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 feft fastvend $ajerimtaedigivorraatonthiar ditligiagithat is much
larger than the one of current opergti / . Eg% %H,I{gmation level in ATM
processes must be increased to fuﬁ%ﬁ%?%ﬁéﬁ?éranngn{ (Fgﬁt%{rﬁg f aircrafts that are planned to fly
in the next generation airspace would require a non realistic number of human controllers [6]. As a
conseduence, software $AITGIISH HLEARRBAUPAC ANBRIISAPIPEIBRI SUERk A5 eonflct
resolution. Several tools are under development to support the implementation of safe software -
controllers. Indeechesboabfturaititrasfie mamagament (diidieaathtelgvastviithiVi sysigcomputational
load. Moreover, since a_ﬁ@rletlme dseq%pqh is Pﬂcu q,lq imig}ﬁ&rﬁ%@n@%ul&&ﬁ@@%sp ito ensure

the output of a solution in a short time.’In pa ar, uncontro oops must be avoided, since they
prevent the systeabte falfitelioe|adquinemantitad tiratedisterminmaircrath ipypieenatiagsipfaools that
are needed for fu ir - fligt r ' : to be
supported by acc%ﬂéﬁ%%éé?ggr@%ﬁeg&%ﬁ;%%@rit r%rlsﬁo gggleyr%?gl rsgla %@ﬁ%@uﬁﬁgg detected
in-flight congestigpisaseshinlastdeiapdacsmpyiativnedis ¢iseiiveerayeVidiepes s priwestidiective
wrajectory predictigq{fs? L Hie ainjssushye!aieddn M inalralign.ofaeronstiaiegonygrediction
tool are: The tool must be capable to support redl-time conflict resolution, I.e. thousands of runs must
be performed in fswasgitomnds; The tool must be based on the knowledge of parameters included in an
aircraft database that co I ' ' SRR igible
number of new aircraft mo elg IS mtr%ﬁﬁ%e%ﬁ%@%%%&%ﬁgéure tf?ﬁib?\ﬁ%r@ﬁ!g satisfied,
the trajectory prediteéoratonaluraitindsengitasingtropitdyllddd snthdba pesorssieie minamum
number of neede | | : i itiop i wide
standard databas% that ;%qﬁgztét%%ggéﬁﬁﬁ%ﬂgg lgﬁt eﬂ,i%'%ﬂgtggfnﬂhg arv?%g\g?]{%eveloped
in the last few yeargsdoBaDENl/opevetdscsysieBseingTM Europe for EUROCONTROLTm. The
version 3.6 included all RAYIDRIRLS ngeded 19, iNiegrateIieraft ajtigle &r&@gggggs% the,99%
coverage of all aircraft operating in Europe up to year 2006, and the majority of aircraft types operating
across the rest ofittesenssitl fo1Jfulfil this fopawirsireninal Reticlemhey refateiicigtite bahafRId of

automation of ATM&%%W&TW in the next generation airspace would require a non realistic

number of human controllers [6]. As a consequence, software controllers

(@)

would replace human ones in the main function such as conflict resolution.

Several tools 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 fulfili 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
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t id ical traject it j ' b
0 provide a verfica ra’%%ﬁgé%ﬁ%gt%%ggg%&% {%r?n%ggﬁfﬁgaw%%ﬁgm thabgives fle problems

and overcomes the difficu ments of the present invention also seek to
provide a system for AthGuatiicds af agesianstHae psslermeddnHewuserdmsihod  According to a

frst aspect of th. preseqLIRXG AR BETEIE A QR RrERMIEHE ImplemARBIEH MEileddoh e

prediction of aircrafts vertical trajectory, in particular for Air Traffic Management, comgrlsmg the
following flight calculatem micchalestFtakesss canboeHssl Desd@acdndalBa iy dbakesonding to

the relevant flight phassépg%aﬁegg&q #@eﬁgﬁ%ﬁvﬁgﬁgﬁg@tm&%pﬁ%qré@r@,%ifpfﬁgdégectory is

effected by a computer processor using energy model (TEM) equations: 4
is infroduced in the market.

To ensure that condition i) is satisfied, the ftrajectory prediction
computational engine must be reduced so that it performs the minimum
number of needed computations fo 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 following 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, lssue 2, March-Aprit 1897, pages 232-238,

- Swenson, H. N., Hoang, T., Engelland, S., Vincent, D., Sanders, T.,
Sanford, B., Heere, K., “Designh and Operational Evaiuation 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,



VRCD -(T -D)TAS ESE {M} mg mdTASVRCD -D) mg-(T D)(1- ESF(1111) diTAS = -f dh =TAS sin y di
solved said equations for VRCD, DIS, and in; where VRCD is the vertical rate of climb or descent; TAS
is the true air speed, ESE 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 depending on TAS and temperature and
altitude, g is the gravity acceleration, and f is the fuel flow, and y is the flight path angle; the calculation
of the predicted aircraft trgjegternior &-dlisgqerase Jwheregicunlystive maskiiswatyings igperformed by

using the following analytical solution to said TEM,equations; .. Solved for the mass mfl at the end of
the cruise phase as a fun EF’JHCO#%{}RE%WH %O?nir[u, aa'tﬁg)\r/'v eSr ?ﬁeﬁé thoé%'ig %%ea %ﬁgél? ime, k9 and
110 are constant terms pfeedetinegradcddC@ni ththedndivd anpesrdds.. Spriogeabloriagsording to an

Qr_n_bodi_ment of the inventg?la, fc%[alﬁgsgaélﬁég%phase, which is divided into ground roll, transition and
initial climb phases, the ca CLﬁé 1on of the predicted aircraft trajectory is performed by using the

following analytical solutidtree sRRITPEM MasgdpemisigurTRuUPUY, Wolfgang  Schuster,
Armab Majumdar and Washington Ochieng, “Performance

Evaluation of a Nove! 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.

Embodiments of the present invention seek to provide a vertical
trajectory prediction method for Air Traffic Management that solves the
problems and overcomes the difficulties of the prior art.

Embodiments of the present invention also seek to provide a
system for Air Traffic Management that implements the above method

According to a first aspect of the present invention, there is
provided a computer-implemented 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 phases, characterized in that:
- the calculation of the predicted aircraft frajectory is effected by a

computer processor using the following fotal energy model (TEM)

equations:



TTR'LO "R, "VTR | - -TR ; h(tTR)=ha ; (ta)=RLO = 1.2 (Vstal)TO LO dx _di(IT- ESF-, C
w2powred that are solved by the ground travelled distance X, wherein TR is the transition phase time,
ILO is the exact time of lift-off, XTR, the travelled distance at Era, *,1-R the travelled angle during
transition, V LO the lift-off TAS, h is the altitude, hp? the altitude at tTR, V is the current TAS, (V,Aro is
the stall speed of the aircraft with gear down, W is the aircraft weight, Cpo"d is the pre-defined
coefficient of power reduction. (wargyrably according to an embodiment of the invention, for the
Landing phase, the calculéfioR of the prédicted alforaft trajectory is effected by using the following

7

analytical solutions: (h-krus%jék ¥ for the gy}él&glpproach, and dh di e sin,,

=T~ DVmg " = (T —IN(1~ ESF M
me—==(I'~D)-mg ——= = (T =D) )
= f
Elr¥¥'tf~=3'"ASsin;f
dt

solved said equations for VRCD, TAS, and m; where VRCD is the
vertical rate of climb or descent; 745 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 the Mach number
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 varying, is performed by using the

following analytical solution to said TEM equations:

s I
t—tos—dﬂz\/ L tan‘l( ﬁ‘—(l-mﬁn}-—tan“]( @-mm]
74s 'k K, k, V%

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

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

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

individual aircraft.

Preferably according to an embodiment of 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:



for the flare, wherein h is the altitude, ho is the altitude for the beginning of glide approach, h.., is the
decision altitude, VcA,scree" is the calculated air speé—’d (CAS) speed to be reached at hscreen, FcO is
the CAS speed at ho, Vc the CAS speed at h; Vfla" the CAS speed during flare and y is the slope of
the vertical trajectory during flare. 6 Preferably according to an embodiment of the invention, 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, giveriby é{r;a“da?r?déttebfiéfﬁﬁéiﬁdﬁﬁ TpfgdfméﬁVHbé%mgf I)arger than a
pre-defined threshold. Preferabfy according to an embodiment of the invention, the integration of
the TEM equations for the calculation of predicted trajectory is made by using a pair of maximum
integration pitches for speed an ' ' ress the minimum computational load at an
acceptable accuracy levelithe Pg(mumfn gt'tcm pitches pair being determined by performing the
following steps: Performing similations, accordingtg“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 paihaFareasbiwsithulgtitie, gosnpdsinayelisth dildsoeat xanderaiserphésdbecarrying out
contour plots reporfind e peicentt RMS arrofofeadh painafsnaefhag helohpitcheg it respect to
said minimum values pair; Choosing the optimal pitches pair as the pair representing the point that has
an error of less thadistaresdafinedth tesHtsivelig angid dudngdetsdiptodi didiantir@l daid minimum
values pair. __Preferally ageqiding. [@-arufibadimente idhednugriians Agr bk he flighhghases except

Cruise, the TEM equations are integrated and, for any i-th, i being a positive integer number,

I- €1ng .
integration step: 7SENeseReeY therake dhMiasppersimahitdRATSTRIWEIHL bredefihed target

PS, comprised of ajtargel-§ipanedarassalitudsvr eadadiadad on the basis of a pre-defined flight
envelope;

Preferably according to an embodiment of the invention, for the
Landing phase, the calculation of the predicted aircraft trajectory is

effected by using the foliowing analytical solutions:

(h - ho )VCA SCrecH + ( screen h )VCO
V.= :
screen Ji"‘lo
for the glide approach, and
dh .
— = sin
df Hare ;V

for the flare, wherein # is the altitude, A is the altitude for the beginning of
glide approach, Ay is the decision altitude, Ve sweer is the calculated air
speed (CAS) speed o be reached at /iy.een. Voo is the CAS speed at iy, Ve
the CAS speed at 4; Ve the CAS speed during flare and y is the slope of

the vertical trajectory during flare.



if the calculated performance status is outside the flight envelope, performing the following steps:
substituting said calculated performance status with @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 altituggdierably ERtesRiMy ascardingbisuanermbp dimeniaplitie imeenEan, the effect of
the wind is taken into account by addi(pg the following equations to said TEM equations: GS Long =

WSLQng V TAS2 5831088 FBERd " arctg - fif7S,”,
- 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.

Preferably according to an embodiment of the invention, 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 {0 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 pilches 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 vaiues pair.

Preferably according to an embodiment of the invention, 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:



TAS2 WS2LaE -VRCD2 , and solving for GSL,,,,g, that is the horizontal component of the aircraft
ground speed, and for yt that is the heading angle, wherein WSLong is the horizontal wind speed,
WSL," is the lateral component of wind speed, beta is the course angle. 8 The results obtained by
solving said equations may be displayed graphically. According to a second aspect of the present
invention, there is provided a system for Air Traffic Management, comprises a electronic elaboration
unit for the calculation of fae Rrediciepiraiestencaata pertatianet hetight miovidngte said
electronic elaboration unit natural lan e commands, for the trajectory the aircraft has, to follow,
characterised in that saidd&f&? fﬁ‘&gg?alfggra‘i%ﬁpﬂﬁﬁ%e%@u%@% t?ag‘n El |8r%859 tg f?1’t[al1‘{%er3a}'f'Ianguage
commands into input numeelicehteal vestharchéistbbs saedioa fiighdlabosliion executes the calculation
of the metho_d as o_I_eflnedi}gq%gecg;gﬁég%)oe%ﬁ@p&ﬂé@&%ﬁ@@h&&@ide thé“fﬁ&tﬂ‘f‘_jéﬂgé@@e?h'fd aspect of
the present invention, there is provided an electronic elaboration unit, characterised in that it
comprises code means tivgriexedigdha friewing giePfiethod as defined in the first aspect of the present
invention. According to a fousyiaspect efithecaresapidnvastinmhese iseVvides agomputer
program, characterised in that it comprises code means suitable to execute, Wh?n they run on a
elaboration electronic unit, the GAEERABN REESFHIRGTR tRPHEthEWhs BT the firtlPaspect of the
present invention. Accordingdndafifh cispectight e priesentnaventbithtizesefés peogided a tangible
memory medium, readable by a,compu(fy, 59nC. ARIAYAM. dAAGIEIISHIHALGGJgogram is the
computer program as defined in the tour aspect of the present invention. There is also disclosed
a method wherein the results oftiaé sothgosidoepaurnbgaiatibHioard argRaYedigeapacimit  Thereis
also disclosed a method whereigthiggigsults obtained are employed in air traffic control. 9 The
present invention will be now described, for illustrative but noté[imitative urposes, according to its
preferred embodiments, With patfRIASF R 16 Fighre B‘F‘?ﬁéﬁgﬂ%k% n&mg%?wherein:
figure 1 shows a general flow clartaftdtcpatihadraecerding ite theripuartiCAS fagurel@stws a flow
chart of the routine "computeTE}z\/I" in the method according to the invention;

Preferably according to an embodiment of the invention, the effect
of the wind is taken into account by adding the following equations to said

TEM equations:

GS g = WSy + NTAS? ~ WS 1o ~VRCD’

Long

( - WSL ! — WS.’«:
= f—arctg) —=L | = f—arctg| —— e | =
{/j ﬁ e gL 748 } ﬁ g( GSLng - WSLang

Long
~ WS, }
3/TAS? —WS210 — VRCD?

