint
as described above. Description of Aero block The aerodynamic drag O is computed as reported
above. 27 Description of Thrust ye/cost block In t}% case Trust T equals Aerodynamic Drag D
(D=T). The resulting T is verified to be less than TmAx. Summary of input and output terms for
Initialization Input terms: 1. Initial PS; 2. Level to reach - htarget [feet], i.e. the level that must be
reached at the end of the mission segment; 3. Maximum distance to reach a level di" [NMi], i.e. the
maximum distance that can be travelled before reaching a level. Output terms 1.Time series of
Performance Status; 2.Constraint states for final Level: a. Minimum - if the final value is reached with
economic thrust/ESF co_mbinatio;;; b. Mean - if the final value is reached with nominal thrust/ESF
combination: c. Maxirfium<-f fhé Ttial ViR is reached with maximum tHR4VESF combination:
3.Constraint reached indexes, i.e. the indexes in the PS

Description of Thrust mix block

Thrust and ESF are computed depending on the selected
Performance Modulation following the procedure reported farther in the
following.

Summary of input and output terms for Initialization

input terms:

1. Initial PS;

2. Level to reach - huge [feef], i.e. the level that must be
reached at the end of the mission segment (modes 1-4);

3. TAS to reach — TASiget [knots], i.e. the TAS that must be
reached at the end of the mission segment;

4. Maximum distance to reach a level die, [NMi], i.e. the
maximum distance that can be travelled before reaching
a level;

5. Maximum distance to reach a TAS dras [NMi], i.e. the
maximum distance that can be travelled before reaching
a stated value of TAS.

Quifput terms

1. Time series of Performance Status:
2. Constraint states for final Level and/for TAS:
a. Minimum - if the final value is reached with

economic thrust/ESF combination;
b. Mean - if the final value is reached with nominal
thrust/ESF combination;



array where final level is reached. Constant TAS cruise When the aircraft is commanded to
perform a constant TAS cruise for a given distance o%the current mass must be updated. For the 28
presented application an original analytical solution was developed that allows to determine the mass
change between two cruise segments in a single step. This solution is documented farther in the
following. Takeoff and Landing According to Figure 8 [2], a typical landing phase consists of the
following sequences: Glide approach to the runway, during which the glide path angle, 7, is held
constant. In addition, this angle is kept as small as possible (usually between 2.5 and 3) so to minimize
the rate of sink, thus reducing the etergy Madndissipatéfd thehdimapaetlugthisheeaohed; with Flare to
touchdown, during which the speed vector.is [ d h vel flight condition at the runway
level and further minimize the rate of sink;Hé)r(oun rgﬁﬂ&%ﬁ%gw%%éﬁo Q%%f‘li‘:%as, brakes, eventually thrust
reverse is applied to bring thd.airpldhensirtisterdasheddifidaxease imvihg. indexdsh efthenBSto the
BADA model [1], the initial conditio r ING: Hied.| f hoth altitude and Calibrated
Air Speed (CAS) as follows (see Fi%ﬁre 8@??@8@% @%%&:j:g% g:r%e/gér??ﬁengm)) +10/C1 VC min, AP =7 1
3Vst,AP These conditions are the ones computed with the BADA model as the terminal conditions
of a descent to 3000 ft [1]. At this point, the simulation of the glide approach phase of the landing
process is realized by defining a scheduled CAS sequence to bring the airplane at the screen or
obstacle height (hgbgd:tae-fiosrgiwith the correct CAS, as required by Federal Aviation Regulations:
29 VC Ve Al' Specifically, the minimum required approach CAS is set at the obstacle height. For
the glide approach simulltitmsleaIeatbetdigitnelgyaV Gdel £ josnstedt Zhibugid oapprpashiemds when

the altitude for flare starting is reac . The flare altitude is. camputed within_the flare mpdgl and it
Hoanc on the roh B L e e A U e R e
technique. speed rate must be determined and VRCD is equal to zero. Figure 5

reports the flow-chart of the algorithm for this phase.

Description of Flight Env2 block
All PS parameters are verified to be consistent with flight constraint

as described above. In this case the algorithm computational footprint is
optimized considering that, being the altitude constant, also all the other
parameters which depend exclusively on the altifude are constant.

Description of Aero block

The aerodynamic drag D is computed as above reported.

Description of Thrust mix block

Thrust is computed depending on the selected Performance
Modulation following the procedure reported farther in the following.

Summary of input and output terms for Initialization

Input terms.



The terminal conditions of the glide approach are the initial conditions for the simulation of the flare
maneuver which brings the airplane to have the speed_vector parallel to the runway. The flare is
reproduced by adopting a model proposed in [3], whick® based on flight data. For this analysis
the ground roll phase is not of interest. The following block diagram summarizes the landing simulation
logic. Take-off Model Logic Following the same approach of the landing, the overall takeoff
process can be broke down in three phases (see Figure 9): Ground Roll, during which the airplane is
accelerated until the liftoff speed is reached; Transition to Climb, during which the flight path angle
varies gradually from zero (at lifoff) tolaiiane@nt value for climb; Initial Climb, during which the
airplane follows the takeoff flighé path ﬂg ?gjafe fhe)ig t{%{ove the terrain is reached and climb
to-cruise altitude is started. 30<" In thi [94E"HRI MRtasee SP A RirthBRSIRRE Busterest
since the simulation will be started fromehedttaiticanaiiond bumdhmisdish\wyaseatthe state
parameters are the ones specified at the end of tge round roll phase; x(t%l_g) X O&pét Lo) =h;V (tLc)
=V Lo = 1.2 whereis the runway altitud€ ZEEVES éﬁ%%fﬁ WG 10 R Ao MMk & @i odel for
each of the above phases, separately gesditoed iniv@hekowing: Figiwre 36 syavapsizesEisrakeoff
simulation logic. The simulation is started fF‘om the Iiftogfo dition which determines the initial
conditions for the transition to climb pHE&S NGRS R Vﬁ@‘%ﬁ)&gﬁ@ﬂight path curves until the flight
path angle of the initial climb condition is reached. This last one depends on the incremental lift used
to curve the trajectory an8 o) trtu? maximum thrust amount used to climb out. To simulate this phase a
model which integrates e chnatSilael and the acceleration limits proposed in BADA with the piloting
technique and the model for tradsition firnpasaibindBPerdheansewiaped. Once the terminal
condition of transition is reachegcthe chlfnb hase is star Edﬂ? scheduled CAS sequence
suggested by the BADA model.”Climb sofé%ﬁh%%’fﬁﬁiﬂrt 'g/%iir e reaches 3000 ft. Description of
technical issue that has been solved bg.the silimiiomnaccoltlitigetdithe inyRRLIS. reacHd® Wigposed
method tool is intended to provide real-time trajector edicg n c‘a}pabilities at average level accuracy
to systems for the automation of Air Traffic N%%%’b%?ﬁgp,{?fﬂﬁ ?%Y? These tools will provide autonomous
resolution of potential future conflicts during Mitgen Fhetheafind valigingl issoBsdhativetsigaavailable
before this tool was developed are reported iﬂ]the following list: 1. Real time capability to predict in a
few seconds the altimetry trajectories of all awc?%?f R/Yﬁé; over an extended region under ATC control;
C. Maximum - if the final value is reached with

maximum thrust level;
3. Constraint reached indexes, i.e. the indexes in the PS
array where final TAS is reached.

Constant TAS climb/descent

This is the case when a level change must be performed without a
speed switch. In this case the integration is performed in order to
determine the ROCD. Figure 6 represents the relevant flow-chart.

Description of Flight Env block

All PS parameters are verified to be consistent with flight constraint
as described above.

Description of Aero block

The aerodynamic drag D is computed as reported above.



2. The tool supports multi-mode execution of maneuvers, when applicable. Indeed, nominal mode,
maximum thrust mode, and economic mode have bee@jmplemented in the case of change of level
and/or speed switch; 3. The tool is capable to check if a developing trajectory can be actually flown by
the aircraft. Indeed, flight envelope constraint are verified in real-time during integration; 4. The tool
includes the capability to simulate a complete mission including terminal phases, such as landing and
takeoff; 5. To prevent failure in reaching a flight state or level, the tool is capable of computing in
real-time the speed and altltude marglns for any flight state and atmosphere condition with respect to
the actual flight ernyBES3HE 199X used to drive the trajectory predlctlon process; 6.
In case a failure notice |qrgeﬂpﬁgakeé§é)epmé§e-pnea GQHthRLS, g{égﬁgm Eslﬁ%egedﬁ ? I height
outside the envelope, the tool outputs indications in order to address a newca earest status
that can be acconiBhsHingWits ¥ecdiesktalkoinpidhas ditle envelope limits.  In the following
subsections the main original issues of the presented tool are reported. 32 Analytical solution for
determining the final mass after a cruise flight segment In order to minimize the number of
computations, an @ ||nal analytical, solytio We ta precise estimate of the aircraft
mass variation coRahaat AL BW Zhg. QUipLioans f 3Ry size. In the case of steady
cruise, the single term that changes in the performance status is the mass for flight segment contained
in a region with constant temperature pressure, and wind. The solution that has been carried out
allowed for avoiding any consuming numerical integration. When intermediate estimate
are needed the solution dan be appligs 3 egments with reduced size. Flrst of all, the lift
coefficient CL is determlaed for ste_adg cfuise when rg;t eq |rcraft gmg T SZ -S (6.1)
Subsequently, the drag coefficient Ca’is é}envearby e lp%l ? Fc DI c2
L=k2 1(3 C2L =k2+ k4 ' M2(6. Z)eachwlaterﬁlbnﬁitbfemeraﬁﬁsicﬂtwgmm‘ﬂt;lent and Ca is the
induced drag coefficient.,These te qﬁl rived hy BADATM ata a e IQ& onstar&é&rms K,
can be easily deduced. Thus, the can R AEMIndGXE Toflo ge t[ @2 .8: k5 1Q

M2 2 maxtmum distance that can be travelied before reaching a

level.

Output terms
1. Time series of Performance Status;

2. Constraint states for final Level:
a. Minimum - if the final value is reached with
economic thrust/ESF combination;
b. Mean - if the final value is reached with nominal
thrust/ESF combination;
c. Maximum - if the final value is reached with
maximum thrust/ESF combination;
3. Constraint reached indexes, i.e. the indexes in the PS

array where final level is reached.

Constant TAS cruise

When the aircraft is commanded to perform a constant TAS cruise

for a given distance only the current mass must be updated. For the



33 Where p is the local density and S is the aircraft reference wing surface (from BADA). In steady
cruise thrust equals drug: T=D (6.4) Since the timeygerivative of the aircraft mass ti/ equals the
opposite of the fuel flow/ i.e. a linear term of T, the following non linear differential equation can be
written; = - f = + k8. T = k, + km m2(6.5) Equation (6.5) can be rearranged as follows by extracting
the differential terms: dmdi 2 + kw k, dm +k,. dt m2m 2 (6.6) Moreover, all terms depending on
mass can be put on the left side of the equation: tit - k,\ dm - k,, dt(6.7) \ The expression of 711

reported in equation (6.7) can be replaced by the one in equation (6.5): m2 \k, + ki* m dm k,0 di
presented application an original analytical solution was developed that

allows to determine the mass change between two cruise segments in a
single step. This solution is documented farther in the following.