=[5~ arctg[

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, WS, is the lateral component of wind speed, beta

is the course angle.



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 acdbrding 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 performe. at.consiaiTASy figyreof, Hipusia Shrmats Mekpsaatongbhe landing

phase of an aircraft ([based on Ref. 2]); figure 8'shows a landing simulation logic according to the
known art and staft@ardealijure 9 shows a schematic representation of the takeoff phase (based on

[2)); figure 10 shows a talseoff sifpylation logieAgcasding torthekpryse Artiashaiandardrs figure 11

shows a contour plot resulting from'typical simulation run on TAS and altitude pitches (the color bar
reports the percepf@fidedvith S¥SHRGt f@rnvﬁdfmﬂrﬂfﬁbﬁcwfémﬁﬂfﬁ?@)‘}; HUORIISES0ANE/FEMBN; figure
12 shows a targef,parformance sfalss rRsSIgNEIeRIJROIS: areoTingitadhetinyentipg; Y figure 13

shows target level speed margins, according to the invention; figure 14 shows a performance status

margins definitiorceicekameitihediabbatevidirgie 53ichalpstoritreRRRr oMy InRRIHA,
according to the koawin-ad apdRRABAAISHCARS 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 as
defined in the first aspect of the present invention.

According to a third aspect of the present invention, there is
provided an electronic elaboration unit, characterised in that it comprises
code means that execute, when run, the method as defined in the first
aspect of the present invention.

According fo a fourth aspect of the present invention, there is
provided 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 as defined in the first aspect of the
present invention.

According to a fifth aspect of the present invention, there is
provided a tangible memory medium, readable by a computer, storing a
program, characterised in that the program is the computer program as
defined in the fourth aspect of the present invention.

There is also disclosed a method wherein the results of the
solutions of said equations are displayed graphically.
There is also disclosed a method wherein the results obtained are

employed in air traffic control.



figure 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 represeftation 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 according to the invention,
wherein the flux of information of the present invention is implemented and used. The tool

ding to the i | developed in the-mainf f SESAR project fund the E
Onion [51, - The met 48 SLBSRH AT VG BT oEH el B TR VRrcal

Trajectory PredigtimigasithpasOéT Bégottimastoléietnpéast radetabitalipnedist thighajticittaijarofile of the
trajectory of an aircraft during,a typical mission, in {he framework of an enhanced-Flight Data
Processing (e-F rEynsct%ltr?%Q? ﬁﬁ%&&iﬁ@ﬁ BHRSESL HFBMIRG A e fkies of main Air Traffic
Management (ATM) Edigpean sboiel segdersal iwabdvermeitienadbtitiohetryquuifite tootile be
combined with geodetic trajectory profile in order to allow for full trajectory prediction. The main
purpose for the realizatioreot it algorithm is to generate a realistic vertical trajectory profile for each
operating mode that is fiflieordnahases] byfidiv Teatic Gorttiellecsitifibe o et MR nmerites operating

modes is reported in the fcﬂI‘O\ging section The ve}rtical trajectory profile was defined by means of
a time series of a colle¢li6H'GF ST F%%%%%H’SQ f3Hnance status (PS). This type of information

was determined by estifigatieg3hetfolavmditakmusiéat dachimisédisaiivthestépeisetnzemoetibhdAircraft
Mass (m) [tons]; 2. Estigncac;[glgdi'gén% veel|rn Ee-l;x Io%r; t) [10-7s];

- figure 4 shows a flow-chart for the method according to the
invention applied to acceiera.ted 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 tanding 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 tc 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 fo the
invention;

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



3. Estimated Level Over (ELO or h) [feet]; 4. True Air Speed (TAS) [knots]; 5. Ground Speed (GS)
[knots]; 6. Vertical Rate of Climb or Descent (VRCD &BROCD) [feet/s]; 7. Travelled distance dfrove/
[NMI]; 8. Ground Temperature (GT) [C]; 9. Normal acceleration [g]; 10. Longitudinal acceleration [g];
11. Aircraft heading y (). 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 conflict resolution routines. It must

be capable to accurately track the erfor ance st us of airc fts dunn all t raps t aircraft
flight phases such as t ft él (Q,Wﬁse a&%%&eﬁet %ng’ Ff’am?a | S’zg?lrcra m%csl?v%s

determined by using thm{F@;t;agblﬁnergy Model (TEM) that turned out as an eff|C|ent point-mass model
[1], Aircraft configuration para rs included.in the database named of I ataTm
(BADA) v.3.1 [1]. This fgféﬁaig \??é%"\laaef pLe B’yrﬁﬂﬁaé igure reé:%r st ﬂ“ee main
flow-chart of VTPA algastths.iMaintaligorithm features Operating modes Several operating modes are
provided for the VTPA ?&?rlth{g

SHOWS a course vs. heading diagram, according fo the
known art and standards (ICAQO);

- figure 16 shows a definition scheme of the forces acting on an
airpiane [4], according to the known art and standards;

- figure 17 shows & 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 according to the invention, wherein the flux of information of
the present invention is implemented and used.

The tool according to the invention was developed 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 profile 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 infegrated 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 {0 generate

a realistic vertical trajectory profile for each operating mode that is



as: 1. Take Off mode. This mode generates a PS time series for a take-off of an aircraft; 2. Landing
mode. This mode generates a PS time series for a lapding 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 ng%grical integ&aﬁgﬁln, one determines a P$S outsjde the actual flight envelope.

7. Performance StRINS ARG r¥maice! FAGinG RIBERIE$hebiGwithsfe ShomMRIEE#HE peed and

altitude margins obthegsiuataRdasmansaasidiithwitbiesnectiztbe actual flight envelope. Input
parameters Initial Performance Status that is composed by the following terms: Injtial mass; 13 2.
Initial ETO; 3. Initial ELO"E. YAMHSPTAZSRIR IR YYRF Sj5HagC by means of a time series

of a collection of data that was called performance status (PS}. This type
of information was determined by estimating the foliowing terms for each

instant in the time sequences:

Aircraft Mass (m) [tons);

Estimated Time Over (ETO or /) [107's];

Estimated Level Over (ELO or ) [feet];

True Air Speed (TAS) [knots};

Ground Speed (GS) [knots];

6. Vertical Rate of Climb or Descent (VRCD or ROCD)
[feet/s];

7. Travelled distance dy..; [NMi];

Ground Temperature (GT) [°C];

Normal acceleration [g];

oW

o

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 Controliers during a flight. Some
project constraints were assigned {o 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 Mode! (TEM) that turned out as an efficient point-mass model

[1]. Aircraft configuration parameters inciuded in the database named



6. Initial VRCD,; 7. Initial travelled distance; 8. Initial Ground Temperature; 9. Initial normal
acceleration; 10. Initial longitudinal acceleration; 11. fifitial heading. Depending on the operating mode,
the following terms may be also input: 1. Level to reach - htarget [feet], i.e. the level that must be
reached at the end of the mission segment (modes 1-4); 2. TAS to reach - TAS,"ge, [knots], i.e. the
TAS that must be reached at the end of the mission segment (mode 3); 3. Distance to reach - diarge,
This distance is used for KeepAState, i.e. cruise, mode. chargef is the distance covered during the
cruise flight segment (mode 5); 4. Maxipum distance to reach a level ﬁ%gm,ﬁi.e. the maximum
distance that carFS A nEF BErGIEPeadtift Sleber indaes NS fiaia RRUFRS B reach a
TAS drAs [NMi], E¢jpicsomaxiragn distance that can be travelled before reaching a stated value of TAS
(mode 3); 6. Performance modulation, This is a flag. If it is tru \él:[}g minimum, mean, and maximum
thrust configuration shaﬁ'%rﬁe}ffﬁmw&ﬁ@'?ﬁ@@?%@g rfgrﬂ@cﬁ'ﬂ‘@false, only 14 minimum

thrust configuration must be performed (modes 1,3,4);

Main algorithm features

Operating modes

Several operating modes are provided for the VTPA algorithm, such

as:

1. Take Off mode. This mode generates a PS time series for a take-off
of an aircraft;

2. Landing mode. This mode generates a PS time series for a landing
of an aircraft;

3. Reach a speed mode. This mode generales 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.

8. 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 allitude 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;



Aircraft position. It is a data set that contains information about local values of environmental
conditions, i.e. sea level temperature and wind, for given values of travelled distance (all modes).
Output parameters 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 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 levelTTAS are reached. External data The external data used as aircraft data
are taken from database BADATM tHAH ! E% ded by EUROCONTROLTmM. It contains both global
aircraft information, such as m@aximufriggcep®d longitudinal acceleration, and single aircraft
parameters values, such as wing span, ‘AF iQr art feature, it is constantly updated to contain
parameters of all currently fIyir% air F}ﬁ'@.%ﬁuirements 15 This section describes the initial
requirements for the method of "tool'{gggoGkpgrid Yedegention. The underlying logic for requirement
definition was driven by a series of issues, %Srt)e}s: Tool routines must be capable to support real-time
operation of an ATM manager%ent S)}Q{Bﬂll;\ilgh ool must make use of widely used databases of

a!rcraft performances so that izcouldihgigiasidyaledatistaden new aircrafts were introduced in the
airspace; 8. initial Ground Temperature,

9. Initial normal acceleration;

10.  initial longitudinal acceieration;

11.  Initial heading.

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

input:

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

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

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

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

5. Maximum distance fo reach a TAS dpys [NMil, ie. the
maximum distance that can be travelied before reaching a
stated vaiue of TAS (mode 3); _

B. 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



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 beable 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 ajircraft a time series of performance statuses
relevant to a trajectory vertical BFROFIES A SRS RN MR é)&%)grg%# t?@@é%?mined
once an initial state and a spegificafirust profile was assigned. As reported in the previous section, the
main dynamics model selected was TEM1, that was a point-mass ajrcraft model represented by the
following set of equatiofls: 16°EEERY :pPIS-‘tWT%S'E E@n@e?n?b?ggoa}ﬁﬁnﬁ]d'ﬁﬂﬁﬁt@ﬁ -D)(1 -
ESF dtTAS - f dh = TAS sin 7 aboub@beedl Jeniad/ i BAGronnyER T i Hattivex|ciad ratesolesknb or
descent; TAS is the true air speed, ESE is the ener%y ?hare factor, T is tE% thruit(xr{gﬂ ? the drag, in
the mass of the aircraft modelmeﬁﬁmfmg,%f fi rt@é"%é‘r?m%ﬁ rR%E &N BEENETlated as a

function of the TAS and tempeggturdg4y. 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].
Quiput parameters
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
thrust/ESF combinatioh;
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.