Takeoff and Landing

According to Figure 8 [2], a typical landing phase consists of the
following sequences:

) Glide approach to the runway, during which the glide path
angle, v, is held constant. In addition, this angle is kept as small as
possible (usually between 2.5° and 3°) so to minimize the rate of sink, thus
reducing the energy to be dissipated at the impact with the ground;

. Flare to touchdown, during which the speed vector is rotated
so to reach a level flight condition at the runway level and further minimize
the rate of sink;

. Ground roll, during which spoilers, brakes, eventually thrust
reverse is applied to bring the airplane to the exit speed from the runway.

With reference to the BADA model [1], the initial conditions for
landing are specified in terms of both altitude and Calibrated Air Speed
(CAS) as follows (see Figure 8):

h, <3000 fi

Veo SVom =V 10kt

Veminar =13V 4p

These conditions are the ones computed with the BADA model as
the terminal conditions of a descent to 3000 ft [1]. At this point, the
simulation of the glide approach phase of the landing process is realized
by defining a scheduled CAS sequence to bring the airplane at the screen
or obstacle height (hees in the figure) with the correct CAS, as required by
Federal Aviation Regulations:



(6.8)

34 dm

= di (6.9) k9 + kw
29

V.2V,

C = 7 Cmin, AP

Specifically, the minimum required approach CAS is set at the
obstacle height. For the glide approach simulation the Trajectory Energy
Model [1] is used. The glide approach ends when the altitude for flare
starting is reached. The flare altitude is computed within the flare model
and it depends on the incremental lift used to curve the flight path, which
in turns depends on the piloting technique.

The terminal conditions of the glide approcach are the initial
conditions for the simulation of the flare maneuver which brings the
airplane to have the speed vector parallel o the runway. The flare is
reproduced by adopting a model proposed in [3], which is based on flight
data.

For this analysis the ground roll phase is not of interest. The

following block diagram summarizes the landing simulation iogic.

Take-off Model Logic

Following the same approach of the landing, the overall takeoff

process can be broke down in three phases (see Figure 9):

. Ground Roll, during which the airplane is accelerated until the

liftoff speed is reached;

. Transition to Climb, during which the flight path angle varies
gradually from zero (at liftoff) to a constant value for climb;

. initial Climb, during which the airplane follows the takeoff
flight path until a safe height above the terrain is reached and

climb to-cruise altitude is started.



Equation (6.9) can be integrated in order to carry out the analytical expression of the mass at the end
of the cruise segment mfin as a function of the initial gass min: This equation can be solved with
inference on trigopnometric terms and is independent :‘Bo the type of engine of the aircraft. Control by
selection of proper Thrust and ESF mix The control terms in equation (3.1) are: 1. The aircraft thrust T;
2. The aircraft Energy Share Factor ESF. In order to emulate the pilot's behavior after a command
is sent from ATC, a proper arrangement of the above reported terms must be selected. The values
derived by the invention to this extent are reported in table 6.1. Commanded Commanded
Commanded Thrust ESEn this analysis only the second and third phases are of interest

since the simulation will be started from the liftoff condition. Thus, the

initial values of the state parameters are the ones specified at the end of
the ground roll phase:

x(tu)) = X100 h(t,!,o ) = hrwy ;V(tm ) =V,o =12V, 5

where £, is the runway altitude above sea level. We propose to employ a

different modei for each of the above phases, separately described in the
following. Figure 10 summarizes the takeoff simulation logic. The
simulation is started from the liftoff condition which determines the initial
conditions for the transition to climb phase, during which the airplane flight
path curves until the flight path angle of the initial climb condition is
reached. This last one depends on the incremental lift used to curve the
trajectory and on the maximum thrust amount used to climb out. To
simulate this phase a model which integrates the climb model and the
acceleration limits proposed in BADA with the piloting technique and the
model for transition proposed in [3] has been developed. Once the
terminal condition of transition is reached the climb phase is started by the
scheduled CAS sequence suggesied by the BADA modef. Climb is
terminated when the airplane reaches 3000 ft.

Description of technical issue that has been solved by the solution
according to the invention.

The proposed method tool is intended to provide real-time trajectory
prediction capabilities at average level accuracy to systems for the
automation of Air Traffic Management function. These tools will provide

autonomous resolution of potential future conflicts during flight. The main



maneuver speed switch mode 35 Climb Increase Economic Cpower red*Tmax, climb ConstCASESF

(sec. 3.2 of [1]) Average Cpewer red*Tmax, climb 0.331

original issues that were not available before this tool was developed are
reported in the following list:

1. Real time capability to predict in a few seconds the altimetry
trajectories of all aircraft flying over an extended region under
ATC control;

2. The tool supports multi-mode execution of maneuvers, when
applicable. Indeed, nominal mode, maximum thrust mode,
and economic mode have been implemented in the case of
change of level and/or speed switch;

3. The tool is capable to check if a developing trajectory can be
actually flown by the aircraft. Indeed, flight envelope
constraint are verified in real-time during integration;

4, The tool includes the capability to simulate a complete
mission including terminal phases, such as landing and
takeoff;

5. To prevent failure in reaching a flight state or level, the tool is
capable of computing in real-time the speed and altitude
margins for any flight state and atmosphere condition with
respect to the actual flight envelope. Estimated margins can
be used to drive the trajectory prediction process:

6. In case a failure notice is generated, because an algorithm
call requires speed values or final height outside the
envelope, the tool outputs indications in order to address a
new call to the nearest status that can be accomplished with
successful compliance of the envelope limits.

In the following subsections the main original issues of the
presented tool are reported.



Maxclimb angle Tmax, climb 0.3 Decrease Economic Time 1.7 Average ;ewer red*Tmax, climb 1.7
Maxclimb angle Tmax, climb 32

Analytical solution for determining the final mass after a cruise flight

segment
In order to minimize the number of computations, an original

analytical solution was developed so that a precise estimate of the aircraft
mass variation could be carried out after a cruise flight segment of any
size. In the case of steady cruise, the single term that changes in the
performance status is the mass for flight segment contained in a region
with constant temperature, pressure, and wind. The solution that has been
carried out allowed for avoiding any form of time consuming numerical
integration. When intermediate estimate are needed the solution can be
applied to segments with reduced size.

First of all, the lift coefficient Cr is determined for steady cruise
when lift equals aircraft weight:

2-m-g

_ . 6.1
P TAST.g €.

L

Subsequently, the drag coefficient {ris derived by means of the
polar equation:

Co=Cpy+Cp-Clr=ky+ k- CPL =k, + k- m? (6.2)

Where Cpy is the parasitic drag coefficient and C, is the induced
drag coefficient. These terms can be derived by BADA™ database. The
constant terms & can be easily deduced. Thus, the drag D can be

determined as follows:

D:ép-msz-S-CDmkswcﬁ-m2 (6.3)



1.7 Descent Increase Economic Tdes 1.1 Average Tdes 1.4 Max descent angle Tdes 1.7 Decrease
Economic 33

Where p is the local density and S is the aircraft reference wing

surface (from BADA). In steady cruise thrust equals drug:
T=D (6.4)
Since the time derivative of the aircraft mass  equals the opposite

of the fuel flow £, i.e. a linear term of T, the following non linear differential

equation can be written;
me=—f =kt T=ky+k, -m (6.5)

Equation (6.5) can be rearranged as follows by extracting the
differential terms:

%:kg-%+kw-dt=%-%+km-dr (6.6)

Moreover, all terms depending on mass can be put on the left side
of the equation:

(m_.kg)-i’?#ww (6.7)

m m

The expression of ™ reported in equation (6.7) can be replaced by
the one in equation (6.5):

2
(_L_"i___]d_mz o dt (6.8)

3
ko+ky,-m ) m

The resulting integral problem is given in the following equation:



Lies 0.7 Average Tdes 0.5 Max descent angle Tdes 0.3 Cruise Accelerated CpOwer red*Tmax,
climb 0 Constant speed 34

{—i’i’—mj = df (6.9)

3
ky+ky-m

Eqguation (6.9) can be integrated in order to carry out the analytical
expression of the mass at the end of the cruise segment m;, as a function

of the initial mass m;,;

PR L R S Y kﬂ-mﬁn —tan”| (R0, (6.10)
TAS \k, K, k£ k,

This equation can be solved with inference on trigonometric terms

and is independent from the type of engine of the aircraft.

Control by selection of proper Thrust and ESF mix

The control terms in equation (3.1) are:

1. The aircraft thrust T;
2. The aircraft Energy Share Factor ESF.

In order to emulate the pilot's behavior after a command is sent
from ATC, a proper arrangement of the above reported terms must be
selected. The values derived by the invention to this extent are reported in
table 6.1.

Commanded | Commanded | Commanded | Thrust ESF

maneuver speed switch | mode




D O Decelerated Tdes O Table 6.1 36 1) Maximum Climb Thrust (Lim, climb). It is a thrust level that
could be sustained only for a short time by engines. Tﬁgically, it is used for initial climb during takeoff.
It is the continuous maximum thrust limit reported in afrtraft manual (sec. 3.7.1 of [1]); 2) Reduced
Climb Power. In order to avoid engine wear and excess fuel consumption, standard climbs are realized
with a reduced power consumption correction factor (cower red) as reported in sec. 3.8 of [1]; r. 3)
Maximum Cruise Thrust (Lica cruise). ,It is the maximum thrust allowed during cruise phase (sec. 3.7.2
of [1]); 4) Descent Thrust (Td). It depends on altitude and flight phase (sec. 3.7.3 of [1]). All thrust laws

depend onchnib. [tGsrbfunction bicesasae typ&dcondmis, andiemparature. Const CAS ESF
climb (sec. 3.2 of [1])
Average Crower red” Tmax, | 0.3
climb
Max climb | Trax cimb 0.3
angie
Decrease Economic Tidie 1.7
Average Cpower red” Tmax, | 1.7
cimb
Max climb | Tmax cimb 1.7
angie
Descent Increase Economic T ges 1.1
Average Taes 1.4
Max Taes 1.7
descent
angie
Decrease Economic Taes 0.7
Average Tes 0.5
Max Taes 0.3
descent
angle
Cruise Accelerated Crower rea” Tmax, | 0
cimb
Constant D 0
speed
Decelerated Tdes 0
Table 6.1

Indeed, four modes were adopted for thrust 7, such as;




In order to simulate pilot behavior, a proper control was introduced on longitudinal acceleration so that
T is properly reduced to avoid constraint infringementfﬁéaforesaid parameter. Indeed, also human and
automatic pilots perform the same control during real flights to keep the aircraft within acceleration
safety boundaries. Minimization of the computational load Each phase reported above with
reference to Figure 1 has been coded so that the number of computations is optimized for the specific
application. Therefore, when TAS or level is constant all terms that are constant with TAS or level have
been computed only during initialization. Moreover, during steady cruise flight the single step analytical
solution described1abovehieasraipmli&limbtasirwith(Shecifis hettdsnathingttdele [ 1Rhtepaie bea
reduction of more than 3Q% in.the. mean.computational lgad. 37.Check of Flight. Envelo onstraint
Flight envelope is defined uosr‘]c%ng ga%ﬁ]ﬁoﬁhg §lhﬁk£ edogt%lt?é’%{]@ne HQW@) S’E'éh'é%é)cﬁfc osition
inside the envelope for thnifiatialisthtd iy atéeeff, ibtegiad ooateuoddsmisimeana e sffieaitwas
accounted for. Indeed, temperature variatigns from stand tm 1ere model up to 10 C could
produce an error up to 1(§€/§ ?ﬁ‘%‘ﬁ&%%ﬁéﬂ%ﬂ@ (?S%Ig Eczkf c?f@%r’an important impact on turbojet
aircraft trajectory @pdictiBeghertsintdincke P &wethérd efthitioto of vbeaifightira wekapeanithéxtee § EM
model seven types of copstraint on us are proyided: 1) Maximum CAS Ymo, that accpunts for
maximum Lift and Drag I@@éells?és?wgﬁﬁn%%rr‘n ﬁ‘ga%y {ngﬁsé é ?ﬁa{%%@?o tg"fg} @ffé(?t@&fe ir
compressibility; 3) Maxinpaweiltitads 8nyHion (doreajive faatortnass.p asdépaedainreet; 4)
Minimum CAS V",", that igél%tfegwjned by stall; 5) Buffet Mach number Mb that is a limit due to
vibrations induced in jet engines;'6) Maximum longitudinal acceleration acciang max that is determined
by flight regulation8) 7) Médakiratnm&imiskatbelsidlion. accaainsitae thakisdetethminéd lyntight
regulations. Constrai -5) were Flight Enve (o]o) ints depending on aircraft type and
flight status, whereas cor%s%ﬁaql‘ﬁt(s?rgi%% 9%&538?0'%%&%@@#5 onstraints. Inclusion of Takeoff and
Landing by meansdof kinéleatenhddelsst (7, Thdtaiepehdmtannaltines inndeflihD piadeldtabdase does
not allow for direct dynar’%i%igfjlq ?tion of aircraft vertical trajectory for flight phases below 3000 ft. In
particular, this is due to a not ne ig ble 38 modification of standard models of drag and thrust in these
phases. Indeed, aerodynéhibraisigawsstdepeadnidol .grouns dfiech fumletitm ot dragispéygifis issues that
cannqlt l?je derived\ygqrg] g}%qgﬁ,%%iﬁa%(gdar tracks during cruise, i.e. the way BADA database is
compiled.

In order to simulate pilot behavior, a proper control was introduced

on longitudinal acceleration so that 7 is properly reduced to avoid
constraint infringement of aforesaid parameter. Indeed, also human and
automatic pilots perform the same control during real flights to keep the

aircraft within acceleration safety boundaries.

Minimization of the computational load

Each phase reported above with reference to Figure 1 has been
coded so that the number of computations is optimized for the specific
application. Therefore, when TAS or level is constant all terms that are
constant with TAS or level have been computed only during initialization.
Moreover, during steady cruise flight the single step analytical solution
described above was applied. A test with specific benchmarking tools [12]
reported a reduction of more than 30% in the mean computational load.



The model proposed by the present invention is based on a dynamical inversion of TEM equations
(3.1). The aircraft vertical trajectory is assumed to be equal to the one reported by ICAO in its
regulations. The dynamical terms, i.e. drag and thrust,-dre derived in each segment of takeoff and
landing phases as reported farther in the following (explanations leading to equations A) together with
a description of the implemented routines. Determination of integration pitch Another important
aspect that was taken into account was the selection of pitch for time integration. Because of the calls
to the various services, the distance travelled by the airplane can be remarkable, an integration

strategy with variaGiecekobf IFigitcEnehiope cdiymaiitthe maximum values of integration pitch were
assigned considering ma]gn%m aIIO\fved altittadﬁpand true air speed variations. A proper procedure

was selected to estimate 18 GaAVE PR ASiHEIRSRp Ah BrsiseStdhaiBalAhe dala

computational loadaeaperfmreniobletraskisicy deirin Sisidatigns aisesiéedersClifabingricgaieand
cruise phases where ated for uniformly istri%ﬂted pairs of speed and height pitches ranging from

minimum (1m,1m/§?f{>e %5%}’155%@%?5 &Rh RO dEMPGF Midte SHGRIM@SHRCSRENMESHIRE in figure

11 were carried ouhdEeel teppeestthe partivres fasmaftapdadrphrrgedanthbaghipishes with
respect to the pairélm&g;/s that was estimateci tokt%g{éhe r%BOSt accurate, The gptima,l pitches were
[ e r

selected consideririg th rﬂeorgour?%gptﬁ&%ﬁ@u thagisrrinaionehd ekts 8RSk than 1%

and it was also théatbstdistanpéntan{ Limbads). Suchuabcienyaircra® Presieceshineprbaissasf the
integration pitches gﬁ)m 25m/s). Figure 3 reparts, the results of tests of 151 climb conditions compared
to the ones outputy BIENGT01 %M% vggﬁ'@i% %%‘586%9%‘*‘ RBYRIRPS: MithinuthsothiMnat the
mean error was inrtieeletdeveh Gypsasfcconstesior ehanged sighiholiaand9% to 10% whereas the total
number of computations yas critically reduced. it[9h selection had no effect on cruise at constant
speed, since the tool Wasﬁapable BX &H{Bué e afﬁ%rg’f?%nggg%ff'?% d GRS ILE s&gmaRtin a
single computational step. PerforDraigce\igius Reassignment Another important aspect that was
taken into account was thg possi 'Iai‘tgg%iérﬁ %gﬁigﬂé%%ﬁﬁet Beargofgén%nézrg ﬁsé%légrgé_ggzg g_lies
outside the flight envelop?. Indeed; ?r@[f ¥ target
level (reach a level) or target spesohame&isitifyeach a speed). In this cases, it is not enough to check
actual fight envelope duiiig the NESOTAUEh BILCSEs rreudricmg e FAGEIath i Eraiods have
been developed and implemente@mpeEute ¢heck for target performance status inclusion in the
actual flight envelope ang reassigp it in case jtlies oytside the actual flight enyelope, which is affected
by actual mass and atmc?'s)pheric%rﬁmt%?l?% t%’sﬁbgbaslé%h%‘%gtgr@lag pgéff%?ﬂance status has been
assigned: XT = (CAS,h) 5) Starfhgfebrivanhinitiznperfovmathet statasligivedusitial mpssibasand
temperature at sea level, T81, we can egs{i}ly %heeCk for target performance status inclusion in the flight
envelope corresponding to the inital mass 4% Eiglf’gr%’perature at sea level (blue boundary in Figure
12). In thehfollowirr]\g, f?]r the sakeMakimvity, Werginside (lnrﬂipdie«heeﬁcm oédb@(apgifrc,ggjt hess. is hLet
suppose that at the i-th integratio .at which.the air e mass is reduced from Mo to M" the
maximum speed boundary of the&ﬁ%%?ﬁgﬁ\?é\llgae% f%%%/{a%d)fé? e MSt (red boundary in figure 12) leaving
the target performance s#tus noldlaxitside therawlakctighrativelepe,, L he.lthattipedesmaned status
becomes now unfeasible, and n eyiﬁitchpre re&’;}g?i nsed. The implemented logic relies on computing
the nearest target performance s W &on Rered oundary and then shifting the target performance
status to the point on the(stasitrbinia ddrnb | Xvereofrifghe E by aloplyingastafim s adgineisding nearest
aotual fight enveldaS o YRS saR e e e v PESU e et SIeI R
procedure is appligdcradinenstritiidssufficiently small so to keep small the difference between the
reassigned target status and the original one. The implemented procedure provides also an

estimate of the spaedaasty 2fiRaKebH epREChFHIMYdeRwidatedins HfinMesag)ef the slope of the
line connecting the actu erformagr(]:e status to the target one. Indeed, this quantity can be used in

the choice of the most appIogHSEREHAS GelideddotheeBAPMostahRAsmoss ek alltiide, to

reach the desired faerfdirsencsyataiieal intadiasROnbf alncesk laxatissrasilirereaeh aighe! mode),
the above procedure concggﬁg tlggéalcglati@ns of the margins with respect to the flight envelope
S ran

allows computing FIEEEGEi cBREGHRAInE® dSaddfgdenighrRvdiegligiiactual
flight envelope (see Figure 13). This information can be used to drive the integration process toward
the target altitude without violating the flight envelope in terms of speed. In addition, the procedure
provides also the speed derivative with




41 respect to altitude evaluated as the inverse of the slope of the lines connecting the actual
performance status, X,, to the points corresponding to%t e minimum and maximum admissible speeds
at the target altitude. These values provides a range of admissible slopes that can be used to shape
the Energy Share Factor used to reach the target altitude. Performance Status margins Another
implemented innovative solution concerns the computation of the actual performance status margins
(speed and altitude) with respect to the actual flight envelope boundary. The margins are defined as in
Figure 14. The knowledge of the actual values of these margins allows properly driving the integration
process, in terms nmtdifmaiimeabhmmmudmmmtmsdmawid trautte incthelseefbrsesce status
moves outside th ht nvelo e WhJCh can cause a fallu in the int aluation of
wind effect Tr?(‘e 8% vgleo%%r é‘l[%mdc tS0T gan &2 i%&? %@I%E?LH?@% Vggljg?aﬁ? ? ﬁﬁance
status. This effect $pgoim mmlrttmmgahadbllmNd@tfsmnﬁo‘mAhera‘t:gtmmct)speadr(@rStcl@ a

function of true ai c&ﬁ'g'\gdr,ql %) and Wlnd f}gﬁ%ﬂjﬁx\/ﬁ?&a% Alrcrﬁ?%tﬁ@g NJ as a function of course
or‘ |rst te

angle fi, TAS, and olfowing me een carried out. The
demonstration needs thaltee mm:ialft @upnsixpdazyd frefermesehrame (AGIRAY ikdetnednt & the

frame that has_ X a§ gﬁ?&ﬁ %%gprren%grfg‘q% gﬁrﬁe?go&s tﬁélg I|rn 'ﬂa?g? zon:ﬁat%% e and

normal to x axis, Z axis alongS| Z\er at’x ?&'aft ground
trajectory, i.e. Iong&wﬂaaﬁwdiwﬂmmaytambemmpmwrb;al’cgt@undttramgmmyone [Eteral axis.

Let WS have the fglauing compaen's g ARRFrade M qal ek &bt of
takeoff and landing phases as reported farther in the following
(explanations leading to equations A) together with a description of the
implemented routines.

Determination of integration pitch

Another important aspect that was taken into account was the
selection of piich for time integration. Because of the calls to the various
services, the distance travelled by the airplane can be remarkable, an
integration strategy with variable pitch has been chosen, namely the
maximum values of integration pitch were assigned considering maximum
allowed altitude and true air speed variations.

A proper procedure was selected to estimate the values of
maximum integration pitches to address the minimum computational load
at an acceptable accuracy level. Simulations used to test climb, descent,
and cruise phases where repeated for uniformly distributed pairs of speed
and height pitches ranging from minimum (1m,1m/s) to (300m,100m/s).
For each run, contour plots similar to the one reported in figure 11 were
carried out. They reported the percent error of each pair of speed and
height pitches with respect to the pair (1m,1m/s) that was estimated to be
the most accurate. The optimal pitches were selected considering the
criterion that they should represent the point that had an error of less than

1% and it was also the most distant from (1m,1m/s). Such an analysis



These components are given from meteo information in each point of the aircraft trajectory. It is worth
noting that the vertical wind speed is non negligible only, for short term not stationary events such as
wind gusts and wind shares. Moreover, it is not reporteéd in meteo information. In the same reference
frame, GS is given as: GS = 0 VRCD (6.12) while aircraft TAS=GS-WS can be estimate as: ng -
WS Long - WS La, VRCD TAS = (6.13)

produced the choice of the integration pitches (40m,25m/s). Figure 3
reports the results of tests of 151 climb conditions compared to the ones
output by BADA Tools™ developed by EUROCONTROL™. it is worth
noting that the mean error was in the order of 0.1% and rms error changed
slightly from 9% to 10% whereas the total number of computations was
critically reduced. Pitch selection had no effect on cruise at constant
speed, since the tool was capable to compute the aircraft mass at the end

of cruise segment in a single computational step.