Reguirements




TEM routines are organized according to the invention in a software architecture that is composed by
three types of routines such as: Routines for pre-procgssing 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 17 IhESq8RelRNTHESEr RS alsitREh RLUEpOREFajeEdls FretiotoRservices. A
series of subroutifgs TenlizsrpRriabzatkiapkentient amd . inidaligatiPndsiFaMmeisakdaeck of

flight envelope constraint violation; 3. Realization of trajectory prediction steps, i.e. determination of

aerodynamics dr§MHIPMMWRE driverRYIf SERRRIFE RAUESaRHE@Ry algorithm performances was

developed by thg inventie) chaiRdestia:wes apde:ies hepeierrialing ehaasitacytand to avoid
performance regression during debugging. Preprocessing routines Two main database structures
have been initialized (iMpoe03RFHEMGBARYRIRTBhod tool) to be used for the trajectory prediction

algorithm: 1. A sjructurgipaniesl "Bl hyKkBe iRkerfonhak corieinsialkand«iyihaidaia contained
in the BADATM database developed by EUROCONTROLTm, It is divided into three substructures by

the same EUROCONTRETSMANCes S0 DBkt kAW Rensasorpaaied whRRineYIPHSIa Rat are

were introduced in the airspace;

ifi. The ool must be able fo estimate the aircraft performance status for
all typical flight phases with adequate accuracy on all terms;

Iv. The tool must be abie 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 determing
the aircraft a time series of performance statuses relevant to a trajectory
vertical profile of an aircraft. This caiculated 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 mode! selected was TEM'? that

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



relevant to a single particular aircraft. Indeed, "BADA" contains one "OFF' for any aircraft included in
the database; b. A substructure named "APF" that copgains 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 BADATm database but that are constant for the 18 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 trajectory prediction
algorithm; b. A substruct}g{@ﬁa!éﬂié@ggl ntains global parameters, such as the maximum
allowed TAS in mid-air flight; c. A ngstructure named "Aircraft”" that contains parameters specific to
each aircraft. Runtime trajggtory prediction rommfeg This sectio orts flow-charts for all
components of VTPA rofitings: Ra{ting ligHted 1 M gures. The main routine that
performs general form of traje tory prediction routines is called "computeTEM". It is organlzed
following the scheme regortedpln Figure 2. The general algorithm is capable to estimate all the terms
required for VTPA as ab@ve,qgs;cg;p d, such as: 1. Determination of final and partial Performance
Status for accelerated clilmb/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 StdtgsifédocoiRiant TAS cruisér(Riees distaverioaleyate 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, fis the fuel flow and v is the
fiight path angle.

The term ESF is the energy share facior 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 ifs data avaiiable
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



5. Determination of final ad partial Performance Status for Take Off (Take Off mode); 19
-6.Determination of final ad partial Performance Statug for Landing (Landing mode). 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 below 3000ft 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 flowtBRal$8¢&oiRIMinatidhfe 8!assURAyLIRbISHBRCTR BISRCIOTY TRIEHIFI perform

the initialization ofiHeeEatiANBAEAOEIAIBSUENAS PaRse EpScibkidcRASRsdyayplaand 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 BADATM. When thisg@frasiton 4 pariariaggs also the initial/final altitude is set to 3000 ft
above runway level, i.e. the altitude where takeoff and landing end. Description of InputCheck block

The InputCheck routine perforfn8&RE ehiigkd RIpGRReIc RSN VRBICE verify the correctness of
input parameters. The cgll genrEipEHBIe¥EeRIjEBIH S BiRAREH8 KBS 2QUetermination of

aerodynamics drag and thrust,

Finally, a roufine 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™ e -

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 inciuded 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 aircrafis.

2. A structure named “TEM” that contains all the data that can be

derived from the BADA™ database but that are constant for the



Maximum and rninimum TAS is determined considering maximum and minimum Calibrated Air Speed
(CAS) and Mach reported in BADA by means of the fpflowing procedure: 1. Given current temperature
at sea level, current local temperature, pressure, 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 verified on initial mass values; 4. Final max TAS and ELO are verified for initial
mass values; 5. 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 trajectory prediction aig%/grithm. AH can be d?vll:c)ied ﬁ}to %hree

substructures, such as:

a. A substructure named “conversions” that contains ali
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
fiight:

C. A substructure named “Aircraft” that contains parameters

specific o each aircraft.

Runfime traiectory prediction rocutines

This section reports flow-charts for all components of VIPA
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 reported in Figure 2.
The general aigorithm 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 é 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};



Max:Maxheight with minimum mass Final height 2 TAB final double knots Min:0 Max: Max TAS with
minimum mass Final TAB 3 dtravel anal double Mvii Min:0 Max: Unlimited Finaldistancefor

6. Determination of final ad partial Performance Status for Landing

{Landing mode).

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 below 3000ft with respect to

departure/ianding 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 Init 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 latier 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 initialffinal altitude is set to 3000 ft

above runway level, Le. the altitude where takeoff and {anding end.

Descrintion of InputCheck block

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



cruise flight 4 PS initial structure Initial Performance Status 5. .ELO double feet Min:-300
Max:Maxheight with initial mass initial height 6. .ETQglouble

Maximum and minimum TAS is determined considering maximum
and minimum Calibrated Air Speed (CAS) and Mach reported in BADA by
means of the following procedure:

1. Given current temperature at sea level, current jocal temperature,

pressure, density, and speed of sound are computed following the
ISA atmospheric model [1];

2. Mach and CAS constraints are transformed into TAS constrainis;
3. Initial condition are verified on initial mass values;
4 Final max TAS and ELO are verified for initial mass values;
5. Final minimum TAS is verified for minimum operative mass, i.e. the
mass that determines the minimum constraint,
No. | Name Type Unit | Admitted values Bescription
1. | ELO fina double | feet Min: -300 Finai height
Max: Max height
with minimum mass ;
2. | TAS final doubie knots Min:C Final TAS
Max: Max TAS with
Minirmum mass
3. | Cyave Tinal double N Min:0 Final distance for
Mayx: Unlimited cruise fight
4. | PS initial siructure Initial Performance
Status
5 ELO doubie | feat Niin--300 initial height
Max: Max height
with initial mass
g | .ETO double ] Min: 0 Starting fime
| { Max; Unlimited
7.1 TAS double | knots Min:0 | initial TAS
Max: Max TAS with |
; initial mass
8. | .mass double tons Min: Mintmum | initial mass
| operative mass




S Min:0 Max: Unlimited Starting time 7. TAB double knots Min:0 Max: Max TAB with initial mass Initial
TAB 8. mass doubletons Min:Minimum operative magsg FInitial mass

Max; Maximum
operative mass
9. | .speedRate double knots/s | No timit initial speed rate. it

has no influence

on TEM
10. | VRCD double feet/s No {imit Initial ROCD. i
has no influence
on TEM
Table 1
Summary of input and outout terms for initialization
Input terms:
initial S
2. Level 1o reach - hiuge: [feet], ie. the level that must be reached at

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

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

4. istance to reach — duarger. 1 Nis distance is used for KeepAState, i.e.
cruise, mode. dirget 1S the distance (mode 5);

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

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

Qutput terms
The output terms are the same input terms after the foliowing
actions are performed:



21 Max:Maximum operative mass 9 .speedRate double knots/s No limit initial speed rate. It has no
influence on TEM 10 .VRCD double 22

1. initial and/or final TAS and/or altitude are corrected if initialffinai
TAS is egual to 0, i.e. the TAS is set at a minimum value that is

sufficient for altitude keeping;

2. All parameters are verified to stay within reasonable flight
constraints.

Accelerated 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 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. 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 fiow chart of the algorithm in this
phase is reported in Figure 4.

Description of Flight Env block

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



fee s No limit InitialROCD.It hasnoinfluence on TEM Table 1 Summary of input and output tenris for
Initialization Input terms: 1. Initial PS; 2. Level to reagB - 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 .S | the distance (mode 5); 5. Maximum
distance to reach a level die, [NMi], i.e. the maximum distance that can be travelled before reaching a

level (modes 1-4); 6 Maximum distance to reach a TAS dms [NMI], i.e. the maximum distance that can
be travelled befo@%@ﬂ%&gﬁgﬁ%& of TAS (mode 3). Output terms The output terms are
the same input terms afteictrdife)lewing antionararereederomeiamic drag D is computed by
means of the following procedure:
1. Given current temperature at sea level, current local density p is
computed following the ISA atmospheric model [1};
2. The lift coefficient C_ is compuied considering equilibrium condition
(lift equals aircraft weight — L=W). It resulis:

Zmp

TP Ve S (3.2)

I

where:

e mis current aircraft mass;
» g is gravitational acceleration (9.81 m/s?);
e Iryusis current TAS;

e Sis aircraft wing surface that is reporied in BADA.

3. The drag coefficient Cp can be computed as:
Cp=Cpet Cprli (3.3)
where:

¢ Cpo is the aircraft parasitic drag coefficient that is reported in
BADA, '

o Tpi is the aircraft induced drag coefficient that is reported in
BADA.

4 D is given as:



22 Initial and/or final TAS and/or altitude are corrected if initial/final TAS is equal to O, i.e. the TAS is
set at a minimum value that is sufficient for altitude kegping; All parameters are verified to stay within
reasonable flight constraints. Accelerated 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
following the method reported in [1] in order to determine the current values of the dynamics terms for
the integration of Equatign:3,1ygucheag: 3. Check for Flight Envelope cangfraints; 4. Determination of
drag D; 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 algorithm 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 desoebeghisiher mHhsfolewmngek23 Description of Aero block

Thrust and ESF are compuied depending on the selected

Performance Modulation foliowing the procedure reported farther in the

following.

Summarv of input and output ferms for Initialization

input terms.

1. initial PS;

2. Level fo reach - huget [feet], 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 diey [NMi], ie. the
maximum distance that can be iravelled before reaching
a level;

5. Maximum distance to reach a TAS dyas [NMi], ie the
maximum distance that can be travelied before reaching
a stated value of TAS.

Quitput terms

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

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



According to the prior art, the aerodynamic drag D is computed by means of the following procedure:
1. Given current temperature at sea level, current locabdensity p is computed following the ISA
atmospheric model [1]; 2. The lift coefficient Cl_ is computed considering equilibrium condition (lift
equals aircraft weight - L=W). It results: 2 11'7 P 1771:AS(3.2) where: in is current aircraft mass; 8 g is
gravitational acceleration (9.81 m/s2); Vms is:-current TAS; S is aircraft wing surface that is
reported in BADA. 3The drag coefficient CD can be computed as: 1- CDT,(3.3) where: CDo is the
aircraft parasitic drag coefficient that is reported in BADfA; CDL is,the ‘aircraft indu%ed dra&}coefficient
that is reported in BADA. D is givech as; Maximum - the “nal “vaile "Is " reached "wi

maximumt thrust/ESF combination;
3. Constraint reached indexes, i.e. the indexes in the PS

array where final ievel/TAS are reached.

Accelerated cruise

In this case, the flight is ievel (i.e. at constant altitude) but a positive
ot negative speed switch must be realized. As a consequence, only the
speed rate must be determined and VRCD is equal to zero. Figure 5

reports the flow-chart of the aigorithm 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 i1s
optimized considering that, being the altitude constant, also all the other

parameters which depend exclusively on the altitude 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 foliowing the precedure reporied farther in the following.

Summary of input and output terms for Initialization

Input terms:



24 = 05 p(3.4). Description of Thrust mix block Thrust and ESF are computed depending on the
selected Performance Modulation following the procegitire reported farther in the following. Summary
of input and output terms for Initialization Input terms: 1. Initial PS; 2. Level to reach - htarget [feel, 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
distance to reach a level diev [NMi], 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 TABN@#PEE terms 1. Time series of Performance Status; 2.

Constraint states for final Leve] and/efalA; Féé\{l'wln‘rpgs rf é[‘ ,f‘l&% vpgj%g reaghed witheconomic

thrust./ESF combination; b. Mean - if the final value is reac with nomlnal thrust/ESF combination;
be reached ai the end of the mission segment;

3. Maximum distance to reach a TAS dyas [NMi], i.e. the
maximum distance that can be travelled before

reaching a stated value of TAS.

OQuiput terms

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

economic thrust level:

b. Mean - if the final value is reached with nominal
thrust level;
cC. 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.



25 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 wherg final level/TAS are reached. Accelerated
cruise In this case, the flight is level (i.e. at constant altitude) but a positive or negative speed
switch must be realized. As a consequence, only the 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 algorlthm computatlonal footprlnt is optimized considering that, being the altitude
constant, also allt§SGIRER A aHE FORIHIBERA exclusively on the altitude are constant.