Performance Status Reassignment

Another important aspect that was taken into account was the
possibility of reassigning the target performance status in case it lies
outside the flight envelope. Indeed, some implemented modes require the
aircraft reaches a target level (reach a level) or target speed and level
(reach a speed). In this cases, it is not enough to check that the target
performance status lies within the initial flight envelope, since it may move
outside the actual flight envelope during the integration process. To
overcome this problem specific methods have been developed and
implemented in order to check for target performance status inclusion in
the actual flight envelope and reassign it in case it lies ouiside the actual
flight envelope, which is affected by actual mass and atmospheric
conditions.

Let suppose that a target performance status has been assigned:

Xr = {CAS. I}

Starting from an initial performance status, given initial mass A, and
temperature at sea level, 7y, we can easily check for target performance

status inclusion in the flight envelope corresponding to the initial mass and



Since VRCD and the norm of TAS are estimated by means of integration of TEM equations (3.1), the
determination of GS is completed once GSLong is computed. The square of the norm of TAS can be
derived from (6.13): 43 TAS2 = (GS Long -WS Long )2+ WS2 La, + VRCD2 = = GS2 Long + WS2
Long 2G8 Lcmg.WS Long WS2 Long VRCD2 (6.14) Equation (6.14) is a quadratic equation in
GSLong that admits the following solutions: GS Long = WS Long VWS2 Long - WS2 Long - WS2 Lot -
VRCD2 TAS2 = =WS Long k/ITAS2 - WS2 La, - VRCD?2 (6.15) Since GSLong must be positive
for aircrafts, the negative sign before the square root in equation (6.15) must be discarded. As a

consequence, the terspkirgurelat oé&RVen(bisiciBumIMEP T FigarEARS. -INIBS follBkR ,(Qelﬂrﬁ)_

be detormined ondD9E KB HLE BH e us SRS E LR SL ke BRI FUEFPR the norzontal

ground speed direction, ibefiveppbse nrethad theextladhiedgatoarrdon Aiguich Sthis rapplisie
mass is reduced from A, to M;, the maximum speed boundary of the flight
envelope moves to the left (red boundary in figure 12) leaving the target
performance status now outside the actual flight envelope. The target
performance status becomes now unfeasible, and needs to be re-
assigned.

The implemented logic relies on computing the nearest target
performance status on the red boundary and then shifting the target
performance status to the point on the black boundary (X7v) computed by
applying a safe margin to the nearest target status. This procedure is
repeated each time the target performance status moves outside the
actual flight envelope and the safe margin is computed so to reduce the
number of times the procedure is applied. However, it is sufficiently small
so to keep small the difference between the reassigned target status and
the original one.

The implemented procedure provides also an estimate of the speed
derivative with respect to altitude evaluated as the inverse of the slope of
the line connecting the actual performance status to the target one.
[ndeed, this quantity can be used in the choice of the most appropriate
energy share factor, i.e. the most appropriate aircraft attitude, fo reach the
‘desired performance status.

In case only a target level is specified (reach a leve!l mode), the
above procedure concerning the calculations of the margins with respect
to the flight envelope allows computing the admissible speed range
corresponding to that target flight level on the actual flight envelope (see
Figure 13). This information can be used to drive the integration process
toward the target altitude without violating the flight envelope in terms of

speed. In addition, the procedure provides also the speed derivative with



=fi-arctg -WSLa, 2\ITAS2-WS 2 -VRCD2 44 Applications that can be improved by using the
proposed invention The following applications can,make use of the developed algorithm: 1. Flight
Data Processing software for Air Traffic Managementg plications. In this case, the algorithm can be
used to predict vertical motion and performance status of all aircrafts in a controlled region in order to
perform conflict detection and resolution. The algorithm can be used for both strategic planning and
real-time tactical re-planning; 2. Air Traffic Simulation tools for professional and gaming applications.
Professional applications include testing of innovative flight procedures, e.g. continuous descent flight.
The algorithm carrbapesﬂdttﬁoraitiald&ne\&?mateﬁom ofrairé¢rattisehafidhaftelopespafciffecdmesand is

issued from a controHer L I ca aIIed r|}nté) Flaqpt Con érol ﬁrs Té%l s'n#])HQngh%ﬁhe units
that are used to tram Ef" 1k %on?roq ers V\Pt% §y”1%e? R IST 1&tool can

estimate aircrafts tesihenseingy@omteninsisoomoranadnis Si b&etspla@s ot lilsedtasgetnalmnde onboard
avionic mstrumentf such a ure'%Xt %en ration Trafflch JISIDI‘] \e/ems gnce ﬁ}éﬁt% Br a Ba&i Weather
Avoidance System r]nﬁﬁls Caseg, it can aJo&%d 3 ANIREE S &Y SR Pehdtiorir ai proper am?tomatlc
command is issueshiapavthid HaeggydisacedittorsuIeddo ffeach treltagetoalttsdanding Model

Equations In the following it is assumed that: 45 The airplane moves only in the longitudinal plane
Performance Status margins

Another implemented innovative solution concerns the computation
of the actual performance status margins (speed and altitude) with respect
to the actual flight envelope boundary. The margins are defined as in
Figure 14. The knowledge of the actual values of these margins allows
properly driving the integration process, in terms of time, speed and/or
altitude variations, to avoid that the actual performance status moves
outside the flight envelope, which can cause a failure in the integration
process.

Evaluation of wind effect

The developed method tool can estimate the effect of wind on

aircraft performance status. This effect is given by estimating the following

terms:
1. Aircraft ground speed (GS) as a function of true air speed
(TAS) and wind speed (WS);
2. Aircraft heading v as a function of course angle B, TAS, and
WS.

For the first term the following method has been carried out. The
demonstration needs that the Aircraft Groundspeed Reference Frame
(AGRF) is defined. It is the frame that has x axis alongside current

groundspeed direction, y axis in the horizontal plane and normal to x axis,



The airplane is in complete trim, i.e. no net pitching, rolling and yawing moments exist. Thus the
only allowed accelerations are the ones along and peragr]]dicular to the flight path. Under these
assumptions, with reference to Figure 16 [4], the equatiéns of motion of the airplane projected along
and perpendicularly to the flight path are : W dV T cos a-D-W siny =--g dtW T sin a+L-W cosy =
-V2> (Al) Wherein V is the true air speed, 7 is the flight path angle, L is the lift, D is the drag, T is the
thrust, W the weight and g the gravity acceleration. If the thrust angle, ell , and the angle of attack, a,
are assumed small (as typical), the two equations rewrite as: VW d T-D -Wsiny-gdiw.L-Wcosy
- Vy (A2) z axis alongside vertical direction. It results that x axis is tangent to aircraft

ground trajectory, i.e. longitudinal axis, whereas y axis is normal to aircraft
ground trajectory, i.e. lateral axis. Let WS have the following components
in the AGRF frame:

WS Long
WS =| WS, (6.11)

These components are given from meteo information in each point
of the aircraft trajectory. It is worth noting that the vertical wind speed is
non negligible only for short term not stationary events such as wind gusts
and wind shares. Moreover, it is not reported in meteo information.

in the same reference frame, GS is given as:

GS

Long
GS=|0 (6.12)
VRCD

while aircraft 745=GS-WS can be estimate as:

GSI, W/:S!.,ong
TAS =| WS, (6.13)
VRCD

ong

Since VRCD and the norm of 7TAS are estimated by means of
integration of TEM equations (3.1), the determination of GS is completed

once GSi.g I8 computed. The square of the norm of 745 can be derived
from (6.13):



The airplane altitude with respect to the runway and ground range can be then computed by the
following kinematic relations: dh di V sin)' dx -=V cosy dj (A.3) 46 where V, is the ground speed
evaluated as the sum of the true air speed and the wintspeed: V,=17-1-17"(A.4) In the following,
V indicates the True Air Speed (TAS) and Ve indicates the Calibrated Air Speed (CAS). Glide
Approach During the approach, the airplane is flown along a straight line flight path [4] with an
approach speed which must satisfy the following CAS constraint until the airplane reaches the
obstacle height (50 ft for both 23 and 25 Federal Aviation Regulations, FAR): V > V-1.3.V CA -
Cmin,APsi,AP (A.5) where V sl,Ap is the stalling speed in approach. During the final approach the
airplane must be confi ureg to the landing ¢ pfigurgtion, i.e. gear down and flaps in the landing
position. Differently frorvithe=a{$proach @ﬁe@c} th&YouchddrSpeed is not specifiecz 6b¥4F)AR's, but it is

typically approximated ag{; ., + Ws? ., —2GS,,, 7S, + WS 1ong + VRCD'

Longr

Equation (6.14) is a quadratic equation in GS,, that admits the
following solutions:

GS g = WS, EAWS 1o =~ WS g — WS st —VRCD? + TAS”® =
=WS,,, +NTAS* - WS’ 10 —~VRCD?

(6.15)

Since GSL.,, must be positive for aircrafts, the negative sign before

the square root in equation (6.15) must be discarded. As a consequence,
the resulting value of GS;,,, is:

GS e = WSy, +UTAS® ~ WS 10 — VRCD? (6.16)

The aircraft heading v, i.e. the angle between the north direction
and the aircraft longitudinal axis, can be determined once the course angle
B, i.e. the angle between the north direction and the horizontal ground

speed direction, is given. The method to extract v is reported in Figure 15,
It results:

-Ws - WS
y = f—arctg] ——2 | = B —arct — =
g( TASerg J ﬁ g( GS - H/SLoﬂg )

Long

(6.17)
WS

Lat
XTAS? — WS — VRCD? ]

= - arctg[



Viz) ?_1.15. V" A p(A.6) 47 By multiplying the first of equations (A.2) by V and using the first of
equation (A.3) we have: W dvdh W dV (T - D)V =WV siny + V(T D)V =W + V g didi g di (A.7)

This equation is the one provided also in the TEM modé [2], and it can be used to model the airplane
motion from the initial altitude, ho, and CAS speed, VG, , to the altitude and speed at the flare starting.
Specifically, since in the approach phase the CAS is constrained to be higher than a minimum (see eq.
A.5), a CAS schedule is imposed from the initial CAS speed at the initial height so to have the
minimum required approach speed at the screen height: hO)VcA,,""+07-1417c" (A.8) This CAS
schedule is conveAeglioitionsAGat daedheiciiy tiniad Bieusinvg td &?g@g@gnﬂ%ﬁmﬁulagdprovidfd in
the TEM model [3]. ince the, flight path gngle is kept constant during descent, this additiona
condition determines tha Bgthpé 5 IQB@ 0f SARnTBASESHP®) b dbfrdievelRR

approach. As a coalgemitiemmce, equation (A.7) can be used to evaluate the required thrust as follows: W
dv

1. Flight Data Processing software for Air Traffic Management
applications. In this case, the algorithm can be used to predict
vertical motion and performance status of all aircrafts in a
controlled region in order to perform conflict detection and
resolution. The algorithm can be used for both strategic
planning and real-time tactical re-planning;

2. Air Traffic Simulation tools for professional and gaming
applications. Professional applications include testing of
innovative flight procedures, e.g. continuous descent flight. The
algorithm can be used for real-time simulations of aircraft
behavior after a specific command is issued from a controlier.
The tool can be installed into Flight Controliers Training Units,
i.e. the units that are used to train Flight Controllers with
Synthetic Air Traffic Conditions. In this case, the tool can
estimate aircrafts response to Controllers’ commands:

3. The tool can be used by innovative onboard avionic
instruments, such as next generation Traffic Collision
Avoidance Systems or a Bad Weather Avoidance System. In
this case, it can be adopted to simulate aircraft behavior if a
proper automatic command is issued to avoid dangerous

conditions.