Description of Aero bquK 'I}h%agMnﬁmg@ d;rag@,ﬁscqx@p@égﬁgﬁ]quyi%gegpr@i:ﬂesq:ﬁgtlon of
Thrust mix block Thrust is computed depending on the selected Performance Modulation following

the procedure refBttdtGrtherRTHeddnRGIRS S MAmpof input and output terms for initialization

Input terms:

Summary of input and output ferrms for Initialization

input ferms.
1. Initial PS;

2. Level to reach - /.. [feet], ie. the level that must be
reached at the end of the mission segment;

3. Maximum distance to reach a level d., INMi, ie. the
maximum distance that can be travelled before reaching a
level.

Qutput terms

1. Time series of Performance Status;
2. Constraint states for final Level:
a. Minimum - if the final vaiue 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



26 Initial PS; TAS to reach - TAStarget [knots], i.e. the TAS that must be reached at the end of the
mission segment; Maximum distance to reach a TAS2&-rAsi.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 level,
b. Mean - if the final value 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 TAS js reached. T imh/de . IS« I change
must be performBfje\gvﬁ“’t%%jl(}('iI g%%@é%%bviﬁﬁl&%@c%@%{ hg?r;]tggfr%tt!%ﬁh@%%r o;{)réf%‘egcgl ﬁdc?[r}éjgel[r to )
determine the R@IEMsFiguleteTeinedbatsthesrclvnaeflogiveant 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 fanding phase consists of the
following sequences:

J Glide approach to the runway, during which the glide path
angle, vy, is held constant. In addition, this angle is kept as small as
possibie (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;

. Fiare o touchdown, during which the speed vector is rotated
s0 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
ianding are specified in terms of both altitude and Calibrated Air Speed
{CAS) as follows (see Figure 8):

f, <3000 7t

Veo Ve = Ve ar + 10kt

I

= 7
Cmin, AP L3} &t 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 (hee in the figure) with the correct CAS, as required by
Federal Aviation Regulations:



Description of Flight Env block All PS parameters are verified to be consistent with flight constraint
as described above. Description of Aero block The agfodynamic drag O is computed as reported
above. 27 Description of Thrust ye/cost block In this case Trust T equals Aerodynamic Drag D
(D=T). The resulting T is verified to be less than Mliv. Summary of input and output terms for
initialization Input tet 1. Initial PS; 2. Level to reach - hunger [feet], i.e. the level that must be reached
at the end of the mission segment; 3. Maximum distance to reach a level cii" [NMi], i.e. the maximum

distance that can be travelled before reaching a level, Output terms 1.Time series of Performance
Status;

V.2V

OO T Cming 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 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 mode! proposed in [3], which is based on flight
data.

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

foliowing block diagram summarizes the landing simulation logic.

Take-off Mode! Logic

Foliowing the same approach of the landing, the overall takeoff

process can be broke down in three phases (see Figure 8):

e 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 vaiue 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.



2.Constraint states for final Level: a. Minimum - if the final value is reached with economic thrustJESF
combination: b. Mean - if the final value is reached vgth 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 28 presented application an original analytical solution was developed that allows to

determine the mass change between two crujse segments in a single step. This sQlution is

documented farther in {Re RARNAY SEB¥ }f?ﬁ'tl Eﬁqﬁai}ag and i&%@r&}ﬁ%s%F?éﬁrgc%S'ff,rgstE/pical

landing phase cepsistsies thprdiokawingmeauensested frofiderappiftrtivemdiiorunivays dtivng which

the glide path angle, v, is held constant, In addition, this angle is kept as sm | as Rossi e gusually
b

between 2.5 and S Ao@URMH PhiPRA & L BFARR TR e dUEIR Hre BEN dissipated at the

impact. with the Qf@@%und ;Eglqmégéouchdown, during which the speed vector is rotated so to reach a
Ievgl fllght.condltlon 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 rgj@[(e}]g@cgg; mpllchD,ﬁmmc{ﬁiL N2l the initia) conditions for landing are specified in
terms of both altitude and Calibrated Air Speed (CAS) as follows (see Figure 8):

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

different model 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 con the incremental lift used to curve the
trajectory and on the maximum thrust amount used to climb out. To
simulate this phase a modal which integrates the climb model and the
acceleration limits proposed in BADA with the piioting technigue 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 model Climb is
terminated when the airpiane reaches 3000 fi.

Description of technical issue that has been solved by the solution

according io the invention.

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

autonomous resolution of potential future conflicts during flight. The main



ha 3000ft VC 0 12th - VCH- 1 Okt VC min,AP = 3Vst,AP These conditions are the ones computed
with the BADA model as the terminal conditions of a dascent 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 (hobs in the figure) with the correct CAS, as
required by Federal Aviation Regulations: ,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 né@inahdsBurp Eneisvoerehadheremiebtal ikfosedhis conveverediyriqnet, avaich in turns

depends on the pilafi ' : derminal conditions of the glide approach are the initial
conditions for the%%r%%ﬁ%%ﬁ%iﬁyg%%éuver which brings the airplane to have the speed vector

parallel to the runway. The flare is reproduced by adopting a model proposed in [3], which is based on

flight data. For thiq .analysﬁégfatg{%uggﬂ%ggﬁ@a&gézéé%gﬂrgq@t J%B@I%rﬁtm diagram

summarizes the landing simulation logic. T . -0gic I?owmg the same approach of
the landing, the overall takeoffifpirissieanbalirikedolying aveseapreiendedadiifire 0feGround

Roll, during which the airplane,glsr@cgg}ﬁ@ed 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 difsidaelfslipwertagtakéonotigrexsattiontibhraafeteqyat abeve the

terrain is reached and climb togrHige, glitugRyissiaiethinal mode, maximum thrust mode,

and economic mode have been implemented in the case of
change of level and/or speed switch;

3. The tool 1s 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 fo simulate a complete
mission including terminal phases, such as landing and
‘takeoff;

5. To prevent failure in reaching a fiight state or level, the tool is
capable of computing in realiime the speed and altitude
margins for any flight state and atmosphere condition with
respect to the actual flight envelope. Estimated margins can
be used {0 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 fo 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 reporied.



30 In this analysis only the second and third phases are of interest since the simulation will be
started from the liftoff condition. Thus, the initial valuesof the state parameters are the ones specified
at the end of the ground roll phase: x(t Lo)= XLQ h(L6)= hy;Ve L0O)=7L0 =1 .2 V." where h is the
runway altitude above sea level. We propose to employ a different model 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 reachfedaVtiizlast e cpendstemtvérincemeital lifhasedditecu ey ectiugstraféghory and on
the maximum thrust amount used to climb out. To simulate this phase a model which integrates the
climb model and ﬁ-rg—ac%eration limits proposed in BADA with the piloting technique and the model
for transition proposed im[3phiEs bieemitevekep eitheO neeriber tesmicahpandittons of dransitipnais reached
the climb phase is started by the scheduled CAS sequence suggested hy the BADA model., Climb is
terminated when Wgﬁﬁég?a{ngﬁr%}aocnhewsa %(5%(.3{ %o B%gi?%ﬁﬁ Foaf ngﬁﬁ%aeﬁ%}éﬂ%?ﬁwﬁ E_z‘s%’gfarﬁw'%olved by
the solution accardisg teatieimvention.be cdinegroposfmetboddediighntsgteditd pfavige real-time
trajectory predictigl% sa abri,liiéiesaate ag}er&ggéevelraccur%cg to Z%ste%ms f%tle %\utomation f Air Traffic
Management fundtion. These fBois wil provi eAutdRomous FEE3IToR o % AP Bnflicts
during flight. The peafor8&rorg istakissie thihahaes efootiaiilabpizatoreotiisitenl was deyeloped are
reported in the following list; 1. Real time capability to predict.in.a-few seconds,the altimetr
trajectories of all gl\f‘r%ra ?/{l?iato%@ aerﬁag)%{ghaé%s?\eﬁd%naﬁ}fgdvev}nﬁ éﬁc?oﬁﬁigjl%% ha§ t%%%&%]orts
multi-mode executamied rnahealiversdvwheeppiivg by Mdesd of dinieat omeden imgodamonaritelist mode,
and economic m have been.implemented in the case of change of leyel and/or speed switch; 3.
The tool is capabcig%oggﬁté%rﬁ'i ah(?evé%%mg' %g}gc%srg}rgéebgrgc?ugaf% o%r? bs)? ?H%Oa%rg?arﬁ.sﬁldeed,
flight envelope comstrizot mreagribats iwitbaktimesdusiag.integration; 4. The tool includes the capability
]EO._S'm“.'ate a complete f?‘e?%%"&'f'%‘ﬁ'“ﬂ%%gﬁﬁr%%%%é@%?e& SHeh s landing %?dls%%'é%@{fc?uaéré) prevent
ailure in reaching a flight state or level, the tool iIs'capable of computing in real-time thé speed and
altitude margins ferremylflightststaisccrdfatmeagiphere 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 ir&o_r_deﬁtma@dre_s a new call to the nearest status that can R% afcomplished
with successful compliance of thegnavelope finits. In the following subsections thé main original
issues of the presented tool are reported.

Subsequently, the drag coefficient Csis derived by means of the

polar equation:

Co=C+Cp - Clr=ky+k, - Clr=k, +k, - m” (6.2)

Where Cpy is the parasitic drag coefficient and Cp, 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==p-TAS*-S-C, =k, +k, -m’ (6.3)

b |



32 Analytical solution for determining the final mass after a cruise flight segment In order to
minimize the number of computations, an original anafytical 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 Bi@rdeteitnthied asisdtdanpityumtowhen fittegiaratireferenefyMing m g ki m

p TAS2 S (6.1) rfa%%tﬁ‘r%qﬁ%%ﬁ\t q,f fficiept.CD ds derivied;hy means of the polar equation:
C" =+ kl.C2 =k,+l§41fm(6.2) WherepC,géﬁl%a%ﬁg parasitﬁ:’%rag oe%‘icie ‘and CD! is the induced drag

coefficient. These terms can be derived by BADATm database. The constant terms k, can be easily
deduced. Thus, the drag-D gan be determined as follows: 33 Where p is the Ioc@_g nsity 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 m equals the opposite
of the fuel flow /, i.e. a linear term of 7, the following non linear differential
equation can be written;

M=—f =k kT =k, +ky -m (6.9)

Equation (6.5) can be rearranged as foliows by extracting the

differential terms:
— etk cdt =2 =+ k, - dt (6.6)

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

of the equation:

[mfkf’j-d’":km-dz (6.7)

2
" m

The expression of ™ reported in equation (6.7) can be replaced by

the one in eguation (6.5):

M_?_W.d_’?ka dt (6.8)
ko + kg om” ) om”

The resuliing integral problem is given in the following equation:



Since the time derivative of the aircraft mass th equals the opposite of the fuel flow" i.e. a linear term of
T, the following non linear differential equation can bgvritten; f =k, ksT = k9 +(6.5) Equation (6.5)
can be rearranged as follows by extracting the differential terms: Moreover, all terms depending
on mass can be put on the left side of the equation: -k din k," dt The expression of in reported in
equation (6.7) can be replaced by the one in equation (6.5): k9+k10) ko m'din "-k," dt(6.8) dm 2 =di
\k9 -12 kill

(————@—T'———\g:dt (6.9)
k J

Equation (6.9) can be integrated in order to carry out the analytical

expression of the mass at the end of the cruise segment my, as a function

of the initiai mass m,,,.

. r e e ]
t—1, = c{zsr = L. tan"l( !ﬁo— ‘m,, |~tan™ u]&—(’w-mm 6.10)
TAS k- kg, Yk .

This equation can be solved with inference on trigonometric terms

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

Conirol by selection of proper Thrust and ESE mix

The control terms in equation (3.1) are:

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

in order io 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 '
| ;
maneguver speed switch | mode ‘ ‘ i

]




Equation (6.9) can be integrated in order to carry out the analytical expression of the mass at the end
of the cruise segment mf,,, as a function of the initial3pass min: 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: The aircraft
thrust T; 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 | MWMWWVH
Commanded | dt:,&ﬁ%nded || S RAEpeed SRCATOde) Sorabte g | CONst LA ;
climb (sec. 3.2 of {1])
Average | Coower red™ Tmax, | 0.3
ciimb
Max  climb | Thax cime 0.3
angle
Decrease Economic Tsie 1.7
Average Coower red” Tmax, | 1.7
climb
Max  climb | T, cimn 17
angle
Descent Increase Economic Tdes 1.1
Average Taes 1.4
Max Toes 1.7
descent |
angie
Decrease | Economic | Tges 0.7
Average T des 0.5
Max Taes 0.3
i descent i i
J angle §
Cruise | Accelerated Crower red” Tmax, | O
chmb
Constant D C
speed |
| Decelerated Taes 0
Table 6.1

Indeed, four modes were adopted for thrust 7', such as:



36 1) Maximum Climb Thrust (T",", climb). It is a thrust level that could be sustained only for a short
time by engines. Typically, it is used for initial climb dggng takeoff. It is the continuous maximum thrust
limit reported in aircraft 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 (C'power red) as reported in sec. 3.8 of [1]; 3) Maximum Cruise Thrust (T -mar,
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 on Tuax |h
It is a function of@ngin@@ﬁ’é‘?‘ﬁ[’\/ﬁ&@, ah@thplratures) 1t IR Br¥UE SYRIARELRGHEER vior, a
proper control was intraglugarhen longitislinakaeseignaiony sshiiakd. iTpsrpaly Ffedussstitenavoid
constraint infringement of aforesaid parameter. Indeed, also human and automatic pilots perform the
same control during redﬂfo@hg‘%Wg%ﬂ@ﬁetﬁh%Pﬁt %iﬁiWﬁ%%W%WﬁBEH%ﬁ! finimization
of the computational logdportedFRChiRltaREHEROE(saBOYE Witk Efigrence to Figure 1 has been coded
so that the number of computations is optimized for the specific application. Theref%re, when TAS or

level is constant All ternEiiaEeH e CBREArRHRth YTASTERIeiRFYAIR BEBRENFI IO Fiing

initialization. Moreover, fdalinghsinady towsestheiaRe sirals Siee analitical saittion gekaried above
was applied. A test with specific benchmarking tools [12t] reported a reduction of more than 30% in the
mean computational lo&P"§7 B BPEADHEEFREIGDe BGHt irteer =0 FGRERRUER Y2 R8Gefined on
the basis of the BADATYIglgtabppse. One performs a check of position inside the envelope for the initial
state and at every integration stepg Also ‘@T erature effect was accounted for, Indee%,a}t%? perature

I

variations from stindard GBS EEHRE T td e cresllld b%'&%é@aé?ﬁé‘r'mrthﬁJ% q the
determination of d. Thisseffegf badsand R taridmpact entupbojet aircraft trajectory prediction

performances. Far the definition of the flight envelope within the TEM mode]. sevep types of constraint
on status are profided: PERESAMUMYSA Wﬁldttl%pﬁ%%%r% P ?iﬁpﬁ? 'Qﬁtaﬂg%gaéﬁﬁiels;

3.7.3 of [1]).