Takeoff and landing models

Landing Mode! Equations

in the following it is assumed that:



T=Wsmy+--+D g di (A.9) 48 Of course, it must be controlled that this thrust is not lower than the
idle thrust and not higher than the landing thrust as prﬂ ided in the TEM model [3], i.e the following
condition must be satisfied: Tidle T Tanding(A.10) where the thrust in landing is evaluated as follows
[3]: Tlanding cdes,ldTmax,climh(All)  In equation (A.11), Tma",,,,,"”" is the maximum thrust in climb
provided for the different airplanes in the TEM model and Chto is the thrust correction factor for the
landing phase [3].  Once speed, flight path angle and thrust have been evaluated, the airplane
altitude and ground range can be computed by integrating the two kinematic equations (A.3). In

addition, the nominal fues flow, Tfhienaicprabhe svalagtedhpasardingrigithéifenpidae reported in the TEM
model for the different airplane?r%% thus the fuel consumption can be computed as a function of time

as: mf = fflor, t(A.12) and the afrffa® Pi%’é% 18 REAMAEISLIT 18) N0 NAlPEGHnS idiNgtial

airplane mass.  ahihpdwitgenioradndnalisieceleration during approach can be easily computed from
the variation imposed on_ the qus' Of ?ourje, since the Ilight trajectory 'Eﬁ a straight line, the

acceleration perpendiculaPts it 28,70 gllowed accelerations are” the ones along and
perpendicular to the flight path. Under these assumptions, with reference

to Figure 16 [4], the equations of motion of the airplane projected along
and perpendicularly to the flight path are :

Tcosa—D——Wsiny:KV—%
& (A1)

Tsina:+L'—-Wcosy=E/—V}?
g

Wherein V is the true air speed, v is the flight path angle, L is the lift, D is
the drag, T is the thrust, W the weight and g the gravity acceleration. If the

thrust angle, @,, and the angle of aftack, ¢, are assumed small (as

typical), the two equations rewrite as:

T—D-—Wsin}fzﬁi—f
& (A2)

L-—WcosyzEV;?
g

The airpiane altitude with respect to the runway and ground range
can be then computed by the following kinematic relations:

an =Vsiny
at (A.3)

dx
— =V, cos
d ¢ 4



The flare maneuver is modeled as in [4]: the flight path is a curved line, normally assumed to be
circular (see Fig. 17) . During the flare the airplane decelerates to the touchdown speed. Thus, an
average flare speed can be defined and used to compﬂ the flare parameters: Vf 1.23V",Ap L- 0.95
Vemm,,ip(A.14) During flare the lift must balance the airplane weight and the centrifugal force
produced by the curved flight path, i. e. we have: wV2 , 1 L =-Wflan- PC Lfla"Vja"S g Rfla" 2 (A.15)
where p is the atmospheric density, S the wing surface and R /la is the flare radius. Let we take:
cweig”, 2W /S 1 _ Vfl2arel (A.16) P 2 flare vil2are

where V, is the ground speed evaluated as the sum of the true air speed

and the wind speed:

Vo=V 4V, (A4)

in the following, ¥ indicates the True Air Speed (TAS) and
V.indicates the Calibrated Air Speed (CAS).

Glide Approach

During the approach, the airplane is flown along a straight line flight
path [4] with an approach speed which must satisfy the following CAS

constraint until the airplane reaches the obstacle height (50 ft for both 23
and 25 Federal Aviation Regulations, FAR):

Vey 2 V(Imin,AP = 1-3‘Vsr,AP (A.5)

where V, . is the stalling speed in approach. During the final approach

the airplane must be configured to the landing configuration, i.e. gear
down and flaps in the landing position. Differently from the approach
speed, the touchdown speed is not specified by FAR’s, but it is typically
approximated as [4]:

Vip 2115 ¥, 4 (A.6)



50 where Vila", is the flare speed under unitary lift coefficient. From (A.15) and (A.16), the lift
coefficient during the landing flare can be computed aif Lfla" C Lweighl ACLfla "(A.17) where Acfla"
is the lift coefficient increment needed to curve the airplane trajectory given by: AC 1,,,k," = WIS\ 1p
jgRfla, (A.18) The change in the lift coefficient is assumed to be instantaneous [4]. Thus we have:
V2V2 V2V2 flu "Orel -" + ACOrel si APvt AP AC lik," (A.19) TT 2Mon u 2 v2 AC4fia" =max.A P
Vflare nct ,AP,flareVflare since: aVIS Vikim

By multiplying the first of equations (A.2) by IV and using the first of
eguation (A.3) we have:

dh W dv

T-DW =wVsiny+ v S _py-wd 7y (A7)
g ar da g d

This equation is the one provided also in the TEM model [2], and it

can be used to model the airplane motion from the initial altitude, 4,, and
CAS speed, V., to the altitude and speed at the flare starting. Specifically,

since in the approach phase the CAS is constrained to be higher than a
minimum (see eq. A.5), a CAS schedule is imposed from the initial CAS
speed at the initial height so to have the minimum required approach
speed at the screen height:

V- - (h - hr) )lyCAyA‘creen + (hscreen o h )V(.'o
‘ Pyeroen = 1

SCreer (£}

(A.8)

This CAS schedule is converted into a TAS schedule by using the
CAS to TAS conversion formulas provided in the TEM model [3].

Since the flight path angle is kept constant during descent, this
additional condition determines that both CAS and ROCD (Rate of
Climb/Descent) are controlled during approach. As a consequence,

equation (A.7) can be used to evaluate the required thrust as follows:

T=wsiny+ - 4 p (A.9)
g dt



C L max AP =,172T72 MAPre AP (A.20) Finally, the lift during flare is given as: vs.2 AP V AP '2' +
ACglare flare (A.21) 51 The flare radius can be coqﬂguted from eq. (18): Rllare= 2W | S\

Of course, it must be controlled that this thrust is not lower than the
idle thrust and not higher than the landing thrust as provided in the TEM

model [3], i.e the following condition must be satisfied:
'Trd.’c’ <T< I:’andl'ng (A10)
where the thrust in landing is evaluated as follows [3]:

= CTcies,idTmax‘ciémb (A~1 1 )

landing

In equation (A.11), T is the maximum thrust in climb provided

ax,clhmb
for the different airplanes in the TEM model and C,,, ,, is the thrust

correction factor for the landing phase [3].

Once speed, flight path angle and thrust have been evaluated, the
airplane altitude and ground range can be computed by integrating the two

kinematic equations (A.3). In addition, the nominal fuei flow, 7. can be

evaluated according to the formulas reported in the TEM model for the
different airplanes [3], thus the fuel consumption can be computed as a
function of time as:

mjzfnom‘r (A12)
and the airplane mass is determined as:

m=m,—m, (A13)



1 2W /S Cime,ghtl V2 flare =V2 1 (A.22) V2 C flareLWeight grAClfiare J 1 Picy.qgiffig 'flare flard v2
flare ight 49

Where m, is the initial airplane mass.

Finally, the longitudinal deceleration during approach can be easily
computed from the variation imposed on the TAS. Of course, since the

flight trajectory is a straight line, the acceleration perpendicular to it is
zero.

Flare

The flare maneuver is modeled as in [4]: the flight path is a curved
line, normally assumed to be circular (see Fig. 17) . During the flare the
airplane decelerates to the touchdown speed. Thus, an average flare

speed can be defined and used to compute the flare parameters:

V, 2123V, ,, 2095-Vo . (A.14)

During flare the lift must balance the airplane weight and the
centrifugal force produced by the curved flight path, i. e. we have:

2

_EV_ Vf;are _ 1
g R flare 2

L=W+ PC e preS (A.15)

where pis the atmospheric density, S the wing surface and R, is the
flare radius. Let we take:
. 2wisYy 1 Vi
(’LWeight = 2 = ﬂg : (A16)
p V_'ﬂare Vﬂm'e



Mare g ACl fia"g fia"-1
technique, and it is usually between 1.04 and 1.08 [4]
reference to Figure 7, the flare height as a function of

wherein n flare is the load factor during flare. It depends on pilot

ce the flare radius has been computed, with

.On

§%an be determined as: hfla, = Rfla" (1- cos
y)(A.23) with y being flare in Figure 17. The ground range is instead determined as a function of time
as follows: X=Vg lure flat (A.24) where the flare time can be estimated as

where V, ., is the flare speed under unitary lift coefficient. From (A.15)

and (A.16), the lift coefficient during the landing flare can be computed as:

C = CLWm‘th + Acf,ﬂare

Lflare

(A17)

where AC,,.. is the lift coefficient increment needed to curve the airplane

trajectory given by:

1
& R Jflare

{

ACL_ﬂare

2W/S]
0

(A.18)

The change in the lift coefficient is assumed to be instantaneous [4].

Thus we have:

2 2 2
_ farei I/st,AP

2

C.L)‘Iare = ﬂ; = + ACL_fIare - 2 ] + AC.Lﬂare = CL max, 47 -—lz{ii + ACLﬂare (A 1 9)
flare V:s‘l,AP Vﬂare Jlare
since:
WIS Vi
Cormap = g =5 (A.20)
pVE‘;,AP V;,AP
Finally, the iift during flare is given as:
1 2 - Vj AP
L = 5 pVﬂareS (’.’. max, AF mmi,'m + ACLﬂarc (A21 )

Jlare



and the ground speed is give as 52 Vg = Vcosy +(A.26) being V, the wind speed parallel to the
ground. From equation (22), the lift coefficient increment can be computed as: =gie(17 flare -1)(A.27)
and the lift coefficient during flare as: Cwia" = LWeight'= n.flar V2 flora Vfi2a" (A.28) Then, the
drag coefficient during flare can be computed using the formulation provided in the TEM model [3] :

The flare radius can be computed from eq. (18):

R - QW/S 1 _ QW/S CLng}v_,r 1 _ 2 I/;arec 1 i
\fare A = C AC ¥ flard “ﬂ-"é"""""" T¥eight i
P g 1flare ~ LWnghrg Lilare flard Lilare

(A.22)

R — I/j‘?}are CL We:‘gh.':_Vi‘ 1
e g A(ji e g

nﬂare_l

wherein », . is the load factor during flare. It depends on pilot technique,

and it is usually between 1.04 and 1.08 [4]. Once the flare radius has been
computed, with reference to Figure 7, the flare height as a function of vy

can be determined as:

hﬂarc = Rﬂare (] — €08 y) (AZS)

with v being 6qare in Figure 17. The ground range is instead determined as

a function of time as follows:

xﬂam = Vg ' tﬂ'are (A24)
where the flare time can be estimated as
R sin
e = 202 (A.25)

and the ground speed is give as



C =C CC C2 DflareDO,L1ADO,GEARDOEDLflare (A.29) The drag force is thus computed as: 1 D-
pC SV2 flare2Dflareflare (A.30) Also the flare angular velocity can be computed as: 53V fia" flare -
"flare (A.31) The longitudinal deceleration during #lare can be computed by using eq.(A.7) as: a
long dV

V,=Vecosy+V, (A.26)

being ¥, the wind speed paraliel to the ground.

From equation (22), the lift coefficient increment can be computed
as:

AC{,ﬂarzz = C.E,Werghf (nj.’are - I) (A27)
and the lift coefficient during flare as:
V_f?arel

CLﬂare = nﬂoreCLWeighI = nﬂam Vz (A28)

Jare

Then, the drag coefficient during flare can be computed using the
formulation provided in the TEM model [3] :

- 2
CDﬂare - CD{),LD + CDO_GEAR + CDO,LD ’ CLﬂare (Azg)

The drag force is thus computed as:
1
D_ﬂare - E pc!)ﬂareSV;are (ASO)

Also the flare angular velocity can be computed as:



== -g dt(Tithe - D flare - W sin y) W (A.32) while the acceleration perpendicular to the flight path is
given as: a perp = Vfia"?(A.33) Finally, the ROCD is eygluated as: dhsin y(A.34) Transition to Climb
Phase The transition is defined as the phase in which the flight path angle y goes from 0 (value at the
end of the ground roll) to its constant value of the initial climb phase. The transition phase is modeled
according to the geometry in Figure 18 [4]. The flight path is assumed to be circular, and the
velocity is assumed to be constant, i.e. V =V Lo. Thus, the transition phase mainly consists of a
rotation of the TAS from being parallel to the runway to being inclined at the initial climb flight path
angle. 54 As in the flare mapeuver, the lift shall balance the airplane weight and produce the
centripetal acceleration néeded 1o curve the trajectory: w L =W +- vO g Rm (A.35) {A.3rhis additional
lift is the effect of an excess in thé“lift coefficient beyond the 1-g one, ACI, which produces the
centripetal acceleration given as:

The longitudinal deceleration during flare can be computed by using
eq.(A.7) as:

dv .
g == 2T = D g =W siny) (A.32)

while the acceleration perpendicular to the flight path is given as:

Vﬂare}} (A33)

D perp =

Finally, the ROCD is evaluated as:

dh .
E =V are SIN Y (A.34)

Transition to Climb Phase

The transition is defined as the phase in which the flight path angle y goes
from 0 (value at the end of the ground roll) to its constant value of the
initial climb phase. The transition phase is modeled according to the
geometry in Figure 18 [4].

The flight path is assumed to be circular, and the velocity is
assumed to be constant, i.e. V' = V5. Thus, the transition phase mainly
consists of a rotation of the TAS from being parallel to the runway to being
inclined at the initial climb flight path angle.



AC/ =W J,12W\ 1 g Rm pV70S \z - RTR (A.36)  In which Vt21 is the liftoff speed under unitary lift
coefficient. Ref. 3 suggests employing the following,equation for computing ACL derived from
operational data: Assuming, as usual, that Iift-orng'ccurs at 120% of stall speed, we have the
following expression for ACL: 2 ACL-2- L1.2 -1 C 'Ana x /0[1.2-2 - 0.53]+ O.38}(A.38) Where

As in the flare maneuver, the iift shall balance the airplane weight
and produce the centripetal acceleration needed to curve the trajectory:

R
g Ry

L=W (A.35)

This additional lift is the effect of an excess in the lift coefficient
beyond the 1-g one, AC;, which produces the centripetal acceleration
given as:

AC,

WV, 2 _[2W)_1 1 (A.36)

g Ry PVLQGS pS) g Ry Ry

In which 77} is the liftoff speed under unitary lift coefficient.

Ref. 3 suggests employing the following equation for computing AC,
derived from operational data:

) 2
V.
AC =L Yo | 1lc =2 ~0.531+0.38 (A.37)
17 Lmax,TC
2 Vsr,:"o Vio

Assuming, as usual, that lift-off occurs at 120% of stall speed, we
have the following expression for AC,.

AC, = %[1 22 -1, ol 272 - 053]+ 0.38] (A.38)

Where



55 Avat.Toy CLmax,TO = W CLmax,TO \22 VLI- .2)2 \. vsi,TO /vst.TO (A.39) 2 Thus, the
radius of curvature during the transition phase can be computed as: R=TI? V'2' g ACL and the lift
coefficient is given by: 35

2 2
laS Vst 1 4 4
( 2,1’())2 CLmax,T() =W = CLmax,T() m[ L ) = (I 2?[&} (A39)

10 .70

Thus, the radius of curvature during the ftransition phase can be
computed as:

Vi
R =i, A.40
" AC { )

and the lift coefficient is given by:

2
Cp =Coy +AC, =~ 4 aC, = V0L ac, (A41)

2
SV ior LOF

whereas the drag coefficient is evaluated as a function of the lift coefficient
using the TEM modei [3].

The increment in ground range, x, and in altitude, h, during the
transition phase can then be computed by the transition geometry (see
Figure 19). The transition is modeled with respect to the air mass, thus the
horizontal wind effect shall be added into the x equation. The x, %
equations are thus:

x(t) =x, + R, sin y(t‘) + Vw(t - tG) (A.42)

hlt)= b, + R, [1-cos y{r)] (A.43)

Where



17,21 CI,TRC AC1l = 2WA+ AC, =+ CL pS'Vt2"i"L20OF (A 40) (A.41) whereas the drag coefficient is
evaluated as a function of the lift coefficient using the TEM model [3]. The increment in ground
range, X, and in altitude, h, during the transition phase 28n then be computed by the transition
geometry (see Figure 19). The transition is modeled with respect to the air mass, thus the horizontal
wind effect shall be added into the x equation. The x, h equations are thus: X0= X 0 RT " sin 7(t) ilt -
t0)(A.42) h(t), ho Rri, [1 -cos y(t)](A.43) 56 y(t), y (t-v") (i-0)(A.44) R" In setting the transition
maneuver, it must be checked that the acceleration perpendicular to the flight path is lower than the

allowed maximum provided jn the, TEM mpdel [3]. Thus, we have: VIOT =V Lop 2?5..a™," <=>a
RTR (A.45) V’j:?‘(f—m:"lgi'&*fo) (A.44)

TR

In setting the transition maneuver, it must be checked that the
acceleration perpendicular to the flight path is lower than the allowed
maximum provided in the TEM model [3]. Thus, we have:

2

[
— - = LOF

a, = VL()F e 5 A max < Z— (A45)
R

This condition transiates into an allowed minimum value for the
transition arc radius:

V2
RTR > Lo (A-46)

nmax

Finally, using eq. (41) a maximum allowed value for the Iift

coefficient increment can be found as follows:

2 2 2
Vi > Vior = AC, S%ﬁm& (A.47)
gAC, a

rmax o &

Of course the longitudinal acceleration is zero.

Initial conditions for the transition model are equal to the ground roll
phase’s final condition, i.e. 1, = ;0. The initial air relative velocity becomes
equal to the lift-off velocity (see eq. A.35).

The final conditions for the transition phase are obtained by
imposing that the flight path angle is equal to the one for the initial climb,
yrr. From TEM model [3] in climb the following expression can be used to
evaluate the ROCD:



This condition translates into an allowed minimum value for the transition arc radius: u2 RTR >
LOP(A.46) Finally, using eq. (41) a maximum allos value for the lift coefficient increment can be
found as follows: VA > V2orAc L.< VA anmax gLicVZOT g (A.47) Of course the longitudinal
acceleration is zero. Initial conditions for the transition model are equal to the ground roll phase's
final condition, i.e. to = tw. The initial air relative velocity becomes equal to the lift-off velocity (see eq.
A.35). The final conditions for the transition phase are obtained by imposing that the flight path
angle is equal to the one for the initial climb, YTR. From TEM model [3] in climb the following
expression can be used to evaluate the ROCD: 57 dh 7T-D\ V c ESF powred dtW (A.48) Where
the power reduction coegiﬁ%ijer;{ !i i;ér;duced to allow the simulation of climbs using less than the

maximum climb setting, ) = e W - C pured * ESF (A.48)

Where the power reduction coefficient is introduced to aliow the
simulation of climbs using less than the maximum climb setting, and is

given by:

(A.49)

® red

max min

¢ M =W~ 0.15 Jet Engines
. 0.25 T.propEng.

The Energy Share Factor (ESF) is a measure of how much thrust is
used to gain altitude with respect to gaining speed [3]. We assume that
during transition the whole thrust is used to gain altitude, which means that
ESF = 1.

Thus the ROCD becomes:

#(r=D

= 7 )-V—cmmd =V-siny (A.50)

from which the climb angie at the end of transition can be derived as:

) T-D | TV
}’E"R =Ssin i {{ W } ’ Cﬂowred} =sm l{liﬁ - _%CDIR} ’ Cpowred} (A51)
V=Frop Lt

1 2 Dy pS Vior
D =—pCprpVippS=> ==V, - Cppp =22E.C (A.52)
5 W oW vix =2 Com

Pror T



The Energy Share Factor (ESF) is a measure of how much thrust is used to gain altitude with respect
to gaining speed [3]. We assume that during transition_s(gwe whole thrust is used to gain altitude, which
means that ESF 1. Thus the ROCD becomes: V ¢ p"™™t‘=V sin 7(A.50) from which the climb angle at
the end of transition can be derived as: T-D 7 TR -asin {- T VL20OF =sin-I {{ W since: 58 The
final air relative velocity will still be equal to the lift-off velocity. The transition will take a time tTR, given
by inversion of Eq.(A.44) with y(t)= ym. The altitude and the position along the runway centerline will
be given by Equations (A.42), (A.43): RTR tn? =LO +r TR ; X (t{TR) =; h(tTR)=; V (t7TR)=V =1 2)TO
(A.53)

The final air relative velocity will still be equal to the lift-off velocity.
The transition will take a time 17, given by inversion of Eq.(A.44) with y(r) =

yrr. 1he altitude and the position along the runway centerline will be given
by Equations (A.42), (A.43):

R
Iig =11 “““r;z“g“?’m! *(trg )= o s Bt )= by sV () =Vio =1.2-(Voan )TO

10 (A.53)

As for landing, the fuel consumption is evaluated by using the TEM

model for climb [3]. The airplane mass variation is then computed using
eq.(A.13).

Initial Climb Phase

The initial climb phase starts when the climb angle reaches the
value at the transition end and terminates at 3000ft. Thus the initial
condition for initial climb are defined as:

Iy =Ip

ho thR

Yo =Vm
Vo = VL(}F
X = Xop

My = My

(A.54)

In the present invention, the Total Energy Model (TEM) from BADA
[3] is employed to describe the aircraft trajectory in the initial climb phase.
In addition, we assume the CAS schedule as given by the TEM model for
the different airplane categories. As an example for jet airplanes we
assume the following CAS increment beiow 3000ft:



As for landing, the fuel consumption is evaluated by using the TEM model for climb [3]. The airplane
mass variation is then computed using eq.(A.13). InitiakClimb Phase The initial climb phase starts
when the climb angle reaches the value at the transition end and terminates at 3000ft. Thus the initial
condition for initial climb are defined as: to =In ho =hm Yo =rm VO V LOF X0 = X TR MO = MTR
(A.54) In the present invention, the Total Energy Model (TEM) from BADA [3] is employed to
describe the aircraft trajectory in the initial climb phase. In addition, we assume the CAS schedule as
given by the TEM model for the different airplane categories. As an example for jet airplanes we
assume the following CAS increment below 3000ft: 59 Ve(h = 3000fi)=(Vjois +10107(A.55) With
the above CAS, one can obtain the TAS by employing standard equations (e.g. in [3]). The TAS

schedule from the initial Ejt{fucid 801 ffE] AtitudEB000ft) can be then expressed gs daljows: " (h -
hn?) [V1",3000fl + (3000- h). VLOF 3000 - hm (A.56)

With the above CAS, one can obtain the TAS by employing
standard equations {(e.g. in [3]).

The TAS schedule from the initial altitude to the final altitude
(3000ft) can be then expressed as foliows:

V(h) - (h ~ P ) [V]h=3000_ﬁ + (3000 - h)‘ Vyor (A.56)
3000 - Ay, .