All thrust laws depend on The. ame. 1T i a function of engine type, A,
Vrag, and temperature.

In order fo simulate pilot behavior, a proper control was introduced
on longitudinal acceleration so that T is properly reduced to avoid
constraint infringement of aforesaid parameter. Indeed, also human and
automatic pilots perform the same conirol during real flights to keep the

aircraft within acceleration safety boundaries.

Minimization of the compuiational load

Fach phase reporied 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 toois {12]

reported a reduction of more than 30% in the mean computational load.



2) Maximum Mach number Mmo that accounts for effects of air cornpressibility; 3) Maximum altitude
h"," for a given aircraft mass m and temperature T; 43 Minimum CAS V™" that is determined by stall;
5) Buffet Mach number il4 that is a limit due to vibrations induced in jet engines, 6) Maximum
longitudinal acceleration aCClong wax that is determined by flight regulations; 7) Maximum normal
acceleration acc.",., ",,_, that is determined by flight regulations. Constraints (1-5) were Flight
Envelope constraints depending on aircraft type and flight status, whereas constraints 6 and 7 were
global aircraft constraints. Inclusion of Takeoff and Landing by means of kinematic models The
e84 RO AT episliids not allow for direct dynamical integration of
aircraft vertical trajectory-gai.fli b f i f gi i e gligible 38
modification of standardxt%%‘czi{elgshgf&lda%%e%ng thrui?%g%h%gsl,% %%%Lgégj Itrkl¥ e?&ig%roc%/%ggé:ggiag must
account for grourf@ SRS throkepkPEfasiiorusisiththeanvsieredimibe frofietraiataalysis of
radar tracks duringeruisgyb, m@@@mmépd%em@&a}w@%ﬁecz &%% gosslgpRged by the
3.1). The aircra

present invention is based on a dynamical inversion of TEM equations t vertical
trajectory is assutiEges HeBgaE iy theasiadieapdiwn Blaciac intioraationedghnecdimaiiical terms,
l.e. drag and thrugt, 8gidleieddn SACEREIMER AidakerirnadrnAintRbASS ASTRerd farther in
the following (explanations leading to equations A) together with a description of the implemented
routines. Determif@floredf itfRRFERGH piieRact ARotHEPRIForaiifraBpdeaineionas rarestintb account
was the selectiongfipifeh-fgrdime-pregrating Resause Mlahega's R AU eRdcEhe distance
travelled by the airplane can be remarkable, an integration stfategy with variable pitch has been
chosen, namely tACRRHEAHEN YRBE SHEMBHrINbADREHGRECSYWEE considering maximum allowed
altitude and true air speqgl variafipigmum ACIGPS! Bracsd e AN SIsCtathiaRsHMalg thggvalues of
maximum integration pitches to address the minimum computational load at an acceptable accuracy
level. Simulations used to test it fa&ient, and cruise phases where repeated for uniformly
distributed pairs of speegand hejglt RilFIHAERS]0RBEMMIITINAT SLBY AR} o300, A00M/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 spee G HaRjvpitches with respect to the pair (1m,1m/s) that was
estimated to be the mosgaccuraigshiffRPHRRLBECHES Wers SelgRigf cansideringdhefrisgrion that
they should represent the point that had an error of less than 19 and it was also the most distant from
(1m,1m/s). Such an analysis  emperature I|

4} Minimum CAS ¥, that is determined by stall;

5) Buffet Mach number M, that is a limit due to vibrations

N L]
A L‘!’ﬂ:’n

induced in jet engines;
8} Maximum longitudinal acceleration accpng me that is
determined by flight regulations;
7 Maximum normal acceleration accuom e that is determined
by flight regulations.
Constraints (1-5) were Flight Envelope constraints depending on
aircraft type and flight status, whereas constraints 6 and 7 were global

aircraft constraints.

inclusion of Takeoff and Landing bv means of kinematic models

The aircraft data included in the BADA™ data base does not aliow
for direct dynamical integration of aircraft vertical trajectory for flight

phases below 3000 fi. In par’ticuiar, this is due to a not negligible



39 produced the choice of the integration pitches (40m,25m1s). Figure 3 reports the results of tests of
151 climb conditions compared to the ones output b# ADA ToolsTm developed by
EUROCONTROLTm. It is worth noting that the mearr €rror 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 ta{ggFRaHiOrMsMetapladns imedstyt besdputsigadhenflight envelepe. phdeed, some
implemented modes require the aircra]%reaches a target level (reach eve‘l&o target Reed and level
(reach a speed). HHEFE AREEYPRMGEAIUGHH %ﬁ%@t{ ?ﬂrtﬁ RGeS ﬁ’L%%@gf’ {&ies within
the initial flight eryrieipe, isiessittiaycamevs: Basigerisiatioal thghbeakalepefdurityy thedktegration
process. To overcome this problem specifiWod have been deyelpped and implemented in order
to check for targ I HETed StdRT YR G ndﬁ%@%%?ﬁdﬁfff&m% lope and reassign it in case it
lies outside the actual flight enveloperatieds affected bysaeivalimastiandiatrbasptienn canditions.
Let suppose that a target performance has been assj : XT (CAS.1 2F Starting from an
initial performanc®/BRIRIEE Wléﬁrﬁﬁﬂfhf)ﬁggfl\ﬁrq%ﬁ%q%?n@eﬂgﬁgea?gégiﬁ\\/&% ?fmwg%tgrq\?easily
check for target perdernarerstaiadnelusiandotie figbtieavejorireipoadingtiortheTihéial mass
and 40 temperature at sea level (blue bé)undaw in_Figure 1%).én the following, for the sgkgfof brevity,
0

we consider onlyHBREE! IR ait&raflRRRTd g5 EMMEE af tHeCth #dgiation step, at
which the airplangraass isfedueedifigm iR és A4k, theporsitnuiarspeedbotndaripbdthedlight

envelope moves to the left (red boyndary in figure 12) leaving, the target performance status now
outside the actuaﬁﬁﬁfﬂr@ﬁ\?&%p‘&#ﬁ@tgég%ggﬂ%?%ﬁfcaéo u%rb‘gg% o %afth

Bnfes fiow tinrcasib e, and needs
to be reassignedimplekheritaglesagntrd 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 (ArTN) computed by applying a safe margin to the nearest target status. This procedure is
repeated each tinmestbeiaigiesperfpiaaatsstaiiedimoves outside the actual flight envelope and the
safe margin is compute(égo o reduce the number O\Evti es the procedure is applied. Howgver, it is
sufficiently small so to k [5’ %I|Wéﬁfgreq’§@eeﬁgt hgnvilﬁg r&%{(s%rﬂgﬁ%{g tg%e@srﬁathagnﬁ‘%e original
one.  The impleshasnied pfasiestuferpimadiescasatian eBivate®ithinepesis derivetivanitis respect to
altitude evaluated as the inyerse, of the slope of the line connecting the actual performance status to
the target one. Inﬁ@é‘ﬁ?ﬂ?i’st&&amﬁ 85n tﬁagﬁ (ﬁ%c%ﬁqﬂe?%ﬁo%%o%%r}%ec%%s %prgf%qgﬁ%%g%hegr%y share
factor, i.e. the mosftagripriate ateomlivathtudeidbleeaitethehdssiredperfarseancestalys.the  In case

only a target level is specified (reach.a level mode), the above procedure concerni culations
of the margins with PEEPREL {6 %%I%HFEW@@%% é‘éﬁ/g %?n%%%ﬁa e%éjecg ﬁ%ﬁ%ﬁ[ﬁ% @%ﬂ%gﬁige
corresponding to titiatyetifiigia imtroe tie smteal dgldtemeelope (see Figure 13). This information
can be used to drive the notlg é%t%?dril %%)g?%sgréov%ard thee !tea(r:gee a{gtug%%glgutﬁégla\;g]g ége 5lglght

envelope in terms of sp e procec?ureS provides also the speed derivative with 41
respect to altituderexalwatedae ghetioversehafsthe siopess thelimsivonnedingubaiaoaidbpdrformance

status, X" to the pojnts correspgnding to the mini 1 and maxim i ig e he target
altitude. These va eaé-‘p?%%%%oé]?aahgce%afc dqr%}fs?gg%rgl%%gso E[ﬁa?gc%ﬁigemé%%e !Whggg%%éEEnergy
Share Factor usedtd reaiietbedacgevaltittdepeated 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



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
canel.Tstimate the effect of wind on aircraft performance status. This effect is given by estimating the
following terms: pitstaficarotmd spere (GS)as nfegetitorofdiobedr $pReREMAS).afibwiad 3peed
(WS); Aircraft heading kv as a function of course_an r!e % TAS,.and WS Far the,first term the
following method’ %@gﬁemﬁ%ﬁﬁ&so ¢ 19518 8@51%?‘5% Y ncﬂggfg%sagﬂ%pﬂfﬁ:%aﬁ? %Pgu%ﬁ%%eed
Reference Frame&GR By igadinetiotiis thedimim thatha SN RAOCOTROE Curters grartrdspeed
direction, y axis in the hgrizontal plane and normal to x axis is alongside vertical direction. It
results that x axié‘%ﬂf%glﬁigﬁ? aﬂ%?&hﬁﬂ%ﬁ’cﬁ%ﬁ‘eﬁ?&?ﬁ%ﬁ Pgr%]}gzﬂl%iﬁ'ﬁ 5@,%\%0&85%{}(33%5 is normal
to aircraft groundsitgigistcirpn. egdateral @xiswherd4s tawedhe folloviiey cooypopetatsinghesAGRF
frame: Ewst™-' WS= WQSJ’/F%%M%G(\)N . ThesF Cﬁmﬁ)c%\e ts are #ivgn from metegtinégrrg ti;ﬁ” in each
point of the aircr&ﬁ‘?ﬁﬂ EtoRr e cﬁﬁ‘?rﬁm 8? 8l the&AVeiRalPWi so|5]eeC H§Ron negﬁglale only for
short term not staieraly<tventheuchiasayicdgulsits andomindishtre siMdarit ovessitistheteegorted in

meteo information, In the same refterence fr?me GS jtst_cijiver? a,(s:
of cruise segment in a single cdmiputational siep.

Performance Status Reassignment

Another important aspect that was taken into account was the
nossibility of reassigning the target performance status in case It lies
outside the fiight 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 assighed:
Xy = {CAS. 1}

Starting from an initial performance status, given initial mass M, and
temperature at sea level, Ty, we can easily check for {arget performance

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



GS1,0"gl GS = 0 LVRCD while aircraft TAS-GS-WS can be estimate as: TAS =-WSLG, VRCD L
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 GSL."g is computed. The square of the norm of TAS can be
derived from (6.13): 43 TAS2 =0OS Long S L"g' +WS' Lai +VRCD2 = = GS' Long +WS Long - 2
St"™,14/SL + WV2tng + VRCD2 (6.14) Equation (6.14) is a quadratic equation in GSLong that

admits the following solutions:
temperature at sea level (biue boundary in Figure 12). In the foliowing, for
the sake of brevity, we consider only the effect of the aircraft mass.

Let suppese that at the i-th integration step, at which the airpiane
mass is reduced from M, to M, the maximum speed boundary of the flight
envelope moves to the left (red boundary in figure 12) leaving the targel
performance status now outside the actual flight envelope. The target
performance status becomes now unfeasible, and needs fo be re-
assigned.