The ground speed can be computed as:

V, =V -cosy+V, (A.57)

Once the TAS is available, one can compute the altitude profile by
means of the TEM model [3], using the following equation:

fﬂiﬁ = MV ' ESF‘Cpaw red
a W ’ (A.58)

where ESF is the Energy Share Factor. BADA suggests o employ
ESF=0.3 as the energy share factor value for climb phases [3]. However,
preliminary numerical analysis of the capability of the model to predict

realistic climb rates suggests that a more realistic estimate of ESF is given
by [4}:



The ground speed can be computed as: Vg =V cosy+ V,(A.57) Once the TAS is available, one
can compute the altitude profile by means of the TEMJrodel [3], using the following equation: dh (7' -
D) V ESF C pow red(A.58) where ESF is the Energy Share Factor. BADA suggests to employ
ESF=0.3 as the energy share factor value for climb phases [3]. However, preliminary numerical
analysis of the capability of the model to predict realistic climb rates suggests that a more realistic
estimate of ESF is given by [4]: 60 ESF = 1+ -V dV gdh (A.59) Where dV =[1710i = 3000 fitAs - V
w dh3000ft - h",y(A.60) Nevertheless, to ensure the continuity between the transition and initial
climb phases, the ESF isE%\?luFeq;bcy Hmposing the following condition:

pied +—_—

g dh (A.59)

Where

av _ [VC (h=3 OOOﬁ')],MS —Vio
dh 30001~k

(A.60)

Nevertheless, to ensure the continuity between the transition and
initial climb phases, the ESF is evaluated by impaosing the following
condition:

).
dt i dt |,

(A.61)
This translates into the following equations for ESF:
-1
{?;Q:I Cpmured - ESFy. =siny, = ESF,. = {[T _D] " ! }sin Vrr

w Ic 1 (’powrea' (A62)
Lift and Drag are evaluated as:
L=W
D= }i[)C'DVz.S’ (A.64)

V
_ L3
CD = CDO!C + CDZIC ‘I;‘f



(A.61) T - D This translates into the following equations C powred ES& = sin 7TRESFIc = and Drag
are evaluated as: L=W 1 2 Lift T- D for ESF: -1 1 singfl’? (A.62) (A.64)

The flown range is then obtained by:

da F (A.65)

And vy is found by the height rate equation:

pow red

sinymuESF-C
w

(A.66)
Thus:
& C=D) pope A 67
E;':V 1_~W—2ESF 'Cp()w,red ( ‘ )

The altitude is evaluated using eq. (A.58), whereas the consumed
propellant and the mass variation are evaluated by using the TEM model
for climb [3] and eq. (A.13). The iongitudinal acceleration is computed from
the speed schedule, whereas the normal acceleration is zero due to the
straight flight path.

In the prior art, the {rajectory prediction is certainly performed, but
using a coarse-grained algorithm that makes use of a tabular database
about the aircraft features.

Moreover, there is in the prior art a starting model for using the
Eurocontrol databases. This mode! allows for calculations of only certain
flight phases, and is therefore very limited.



: C powred V A C]) CDOIC C1)210 v-2 61 The flown range is then obtained by: (A.65) Andyis
found by the height rate equation: - sin 7 = w ESF Cpé)ﬂv red (A.66) Thus: -

The present invention adds calculation steps which were lacking in
the prior art.

In the prior art, only the 2D trajectory is calculated, the altitude and
the time are derived.

In the present invention one has:

- Adapted the equations to the commands of the controller;
~ Provided an equation system and models that allow the rapid
calculation with high accuracy, by considering the mass as variable.

The commands to be controlied at ground are those relevant to
performing a series of codified maneuvers.

The commands in the present invention are at first in the form of
words. Then they are translated into numerical inputs to a set of
equations. This translation is a novelty feature of the method according to
the invention, and takes the place of the statistics tables currently used.

Since the methods of the present invention allow for the managing
of a dynamic situation, one can also impose constraints on the whole
travel.

The equations modified according to the present invention gives a
numerical output.

The old tables described the aircraft behavior by using linearization
parameters. For example during a phase, a table gave the travelled length
and the relevant trave! time.

In the method according to the invention, there is a constant level of
accuracy among the calculated parameters. On the contrary, in the prior
art the ieast accuracy was chosen as reference.

in the prior art: first there is a predicted trajectory, then the
controller makes its plannings and proceeds to possible modifications of
the predicted trajectory. If during the actual flight there are “tactical”
modifications of the constraints, one proceeds to recalculation of the



I-ESF2 C 12,"3,,"d w2 (A.67) The altitude is evaluated using eq. (A.58), whereas the consumed
propellant and the mass variation are evaluated by usig the TEM model for climb [3] and eq. (A.13).
The longitudinal acceleration is computed from the spééd schedule, whereas the normal acceleration
is zero due to the straight flight path. In the prior art, the trajectory prediction is certainly performed,
but using a coarse-grained algorithm that makes use of a tabular database about the aircraft features.
Moreover, there is in the prior art a starting model for using the Eurocontrol databases. This model
allows for calculations of only certain flight phases, and is therefore very limited. 62 The present
invention adds catcajlaﬂtmﬁyst#pshﬂhmatmmdmm thdheidneation, Itheherededare inihene 2D

trajectory is calcu %%@%%‘Fcﬁlé‘i 6'?1%'%%&5 6?’&%;;'?& ep£8898t§a[%¥89 &%’% ghe has:

Adapted the equations to the commands of the contr ovided an equdtion sys em and models
that allow the rapid calcurattbe mmh(ﬁrﬁaccmmgndbyhainsmmgméchHe@sbyatfmwrcraﬂT he

commands to ben‘fﬁﬁ”ﬁiﬁﬂ@d QUGG 't%oﬁﬁlrs []Er @gw&a&mw%@grﬁé ofyradifigddganeuvers.

The commands in the present invention™are at rm of words. Then t ey are translated into
numerical inputs tperfosmaidg salldien. This translation is a novelty feature of the method according to

the invention, and takes mﬁ‘t gce{%f th &EIC%fa C;B'fé%@ﬁt’ Uﬁ%%nt.ons'DESSth%m&FQRPS of the

present invention allow for the managing of a dynamic sittiation, one can also Impose constraints on
the whole travel. modaiingqleticacmetided adctalimgfiioand dﬁ%ﬁgm%ﬁﬂbﬁ@vé@@hﬁ@@ncal

output. ~ The O'Qﬁﬂg RIS ﬁ%%@ ﬁ@&ﬁ%ﬁg@@&&% %@%%?ﬁé‘ﬂ%? Bﬁ&?ﬁ@?%‘fﬁrs'tzor

example during a phase, a tab e gave the travel and the relevant travel ti
in the prior art all the aircraft are equally treated.

The present invention gives a break-even solution between the
calculations based only on tables and a complete set of differentiai
equations, which would require huge computation resources.

in the integration of equations, according to the invention, one
chooses an optimum infegration pitch for the whoie integration, whilst in
the prior art iterations were used, thus slowing down the calculation.

The present invention may be implemented in a hardware
environment, according to figure 20 which show an air traffic control
system according to the invention.

The flux of data are represented by continuocus lines, whereas the
flux of commands are represented with dashed lines. The dotted iarger
boxe comprises the flight data processor with relevant code (TEM) or
memory area (flight plan data, airborne performance database with data
relevant to aircraft dimensions, tank capacity etc.} biocks.

Meteo data are taken form an external data service via http or other
network protocol, namely form the Automated Weather Observing System
(AWOS) and Automatic Terminal Information Service (ATIS).

The actual airborne position is taken from the radar, and is utilized
to trigger a re-calculation of the predicted trajectory by TEM equations, in
particular for the following cases:



In the method according to the invention, there is a constant level of accuracy among the calculated
parameters. On the contrary, in the prior art the least uracy was chosen as reference. In the
prior art: first there is a predicted trajectory, then the cﬁroller makes its plannings and proceeds to
possible modifications of the predicted trajectory. If during the actual flight there are "tactical”
modifications of the constraints, one proceeds to recalculation of the 63 trajectory. In the method
according to the invention, the procedure is the same but the calculation is made according to the
above specification. In the case of a command that cannot be followed by the aircraft, the method

according to the present éatntianecaldiaie e g asesteartar &alukpparticUra¥tBefotBe method
of the present invention :iges@iffre]gt modeéif%ﬁfor_each phase of take-off and landing. From the
regulation constraints, orl8hIRGRYERIFSE BidNGralEh the particular aircraft, whilst in the prior art all
the aircraft are equally treaigl tme T VARS8 WM RGN Gas, Ahec BITRHEACEOLAIGRRIRED the

calculations based only on tables and a complete set of differential equations, which would require

huge computation resouRE&al PAatRE iRt RIFF AT RNEsEY R JSdM FefesticAvendihene
chooses an optimum integradieteaiisbsiabinie Rge tRRERBPE. el IHRE RN art iterations were

used, thus slowing down the calculation. The present invention may be implemented in a hardware

environment, according t6™RGlrd™80 ARFPYREWCIRSH ARMBARER s RERSRERSHAB o 1B tHi®invention.
The flux of data argajeptepeatsieUntRANINUMBISANBEs iRfERBSHNBHASe 8T A RRNES tREE ARPHE SEnted

with dashed lines. The dotted larger boxe comprises the flight data processor with relevant code

(TEM) or memory 3RLB RIRGFSSRINVENER Shpgieseadishtpianand BtiFHARONAICRS R aircraft

dimensions, tank ¢apaiietT allonkdther pdRIAMRENS iRFedalkrss ffgmaneyiaibakdardsaimce via http
or other network protocol, naa%gly_gﬁjr?m the Automated Weather_Observir%; System (AWOS) and
Servic

Automatic Termin8ffHBf4R Hightrpign, in paticuiar i) BGte D 4R IeGaREATB the
radar, and is utilizedreniaageironietealowiainatel tFaeeeTisiesbiraianmartidn TREMRIHHETENIN

particular for the followin es: 64 each time a flight plan is needed or changed, in particular before
the take-off phaseoéfc\flﬁbe%%?é%f,Oégfﬁﬁ'ﬂl’ﬂ(?f‘within a fixed flight plan, the difference between the

actual position of the airofaftegventyjectedaisdeitstioneand ibaseredistaknasdiatisdararidhan a
pre-defined threshold, .. Hfrom the %onétﬁollir cogsole commands correspondin%;%) the trajectory
calculation in the HIfbdE IBRER) G USPIRY Of (it RE AphBARIOBE RS S THALRA IR a fiight

plan and calculatealicifegodtaingafi¢he basis of all the other parameters it receives from the various
hardware and networks. The flight plan, in particular is created upon reception of command from the
Automated Fixed Telecommunication Network (AFTN) or other Entity or Institution. Once the
trajectory is calculglggh dbjscggnt to the operator console and displayed on the display of the operator

monitoring the situation of the aircraft and air traffic. References
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The present invention has been described for illustrative but not
limitative purposes, according to its preferred embodiments, but it is to be



understood that modifications and/or changes can be introduced by those skilled in the art without
departing from the relevant scope as defined in the erg.%osed claims. 67 CLAIMS 1.A
computer-implemented method for the prediction of aifCrafts vertical trajectory, in particular for Air
Traffic Management, comprising the following flight calculation modules: Take-off; Climb; Cruise;
Descent; and Landing, corresponding to the relevant flight phases, characterized in that: the
calculation of the predicted aircraft trajectory is effected by a computer processor using the following
total energy model (TEM) equations: VRCD =(T -D)TAS ESFIMI mg mdTASVRCD -(T D) mg-(T D)(1-
ESFIMI) diTAS =initersia&isihat soddifigationeqnationsHany&CEnT BS jrtnodincedbyetddED is the
vertical rate of climb,or descent; TAS,is the true air speed, ESF is the energy share,factor, T is the
thrust and D the SRI Thd Bt B AR B R B SRS S A e
depending on TASamrthtdrspdratairmsand altitude, g is the gravity acceleration, and f is the fuel flow,
and 7 is the flight path angle; the calculation of the predicted aircraft trajectory for Cruise phase,
wherein only the mass is varying, is performed by using the following analytical solution to said TEM
equations: 68