The impiemented logic relies on computing the nearest target
performance status on the red boundary and then shifting the farget
performance status to the point on the black boundary (Xrv) 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 fiight 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 impiemented 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 io the target one.
indeed, this quantity can be used in the choice of the most appropriate
energy share factor, i.e. the most appropriate aircraft atiitude, to reach the
“desired performance status.

in case only a target level is specified (reach a level 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 enveiope (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



GS Long = WS-Long VW'S' Long -WS' Long - WS 2 Inn - VRCD2 +MS'==L"L, VTAS2 - WS' -
VRCD2 (6.15) Since GiSlong must be positive for aircrafts, the negative sign before the square
root in equation (6.15) must be discarded. As a cons auence, the resulting value of GSLone, is:
GSLTA82 -111782 Lai -VRCD2(6.16) The aircraft heading w, i.e. the angle between the north
direction and the aircraft longitudinal axis, can be determined once the course angle pi, i.e. the angle
between the north direction and the horizontal ground speed direction, is given. The method to extract
lif is reported in Figure 15. It results: 44 Applications that can be improved by using the proposed

invention ThasfllawingApplifations caraale tee libsdevtignetsiigeridininéligheData
Processing software for Air Traffic Management ap%)licgiions In thgs_I case ﬁ%e algé)rithmd% be used
to predict verticiRORGH N BerOHRLRES SIIEDGF ilaliiEratts IR 1 EoRBHR GG or%]er to
perform conflict getegtion grcLrasahdionakiealoaiihie sarcbepeserd fat biothtatrptegitippidaning and

real-time tactical re-planning; 2. Air Traffic Simulation tools f rofessional and gamin lications.
Professional applieaEBneiHER RERLLLFR %frﬁﬁ%@éfﬁ/@qn@f%ﬁézé&&%%}%%.C(%h% ek

uous descent flight.

The algorithm caghhgdiarddprred! SMmasiFudasionsc<f aireabehadaeiftditadgpecific command is
issued from a controller. The tool can be installed into Flight Controllers Training Units, i.e. the units

tha_t are us_ed to E%i#oﬁlq%m C%ggggugr@ y{[@ aynthetic Air Traffic Conditions. In this_ case, t_he tool can
estimate aircraft 1mands; 3. The tool can be used by innovative onboard
avionic instruments, suéinathaexrgiemenies TrameadvliSelticn rrira sy Hense BPH B Weather

Avoidance Systefp i is s hTAREAIORIRI R RIS alaTafidafiawe) harpresseauiomatic

!
command is issued to avoid dangerous conditions. Takeoff and landind models Landing Model
Equations In the folibwiragiuia ddghinegveiape 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 andfor
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 éstimate 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 8, 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 piane and normal to x axis,



45 The airplane moves only in the longitudinal plane The airplane is in complete trim, i.e. no net
pitching, rolling and yawing moments exist. Thu tfe only allowed 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 :
WdVTcosa-D-Wsiny=-gdtWT sin a+ L-W cosy =-VY (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, PV the weight and g the gravity
acceleration. If the thrust angle, (1),., and the angle of attack, a, are assumed small (as typical), the
two equations rewetdsaatongaida vedtiag! siinettiog dt results that x axis is tangent to aircraft

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

!
;
;

Long

WS = WS

Y Lat

(6.11)

These components are given from meteo information in each point
of the aircraft trajectory. 1t is worth noting that the vertical wind speed is
non negligible only for short ferm not stationary events such as wind gusts
and wind shares. Moreover, it is not reported in meteo information.

tn the same reference frame, GS is given as:

l»GSJ,ong—‘}
GS=10 | 6.12)
ELVRCDJ
while aircraft T45=GS-WS can be esfimaie as;
[;GSI ong —-W S LongAT
TAS =| WS, | (6.13)
LPRCD J

Since VRCD and the norm of TAS are estimaied by means of
integration of TEM equations (3.1}, the determination of GS is completed
once GSiae 18 computed. The square of the norm of 748 can be derived
from (6.13):



IfL-ifcos7 (A.2)
computed by the following kinematic relations: dh di

ground speed evaluated as the sum of the true air spéed and the wind speed: V'=V+V,,(AA)
following, V indicates the True Air Speed (TAS) and V. indicates the Calibrated Air Speed (CAS). Glide

Approach

The airplane altitude with respect to the runway and ground range can be then
diVsin7cos7(A.3) 46 whereV, isthe

In the

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): VGA VC min.AP =Vst

. 4P(A.5)

TAS” =(GS,,,, ~ WS, | + WS +VRCD? =
= GS g + WS ong — 2GS, WS, + WS 1o + VRCD®

Long Leng
i3 £

(6.14)

Equation (6.14) is a quadratic eguation in GS;.,, that admits the

following solutions:

WS, RS oy — WS oy = WS 1 = VRCD® + TAS® =

GSLong
WS, +HTAS — WS — VRCD?

Long

Longr

(6.15)

Since GSpan must be positive for aircrafts, the negative sign before
the saquare root in equation (8.15) must be discarded. As a consequence,

the resutting value of GSp,e iS:

GS.  =WS, 4+ 3T4S? —WS" 1 — VRCD' (6.18)

Long = Long

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 methed to extract v is reported in Figure 15,

It results:

(WS, |

—WS,, | |
LGS one =Sy |

74s,,, |

y=p- arcz‘g[ = ff —arctg

Long -

(6.17)

=f- arctg( e _W;SL“’ — J
\XTAS? ~WS% 10 —VRCD?




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 spe@ﬁied by FAR's, but it is typically approximated as
[4]: Vm ?_1.15 IcAp(A.6) 47 By multiplying the first of equations (A.2) by V and using the first o
equation (A.3) we have: VW d (T -D)V =WV sin7+V gdidh T-D)V =W +V dV drgdi (Al) 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, ha , and CAS speed, 17(.," to the altitude and speed at the flare

starting. Specificg{kygmggﬁg m%ﬁ%%w 3§§C§t@ 1%&@ ﬁ@@@gg%’ o he-Righer than a minimum

(see eqg. A5), a scheduleis imposed from the nitia speed at the nitial height so to have the

minimum required apprddéh pteiag tharRliealichsigiian make use of the developed
algorithm:

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 aigorithm can be used for both sirategic
planning and real-time {actical 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 realtime simulations of aircraft
behavior after a specific command is issued from a controller.
The tool can be installed into Flight Controllers Training Units,
i.e. the units that are used to train Flight Controliers with
Synthetic Air Traffic Conditions. in this case, the iool can
estimate aircrafts response to Controllers’ commands;

3. The tool can be used by innovative onboard avionhic
instruments, such as next generation Traffic Coliision
Avoidance Systems or a Bad Weather Avoidance System. In
this case, it can be adopted to simulate aircraft behavior if a

proper automatic command s issued to avoid dangerous

conditions.

Takeoff and landing models

Landing Mode! Equations

in the foliowing it is assumed that:



VC =ho*CA,screen elsereen OV(So screenCIO (A.8) This CAS schedule is converted into a TAS
schedule by using the CAS to TAS conversion formylas provided in the TEM model [3]. Since the
flight path angle is kept constant during descent, this additional condition determines that both CAS
and ROOD (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=Wsn7+-W dV+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 provided in the TEM model [3], i.e the following condition must be satisfied:
'idleTlanding(A.10) where theTtheusirindaadingesevaly atdtasofulibudiifa]:plaBgdTmax ¢ b(A.11) In

TEM model and| C7L ¥ the tS, R EREATARGOPE HaIng o ebe 18 e Bt fight
path angle and @dsaaive; beementiustied, the airplane altitude and ground range can be computed
by inegrating the o nemayic equatons (.3 In adgiion i S LI dng cande
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 :

7 dl
TCOSQ—D“H/Si]}yzgng
g di

..
Tsina+L-Weosy =—1Vy
g

Wherein V' is the true air speed, v is the flight path angle, L is the lift, D is
the drag, 7 is the thrust, ¥ the weight and g the gravity acceleration. if the

thrust angle, @,, and the angle of attack, o, are assumed small (as

typical), the two equations rewrite as:

) W odv
T—-D—Wsin ¥ = ““‘“E}“
& & (A.2)

W,
L—Wcosys—Vy
g

The airplane altitude with respect to the runway and ground range

can be then computed by the following kinematic relations.

ﬁzlfsiny
d

o (A3)
g V, cosy
dt )



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 timye as: f = /70117(A.12) and the airplane mass is
determined as: 49 Where mo 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: 171 r-2- 1.23.1<st Ap0.95.V( min
LApP(A.14) During flare the lift must balance the airplane weight and the centrifugal force produced
by the curved fligHigigH .. 18. e BERIRGFREFS ervalugiac-asdngsHm Rl s Jreral’ 5p&SSE) where p

is the atmospheral%g%qgl%n% tggevt\e/g?g surface and Ril,,, is the flare radius. Let we take:

V=V 4T, (A.4)

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 foliowing CAS

constraint until the airplane reaches the obstacle height (50 ft for both 23

and 25 Federal Aviation Regulations, FAR):

Ver 2V e mar = 1-3‘{’2;‘;1!: (A.D)

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]:

Vi 2115V, . (A.B)



50 where 1//7,,,, is the flare speed under unitary lift coefficient. From (A.15) and (A.16), the lift
coefficient during the landing flare can be computed ag: 6Lflcre = C LWetght Actors(A 7) where AC
mfla" is the lift coefficient increment needed to curve the airplane trajectory given by: 2(71 \1 AC
Ifiare p jgR flI", (A.18) The change in the lift coefficient is assumed to be instantaneous [4]. Thus
we have: V.2V2V?2 flareAC flare]A (-? C Guarslflare 2= v. 2wiare= CiflAp+ AC411(A.19)e acreV- et

APIpant since:
By multiplying the first of equations (A.2) by V" and using the first of
equation (A.3) we have:

(T—D)VmWVsin;/%pKVgi:\(TnD)V:W@+Eif—d—y~ (A7)
g d df di

&

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

can be used to model the airplane motion from the initial altitude, A, , and

o

CAS speed, V., to the altitude and speed at the flare starting. Specifically,

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

h - kn I/'< screen - hscreen - h V'.’ca
I/C :_( ) CA,h (h ) 4 (A8)

soreen (o)

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 controlied during approach. As a consequence,

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

o
Tstinjf—}—E]—f-[—p—JrD (A.9)
g od



2141/S17,72"4 C |IAntax,APs PI7s; ,APV2 sf Al2 (A.20) Finally, the lift during flare is given as: 51 The

flare radius.can be computed from eq. (18): (2147 1g) 1 2147 S)Ckwe,gp, 1 P ) gAclrfia reP )C1 ,14/
elghtgACI fiare TA2 C172 r flare LieWelght g11,

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:

Tae ST ET e (A.10)
where the thrust in landing is evaluated as follows [3]:

Tianaing = C raos 10 man i (A1)

In equation (A.11), T, ., s the maximum thrust in climb provided
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 evaiuated, the
airplane altitude and ground range can be computed by integrating the two

kinematic equations (A.3). In addition, the nominal fuel flow, f,,,, 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:
mf = f;7(1nr l (A 12)
and the airplane mass is determined as:

m=m, —m, (A.13)



wherein nfiure 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 co Quted, with reference to Figure 7, the flare
height as a function of y can be determined as: fir (1 - cosy)(A.23) with y being eflare in Figure 17. The
ground range is instead determined as a function of time as follows: X flare =flue(A.24) where the flare
time can be estimated as R fi", sin 7 V (A.25) and the ground speed is give as 52 =Vcosy+V"(A.26)

being IC, the wind speed parallel to the ground. From equation (22), the lift coefficient increment can
be computed as:

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 perpendicutar 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
airpiane decelerates to the touchdown speed. Thus, an average flare

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

Vezl23-V, p 2095 Ve g 4 (A.14)

During flare the lift must balance the airplane weight and the

centrifugal force produced by the curved flight path, . e. we have:

2

W V are 1
- Rﬂ = = C eV S (A.15)
flare i

L=W +

where pis the atmospheric density, S the wing surface and R, is the

flare radius. Lef we take:

C —

Liverighs —

R 1
(2W/SJ U Vi (A.16)

2 2
p Vjﬂare yﬂurc'



ACLfic"." =(A.27) and the lift coefficient during flare as: v 2 flare] cliare = flareC LiVeight - "flare2 V

flare (A.28) Then, the drag coefficient during flargcan be computed using the formulation
provided in the TEM model [3] : C lafiare = C 110,10 C10 GEAR C DO JD C flare(A.29) The drag force
is thus computed as: 1 - APC PleareDfiare (A.30) Also the flare angular velocity can be

computed as:

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

and (A.16), the iift coefficient during the landing flare can be computed as:
(‘Tlﬂare = CLWc!ghf + &leﬂaw (A’%-?)