Solved for the mass mfin at the end of the cruise phase as a function of the initial mass trn"" and

wherein t is the elapsed flight time, k9 and km are cong(?
individual aircraft. 2. Method according to claim 1,°Ch

nt terms pre-defined according to the
aracterized in that, for the Takeoff phase,

which is divided into ground roll, transition and initial climb phases, the calculation of the predicted

aircraft trajectory is performed by using the following analytical solutions to said TEM equations: ,

RTE

, "), 472 ="10ITR ; 'VTR ) x712 ; 17(117t)= 11772 ; V (frft)at V10 VLO= 1.2'( Vstal)To dx = di' -
2 ESF- .0 powyed w2 that are solved by the ground travelled distance x, wherein tTR is the transition
phase time, tw is the exact time of lift-off, XTR, the CAvlag distance at tTR, ItrR the travelled angle

is.the altitu

RS,

during transition, Vw the |ft ff TAS
(Vnau)To is the stall speed of R %{ﬂ

e, hTth]\Pe %a{tltug'f

e attTR, V is the current TAS,
&rBf?W&F&?ﬂ ©h RGiAHSd - the

pre-defined coeffisieritoal prajetoeguictiparticulas. fMeﬂipmmﬁchaﬁégéiMﬁtlwrﬂpﬁﬂﬁ@% ized in

n of th red

GRGNzoed

that, for the Landn?
following analytlca

haseﬂt g:{%cal é}tl

ected by

ing the
sg§nt; andS

e et Cilieen B

Landsng corresponding to the reievant f |ght phases, characterized in that:

the calculation of the predicted

aircraft trajectory is effected by a

computer processor using the following total energy model (TEM)

equations:
VRCD=(T D)TAS ESF{M}
m
dTAS VRCD
={7"-D}- — = (T =D~

m—==(I'=D)=mg ———= = (I'- D)(1- ESF{})
i =—f
gw«hszASsin}f
dt

solving said equations for VRCD, TAS, and m; where VRCD is the

vertical rate of climb or descent;

TAS is the true air speed, ESF is the

energy share factor, 7 is the thrust and D the drag, m the mass of

the aircraft modeled as point-mass, {} is the Mach number

depending on TAS and temperature and alfitude, g is the gravity

acceleration, and f'is the fuel flow, and vy is the flight path angle;

the calculation of the predicted

wherein only the mass is varying,

aircraft trajectory for Cruise phase,

is performed by using the

following analytical solution to said TEM equations:




-dh = Vfla" sin 7 dt for the flare, wherein h is the altitude, 170 is the altitude for the beginning of glide
approach, hsomeo is the decision altitude, VCA,scree%és the CAS speed to be reached at h"reen, Vco
is the CAS speed at 170, 17c, the CAS speed at h; Vflare the CAS speed during flare and 7 is the
slope of the vertical trajectory during flare. 4. Method according to any claim 1 to 3, characterized
in that the integration of the TEM equations for the calculation of predicted trajectory is made by using
a pair of maximum integration pitches for speed and height, in order to address the minimum
computational load at an acceptable accuracy level, the maximum integration pitches pair being
determined by performin§dhetblfowitigesteresP arforatingsiranthtiohshaceaidisgphmaid F=M
equations, of climb, descent, . and cryise phases for uniformly, distributed set of pairs of speed and
height pitches ranging fr%?rjrqg’%ri]nﬁmbﬁ \Fgfﬂéﬁlﬁ'ﬁﬁo"é{"maQﬁnW???%\Bets'fﬁéneA @Bﬁﬁf%?m@tminimum
values pair as the most donetake emdes paireFosrestahtstewiali@re agefipad ngeebringlegcens and
cruise phases, carrying ou&conto r plots, reporting the percent RMS error of each pair of speed and
height pitches with respeigt t'g’ggﬁyﬁﬁﬁfﬂ m values pair; Choosing the optimal pitches pair as the pair

representing the point that Metlodeamrwtiiagstthemienpte-cledinetdtireshpldhatluR attkitTigik@so the
most distant from Sﬁidf’ inimum values pair, 70. 5. Method gcco%o angaclaim 1
, 10 '

) 04,
characterized in tha raaﬁ?th\gqf% t'Bh %’é%e&é%’[ SRR el gransit ARG and, for
any i-th, i being a pbsisies, itite gesiculatiner, of tibgr atiedisted: aingatherkethatthe settotaied by
performance status s withi redefine(}t rget PS,.comprised rget CAS and target altitude h,
calculated on the ggrlxév o‘?%r}éteg-\gg}%gaé ﬁﬁ%‘t%iﬁ%ﬁé'ﬁé'su %%%%?ﬁ@}f@&ﬁ% Fhance status is outside
the flight envelope, performing the following steps: substituting said calculated performance status with
a corrected performance status thﬁ\t IS nearest to the boundaries of the flight envelope and to which a

safe margin distance fromthese-bstngdaniés is-added/ i) erber o gvpid that i the,gybsequent
calculation it goes outside the flight‘envelope; proceeding to the i+1-th step of integration starting with

the corrected performance status, i.e. corrected CAS and altitude h. 6. Method according to any
claim 1 to 5, characterized in that the effect of the wind is taken into account by adding the following
equations to said TEM e%lcation TGS = 2-VRCD2 (\(\ - WSLatw =p-arctg =p -
arctg \ — =, 1=

dt

that are solved by the ground travelled distance x, wherein r; is the
transition phase time, 7,0 is the exact time of lift-off, xz, the travelled
distance at 17z, yr the travelled angle during transition, ¥, the lift-off TAS,
# is the altitude, hry the altitude at 17z, 77 is the current TAS, (Vyu)ro is the
stall speed of the aircraft with gear down, W is the aircraft weight, Coow,red 1S
the pre-defined coefficient of power reduction.

3. Method according to claim 1 or 2, characterized in that, for the
Landing phase, the calculation of the predicted aircraft trajectory is
effected by using the following analytical solutions:

V _ (h - ho )VCA,Screen + (hscreerz - h )VC o
(el
—h

XNCreen (4

for the glide approach, and



TASL ong i\,Long GS- SIg",g. j 7\ -W.S1", ,--- p- arctg 71 And solving for GSLong, that is the
horizontal component of the aircraft ground speed, an%ﬁor yi that is the heading angle, wherein
WSL",,g is the horizontal wind speed, WSL, is the lateral component of wind speed, beta is the course
angle. 7. Method according to any claim 1 to 6, characterized in that the TEM equations are
solved: each time a flight plan is needed or changed, in particular before the take-off phase of the
aircraft, each time, within a fixed flight plan, the difference between the actual position of the aircraft,
given by a radar detection, and the predicted position is larger than a pre-defined threshold. 8.
System for Air Traffic Management, comprises a electronic elaboration unit for the calculation of the
predicted trajectory and a controller of the flight proﬂng to said electronic elaboration unit natural
language commands for the trajectory the aircraft has-te io),Lgevgﬁ,Ip}aaracterised in that said electronic
elaboration unit executes a translation of the natural‘l'énguage commands into input numerical values,
and in that said electronic elaboration executes the calculation of the method according to claim 1 to 7.
9. Electronic elaboration unit, characterised in that it comprises code means that execute, when run,

the method accordPig®s djeci¥herets 7 is the gititdmdinds Bie ity dentarntherkeginningoft
comprises code MGIRRS SpHARBHO/EXECESHANERELIBRN BIRRRE @?PS‘ELati%”tﬁ@etﬁ@igd@E& the
a

calculation according to the method of any claim 1 to 7. 11. Tangible memory medium, readable

by a computer, stothGE2PI6drah charditeibdtarths: BREBrogtdm iKaHbe SrisuRRaRd Gt

according to claimy30. the CAS speed during flare and yis the slope of the vertical trajectory
during flare.

4. Method according to any claim 1 to 3, characterized in that the
integration of the TEM equations for the calculation of predicted trajectory
is made by using a pair of maximum integration pitches for speed and
height, in order to address the minimum computational load at an
acceptable accuracy level, the maximum integration pitches pair being
determined by performing the following steps:

- Performing simulations, according to said TEM equations, of climb,
descent, and cruise phases for uniformly distributed set of pairs of
speed and height pitches ranging from a minimum values pair to a
maximum values pair:

- Assuming the minimum values pair as the most accurate

values pair;

- For each simulation, comprising climb, descent, and cruise
phases, carrying out contour plots reporting the percent RMS
error of each pair of speed and height pitches with respect to
said minimum values pair;

- Choosing the optimal pitches pair as the pair representing the point
that has an error of less than a pre-defined threshold value and it is

also the most distant from said minimum values pair.
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5. Method according to any claim 1 to 4, characterized in that, for all
the flight phases except Cruise, the TEM equations are integrated and, for
any i-th, i being a positive integer number, integration step:

- one checks that the calculated performance status is within a pre-
defined target PS, comprised of a target CAS and target altitude #,
calculated on the basis of a pre-defined flight envelope;

- if the calculated performance status is outside the flight envelope,
performing the following steps:

- substituting said calculated performance status with a
corrected performance status that is nearest to the
boundaries of the flight envelope and to which a safe margin
distance from these boundaries is added, in order to avoid
that in the subsequent calculation it goes outside the flight
envelope;

- proceeding to the i+1-th step of integration starting with the
corrected performance status, i.e. corrected CAS and altitude
h.

6. Method according to any claim 1 to 5, characterized in that the

effect of the wind is taken into account by adding the following equations

to said TEM equations:

GSL()ng = WSL(mg + .2\/TAS2 - WSZLHI‘ e VRCD2

WS, ~WS,
= ff —arcigl ——2L | = B —arct -
w=p g{TAS J B—arc g{GS ng_ong)

Long Long -

_ WSLGI
= B —arctg : - : .
3TAS? ~WS? 1 ~VRCD?
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And solving for GS,.,, that is the horizontal component of the aircraft
ground speed, and for i that is the heading angle, wherein WS, is the
horizontal wind speed, WS;,, is the lateral component of wind speed, beta

is the course angle.

7. Method according to any claim 1 to 6, characterized in that the
TEM equations are solved:

- each time a flight plan is needed or changed, in particular before
the take-off phase of the aircraft,

— each time, within a fixed flight plan, the difference between the
actual position of the aircraft, given by a radar detection, and the
predicted position is larger than a pre-defined threshold.

8. System for Air Traffic Management, comprises a electronic
elaboration unit for the calculation of the predicted trajectory and a
controller of the flight providing to said electronic elaboration unit natural
language commands for the trajectory the aircraft has to follow,
characterised in that said electronic elaboration unit executes a translation
of the natural language commands into input numerical values, and in that
said electronic elaboration executes the calculation of the method
according to claim 1to 7.

9. Electronic elaboration unit, characterised in that it comprises
code means that execute, when run, the method according to any claim 1
to7.

10. Computer program, characterised in that it comprises code
means suitable to execute, when they run on a elaboration electronic unit,
the calculation according to the method of any claim 1 to 7.

11. Tangible memory medium, readable by a computer, storing a
program, characterised in that the program is the computer program
according {o claim 10.