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

trajectory given by:

AC e =f3‘f@—] ] (A.18)
‘ \ £ gkﬂare

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

Thus we have:

]:?m'el V}garc] Vsz AP V? AP

_ . 8, e s, 4T

CLﬂare - V/), + AC..’{ﬂare - Vz Vz + Acl,ﬁure . C’L max, 47 Vz + ACLﬂ‘arc (A 1 9)
Mare stAFP T flare Jlerre

since;

QPV/S . /ngcfrf’l

max AP 2 - e
7/.9{,/2}’ T §1, AP

¢

(A.20)

Finally, the lift during flare is given as:

1 /,2 -,r o Vs?.AP v]
L= A,; pT ﬂamf‘s CLmax,/{P —];—2—_ + ACL;}’are_i (‘L\""?“E )

" flare



53V fiare flareR flare (A.31) The longitudinal deceleration during flare can be computed by using

eq.(A.7) as: dV (TD flaresin)')(A.32) t W while the accgleration perpendicular to the flight path is given
as: perp(A.33) Finally, the ROOD is evaluated as:

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

" fare

{ = [ TV fart Ta “LWeight v
ID } gA(?Lﬂam L /D ) Q’.‘Wﬂghrgéglﬂar@ V;’Ear& gAC’Lﬁare

2 72
R = Lﬂam Cf',WeighIN };f ( 1 W
“Hare ™ DV
g M’lﬂam g Knﬂarcml J

—_—

-—

_(214%/5\; L (8 Coe L Vi 1
flare ™

(A.22)

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 y

can be determined as;

hﬁarﬁ = R‘ﬁam (I - €08 ;V) (AZS)

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

a function of time as follows:

xﬁm‘e = Vg 'r_ﬂai-c (A24)

where the flare fime can be estimated as

R

sin ¥
tﬂam =

flare

v

(A.25)

and the ground speed is give as



Transition to Climb Phase The transition is defined as the phase in which the flight path angle If goes
from O (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 = i'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 maneuver, the lift shall balance the airplane weight and
produce the centripetal acceleration needed to curve the trajectory: L =W w v2(A.35'& RTR This
additional lift is the effedt.of &rrexeesk.in the lift coefficient beyond the 1-g one, LICKAw&ich produces
the centripetal acceleration given as: 1712/.) AC/ g RLR PV ?DS 21471 1V2 1

being ¥, the wind speed paraliel to the ground.

From squation (22), the lift coefficient increment can be computed

as.
ACI,I’:’&)‘G = CI,nghf (nﬁare - 1} (AZ?)

and the lift coefficient during flare as:

v,
Jarel (A28)

C.L_ﬂarc = n./.!areCf,Weighf = n‘ﬁunf ?/2
: Sare

Then, the drag coefficient during flare can be computed using the

formulation provided in the TEM model [3] :
C!)ﬁm-e = CDO,LD + CDU,GEAR + CDO,JJ) i Ciﬁure (Azg)
The drag force is thus computed as:

! 2
Dﬂarc = 5 pCDﬁar'EST/};are (ASO)

Also the flare angular velocity can be computed as:



KPSy g RTR RTR In which IzZ, is the liftoff speed under unitary lift coefficient. Ref. 3 suggests

employing the following equation for computing LCLrgerived from operational data: 17(21112 0 53
ACE =1"1)2Vsi TOLO '1 +0.38 (A.37)

= L (A.31)

Jlare

7 flare

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

dav , ,
Cloy = o = g/——( e =D pare =W siny) (A.32)

while the acceleration perpendicuiar to the flight path is given as:
aperp = Vﬁare}; (A33)
Finally, the ROCD is evaiuated as:

o
- = V pare SILY (A.34)

Transition to Climb Phase

The transition is defined as the phase in which the flight path angie y goes
from O (value at the end of the ground roll) to its constant value of the
initial climb phase. The fransition phase is modeled according fo the

geometry in Figure 18 [4].

The flight path is assumed to be circular, and the velocity is
assumed to be constant, i.e. ¥ = I, 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 fiight path angle.



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

ILCL: 1rACL =I[122 [1.2llic", 0 [1 -2 - 0.531+ 0.38}(A488) 2 Where 55 PS(17 st TO)2 r L maxi =C
max:TO-\221V1 (.2)2V sts,Vst, TO (A.39) '

As in the flare maneuver, the lift shall balance the airplane weight

and produce the centripetal acceleration needed to curve the trajeciory:

/r'l
p=w s lo (A.35)
g gy

This addifional lift is the effect of an excess in the lift coefficient
beyond the 1-g one, 4AC,, which produces the centripetal acceleration
given as:

AC,

WV, 2 M2WJ_L._}____E’§M (A.36)
g Ry PV1.2()S e

g Ry Ry
in which ¥ is the liftoff speed under unitary lift coefficient.

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

Assuming, as usual, that lift-off occurs at 120% of stall speed, we

have the foliowing expression for AC,,

AC, = %[1.23 1, o2 —0.530+0.38] (A.38)

P

Where



Thus, the radius of curvature during the transition phase can be computed as: V2 1 g ACL and the lift
coefficient is given by: 2W C LTR =CLW AC L =ACLszACL 138VZOFVI1,201; (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 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, li equations are thus: x(1) = RIR
sin 70 V",e -is)(A.42) h(i) =ho R77 o[1 - cos 7(1)](A.43) 5? V" , .
> / [
JOS(T/:;:.TO) Crmmro =W = Cronre :L Vi } -1 ‘2)2L Vi J (A.39)

- 5,70 5t.TO

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

/2
R, =t L (A.40)
g AC

and the lift coefficient is given by:

r4 2
;S%w AC, =1L ac, (A.41)

LOF LOF

Crpe =Cpp =+ ACI_ =

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
fransition 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 info the x equation. The x, &

equations are thus:

x(f) =X, *+ R:"R sin 7(I) T VW (Z - [0) (A.42)

()= h, + R, J1—cos p{r)} (A.43)

Wherte



70=1 -to)=(i -'s) RD? (A 44) In setting the transition maneuver, it must be checked that the
acceleration perpendicular to the flight path is lower #an the allowed maximum provided in the TEM
model [3]. Thus, we have: This condition translates into an allowed minimum value for the
transition arc radius: 172 R > r21717 ?a n max (A.46) Finally, using eq. (41) a maximum
allowed value for the lift coefficient increment can be found as follows: V L21 >V 11201,Ac < V121 L -

=7 -r)= 2 o) (A4t

7

in setfting the transifion maneuver, it must be checked that the
acceleration perpendicuiar to the flight path is lower than the allowed

maximum provided in the TEM model [3]. Thus, we have:

yl

Ve .
_. y - LAIF

an - VL()F ¥ < anma.x = anmax (A45)
TR

This condition translaies into an allowed minimum value for the

fransition arc radius:

2
R, = —0F (A.46)
4]

nmax

Finally, using eq. (41} a maximum allowed value for the lift

coefficient increment can be found as follows:

72 2 2
VL]Wr > VL()F' —, ACE < }/;L] A InAN. ( A 47)
g AC/ L an max V;'"()f g

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 = 1. The initial air relative veiocity becomes
egual 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 egual fo the one for the initial climb,
vre. From TEM model [3] in climb the following expression can be used fo
evaluate the ROCD:



gACL a "maxV rot; g (A.47) Of course the longitudinal acceleration is zero. Initial conditions for
the transition model are equal to the ground roll phagé’s final condition, i.e. to =t to. 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, ?TR. From TEM model [3] in climb the following expression can be used to evaluate the ROCD:
57 V e ES F dil47powred (A.48) Where the power reduction coefficient is introduced to allow the
simulation of climbs using less than the maximum climb setting, and is given by: 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 fhat duringitransition the whole thrust is used to gain aItitudeAWJg?h means that
ESF7:--, 1. — mf 7 j c SF (A

C powred ’

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

given by,

C

m_. M Miw{@.iS Jet Engines (A.49)

.25 T.prop Eng.

powred
THax min L

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 fransition the whoie thrust is used to gain altitude, which means that
ESF =1,

Thus the ROCD becomes:

gh (1D }-V-cmﬁr/-sm;/ (A.50)
&S '

from which the ciimb angle at the end of transition can be derived as:

j r . -
T-D 1 | 7 v |
- l_ Wai — o -1 o MLor - i R
7/7‘1(’ = 510 {L PV ‘I)‘/:Vw’T Cpnwr@a’j s1n {L I’V V-L:; CD?RJ Cpowred} (A 51)

since:

2 Dy S
D =_], oV oS O R e

2
: Vior
LOF

FE O
2 Wr 2 W LOF OTR ]/j 21

’ C,D:m (A.52)



Thus the ROCD becomes: dh V e no™d =V sin 7 dt (A.50) from which the climb angle at the end of
transition can be derived as: since: 58 The finagd gir relative velocity will still be equal to the lift-off
velocity. The transition will take a time /TR, given by inversion of Eq.(A.44) with y(t) = j17R. The
altitude and the position along the runway centerline will be given by Equations (A.42), (A.43): t LO v(
TL(t772) = X772 ; 11(17'12) =V ({TR ) I/Lo -,-- 1.2 //stall )7,0(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 final air relative velocity will stili be equal to the iift-off velocity.
The transition will take a time t;73, given by inversion of Eq.(A.44) with (1) =

vrr. The altitude and the position along the runway centerline will be given
by Equations (A.42), (A.43}):

Ry .
Iy =110 “‘L}/Jﬁ? s %ty =X 5 Blipe ) = o sV e} = Vo = 1.2 (Vay )7'0

L0 {A.B3)

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:

ly =g

by = Iy,

Yo =V

Vo=Vior

Xy = Xy

Mg = Mg, (A.54)

In the present invention, the Total Energy Model (TEM) from BADA
[31 is employed to describe the aircraft trajectory in the initial ¢limb 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:



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 initi} climb are defined as: to = ho = hp? 70772
-171,017 X = X TR mo =Inn? (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 Vc = 3000ft) =

(Tzwo G OIm(A.55)
equations (e.qg. in [3]).

then expressed as foIIO\fys %OO f? {V(]l’; (3)0 + (?8870 14-Wo, 3000-k (A.56)
LO

With the above CAS, one can obtain the TAS by employing standard

The TAS schedule from the initial altitude to the final altitude (3000ft) can be

(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 altitude to the final altifude

(3000ft) can be then expressed as follows:

V(h) _ (h’ - h‘m)' [V]h=3000ff + (3 000 — h) Viar

(A.56)
3000 — Ay

The ground speed can be computed as:

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

Once the TAS is availabie, one can compute the altitude profile by

means of the TEM model [3], using the following equation:

fi}z (T D)V ESF Cp()v red
i W (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]:



The ground speed can be computed as: V =Vcosy+Vw(A.57) Once the TAS is available, one can
compute the altitude profile by means of the TEM mé@el [3], using the following equation: 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 =[1ciV1g
dh (A.59) Where di/ [V,-.07 =3000ftYIms -110 dh3000 ft(A.60)

yar 1
EFm%+L£ﬂ
L g dh (A.59)
Where
fg__fi . [V(" (h = 3000 f1 )}7248 Vo
dh 3000/ -h,,, (A.80)

Nevertheless, to ensure the continuity between the transition and

initial climb phases, the ESF is evaluated by imposing the following

condition:
] _[dn
Ldr L Lt lie (A.81)

This translates into the following equations for ESF:

~ r-p7" .
\EL’Q—W C ppurea " ESFy =iy = ESF = {[ W 1 C }Sm Vin
[ W —L’(' . JIC " povred (Aez)

Lift and Drag are evaluated as:

L=W
Dw%ﬁ%WS (A.B4)

2z
VL]

C.D = CDOIC + Cm!c'r ’ 172



Nevertheless, to ensure the continuity between the transition and initial climb phases, the ESF is
evaluated by imposing the following condition: [Sr dhg4 L di JTR = L diJK: (A.61) This translates into
the following equations for ESF: Lift and Drag are evaluated as: L =W 1 D = pCni/28 2-

The flown range is then obtained by:

dx
2= }/g
dt (A.B5)
And v is found by the height rate equation:
Sin}/ m_(_IL::——JD—)‘ES}:'Cj;rr(m',rea’
w (A.66)
Thus:
dr _ V\/; _EDY poprcn (A7)
dt W o

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

in the prior ari, the trajectory prediction is certainly performed, but
using a coarse-grained aigorithm 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.



DO IC C D2IC: 61 The flown range is then obtained by: (A.65) Andy is found by the height rate
equation: sin 7 =(1" w- D) ESF C r",,,yed(A.66) Thusgk=V 11 (7' -)ESF2 C2 dtV (A.67) The
altitude is evaluated using eq. (A.58), whereas the consumed propellant and the mass variation are
evaluated by using the TEN.4 model for climb [3] and eq. (A.13). The longitudinal acceleration is
computed from the speed 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 MégePfepeBing BEtEN RdRrepatabasesepsisimchcvarckRE diculations of
only certain fligh{r@agg?,a@pd is therefore very limited.

in the prior art, only the 2D trajectory is calculated, the alfitude and
the time are derived.

in the present invention one has:

- Adapted the equations to the ccmmands of the controller:
- Provided an eguation system and models that allow the rapid
calculation with high accuracy, by considering the mass as variable.

The commands 10 be controlled at ground are those relevant io
performing a series of codified maneuvers.

The commands in the present invention are at first in the form of
words. Then they are translated intc numerical inputs to a set of
equations. This transiation is a novelly feature of the method according fo
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 aiso 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 travel time.

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

in the prior art: first there is a predicied trajectory, then the
controlier makes its plannings and proceeds to possible modifications of
the predicted frajectory. If during the actual flight there are “{actical’

maodifications of the constrainis, one proceeds to recalculation of the



62 The present invention adds calculation steps which were lacking in the prior art. In the
prior art, only the 20 trajectory is calculated, the altitygte 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 controlled 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 noveltﬁgeature of

the method accotdiiggirthénritenmathad Per@E e Mdbe drveeipsidies PEBRESERréntiPused.
Since the methods afTREMIGSEAIINMRINICR AIQYLTALRRIRNRIING 9haVAyaaaR S ston, one can

also impose constraints on the whole travel. The equations modified according to the present

invention gives a numefitdhewtgae of aTesrsnenshbwbeanmnstPehirwet BEHaGR B aising
linearization parametgrsyf ol examRImJUinaRPhrssef [GRIRIAYR Bsitiaxeledirnatoand the

relevant travel time. In the method according to the invention, there is a constant level of accuracy
among the calculpgs®paritaeiehstion the contrary, in the prior art the least accuracy was chosen as

reference. I the prigr it firsihers dsapresicied raiegieny. thepileconkalerdnrkestits
plannings and proceeds to possible modifications of the predicted trajectory. If during the actual flight

there are "tacticamassiing aissneantheeastRlinalensd HodeCiBgedrllalith HWHEWS trajectory.
In the method accarling;tpdhsrpventionqiismErradk erisiae Rame bakitarakndatlionrigade

according to the above specification.
in the prior art all the aircraft are equally freated.

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

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

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

The fiux of data are represented by continuous lines, whereas the
flux of commands are represented with dashed lines. The dotied larger
boxe comprises the fiight data processor with relevant code (TEM) or
memory area (flight plan data, airborne performance database with data
relevant fo aircraft dimensions, tank capacity etc.) blocks.

Meteo data are {aken form an exiernai data service via hittp 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-caiculation of the predicted trajectory by TEM equations, in

particutar for the following cases:



In the case of a command that cannot be followed by the aircraft, the method according to the present
invention calculates the closest performable solution.g4 Further, the method of the present invention
uses different modeling for each phase of take-off and landing. From the regulation constraints, one
has understood the effects on the particular aircraft, whilst 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 differential equations, which would require huge computation resources.
In the integration of equations, according to the invention, one chooses an optimum integration pitch
for the whole integratiorgaghiltitig tadijghdrriantiganeedadens ghedoeuisiBlewiigdanhafmealculation.
The present invention mgy p&m%@@gfi%g hardware environment, according to figure 20 which
show an air traffic control system according to the invention, The flux of data are represented by
continuous lines, whereasahetiog, ovdbmnaritedréigiiredantethovithittiened |priselite thetted larger
boxe comprises the flig - ithr t ( /. ight.plan data,
airborne performance drgtcgg?sg %ﬁ%ﬁgﬂﬁ%vﬁaﬁ\{%ﬂ éi%(?\rga% (}fil\éz]ggr?sge ?ﬂ%”?gﬁgcgi&ge%c. blocks.
Meteo data are taken fopiediviedi@orilidats sigasdven tprerdstieeddigskqidotocol, namely form the
Automated Weather Ob ' S /O A I rmj jon_Service (ATIS).
The actual airborne posﬁ%ﬁ%@emﬁr@ E@é r%?}gend%%@%%o@%é@?ﬁ@%glgﬁa%@% of the
predicted trajectoifiegPEM alpudaierTs iintharuslirisdralecionpwhmpeases entdadhaifighi flight plan
is needed or cha ol icul take- ' ; [ ithin a fixed
flight plan, the dif%?e%ggb ggﬁ%%%ﬁ%@%%%%o%ﬁﬁ %?ﬁ%ﬁé%?%l!\%% gﬁfrga agrFd ggt\élegt?on, and the
predicted positiorthé lagges tial dhsretbefimedanetaisid. receiresnirgie tumralieredidolva@mmands
CorresPonaIng to i RUSIARLCAIRUIBHAN 1 e YATDAREAISE N RiReRe s sPLAB R Tpht data

processor which creates a flight plan and calculate TEM equations on the basis of all the other

parameters it recE@ETROG oy Hr deliinieddaminbalanegimueisrgionphetwansiicdiM is created
upon reception of&mg%{ﬁ%@gn&{ﬁﬁt{wmed Fixed Telecommunication Network (AFTN) or other
Entity or Institution. Once the trajectory is calculated, it is sent to the operator console and
displayed on the display‘oteaectopdraieeiomnitotiaiguristtuitisrsenthe dherapeiptoaiconsme
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The present invention has been described for iflusirative but not

limitative purposes, according {o its preferred embodiments, but it is {o be



66 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 gglosed claims. 67 CLAIMS 1. A
computer-implemented 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 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 ESE{M} mgt’)dT_ASVdRCD |tr)|D% T -D)(1-
ESF{M}) dtTAB wdersteot ARasimedifications and/or changes canpe iniro uced by those

skilled in the art without departing from the relevant scope as defined in

the enclosed claims.



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 f r, T is the thrust and D the drag, 717 the mass
of the aircraft modeled as point-mass, {M} is the Mach number depending on TAS and temperature
and 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
mT," at the end of the cruise phase as a function of the initial mass mm, and wherein t is the elapsed
flight time, k9 and kir) are constant terms pre-defirfgdfabt®rding to the individual aircraft. 2.
Method according to clgim,1 pﬁé If ' or.1 ich js djvi into ground
roll, transition and initiaT'g%\mg%o ggés? !ﬁ‘z’qgﬁ?:%@%é&%ﬁ@b@ﬁﬁ%@%ﬂ%@%ﬁ%ﬁ %erformed
by using the followitigearisdjaicirgolinipagicusidorENt dgatitohanagemest, corprsinythfem)=;
v(t)=v=1.2)To F2.c2 po . S the.greu / |Sta X, wherein
in? is the transit\i%lsr']%‘ﬁi‘gsf ﬁéﬁ (f\_égtli’g %1%%&%%%%%?%3—%% k?%{%ﬁé %@gﬁlﬂ %%st%ﬁiééé g? (TR, "y-rR
the travelled anglerhiriggtrarsigamdingOatiedifesians|ighsphesdsusi@ratRrzrddifingé at 1TB, V is
the current TAS, (Vac | %T ' stall d 39 kC ' % WEY, fCeb ireraft weight, C
pow.red is the pre-defirﬁé (%(L%é?%i’lﬁ)? Egﬁv%erp?ég ug%%q;]%%gth I;{/Iga%% c%or%?r%%? ?Iifm? 1lor2,
characterized in that, facmguterdinggease, Uséncalbs didiowind dpaldicreqnirrdetraj&bry is
effected by using the fofgg&vé%%lqgalytical solutions:

VRCD = MTAS ESFiM}
mg

dTAS VRCD

‘ = (T = D)=mg i = (T — D)1~ ESF{M
m—=={ mg = = (T~ D)( M
== f

g—ﬁmTASsmy

ds

solving said equations for VRCD, T4S, and m;, where VRCD is the
vertical rate of climb or descent; 74S is the {rue air speed, ESF is the
energy share factor, T Is the thrust and D the drag, m the mass of
the aircraft modeled as peint-mass, M} is the Mach number
depending on TAS and temperature and altifude, g is the gravity
acceleration, and fis the fuel fiow, and v 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

foliowing analytical solution to said TE=M equations:

{~1, = dist = L tan™ @; \‘—utan“l[ {@-ﬁ—-mmﬂ
19 i V k

"R
745 \k & Ve )




- hO)Vc,A ,screen +screen - h)VC:0 hstrew? - 110 69 dh dr for the flare, wherein h is the altitude, hi)
is the altitude for the beginning of glide approach,his ¢ige decision altitude, VCA,scre" is the CAS speed
to SCreen be reached at hscreen, VCO is the CAS speed at 120, Vc the CAS speed at h; V Ban- the
CAS speed during flare and y 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 pitH¥ED R by BT ey PEHERRAIRY tHEfHNFRRERS: BRrforming

simulations, according ®seigr BEMtaguatiznsrekelimh, daacamerid cndisadkagesstorigtiormly
distributed set of pairs of speed and height pitches ranging from a minimum values pair to a maximum

values pair: Assuming tHE i VELEEHSPARIAN HRELEaREErHHRINEH SC AR DBl simulation,
comprising climb, descersiand=araigggghases, 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'BaiPPEpAESERtRG dReGRiMt that I8 LR #5Gr Br el IRANS drakdefined
threshold value a5 iaisouomas! siskast 1o SpisLAIIOUM YRR Dital BiMSthod
according to any claim 1 to 4, characterized jn that, for all the flight phases except Cruise, the
equations are intBYAREY é%ﬁ,%‘c’d%}@fh Pi%@%ﬁ r&%‘&%@‘fﬁf@g@?ﬁ’ﬁﬂﬂ@ﬁ ‘ﬁ%@}fﬁﬁ%gt@ﬁ:

using the following analytical solutions to said TEM equations:

R, .
b = lpe) +“f;j:]'€“?’m px (i )= 2y 3 Rt ) = byy 1Vt )=V = 1-2‘(Vsmn)m
L0

that are solved by the ground travelled disiance x, wherein 1z is the
transition phase time, /y is the exact time of lifi-off, xy, the travelled
distance at 173, vrr the travelied angle during transition, ;4 the lift-off TAS,
h is the altitude, hrx the altitude at 17z, V' is the current TAS, (Vyaw)7o is the
stall speed of the aircraft with gear down, W is the aircraft weight, Cooy s 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:

(h o k‘o )V + (h.ycreen o h)VCU

CA,screen

h ~h

screen (]

7 —
|4 =

for the glide approach, and



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 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 -,-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 tng,followmg equations to said TEM equations:
GSLLongTAS2 -FVS2 Lat -VRCD2 7-,, -ws,, ws,,,,d/' Ipfzmaﬂﬁq -fl arctg \TA81,"'gKGS",,SL"g) (\
-WS,,, VTAS2 -W.521,1 - VRCD2 71 And solving for GSLong, that is the horizontal component of the
aircraft ground speed, and for ty that is the heading angle, wherein WSL"g is the horizontal wind

speed. WSLa. s e UcHBlComARREI AL WRCLaRRRE, DerR 0 BAWEaANHE eqirfildedfod

according to any claim'1 to , Characterize ons are
glide approach, Hgereen 1S the decus:on alfitude, Ve oreen 1S the CAS speed to

be reached at hopen, Voo is the CAS speed at k4, V- the CAS speed at &

Viare the CAS speed during flare and y is the slope of the vertical trajectory

during flare.

4. Method according to any claim 1 tfo 3, characterized in that the
integration of the TEM equations for the calculation of predicied trajectory
is made by using a pair of maximum integration pitches for speed and
height, in order 1o 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 uniformiy distributed set of pairs of
speed and height pitches ranging from a minimum values pair to a
maximurm 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 plois reporting the percent RMS
errar 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 vaiues pair.



each time a flight plan is needed or changed, in particular before the take-off phase of the aircratft, -
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 translati he natural language commands into input numerical values and in that
said electronic eIaborat%Mﬁ'&'&ﬂ@f?ﬁ}édéaﬂ:%ﬂ’ %BM BRI hethoGRIES TGP RIS 106 3l 9,

Electronic elaborat@ﬂ:gmtpaa@é@.cwm Orihed ittpermEMeas Rt MReaRSIHGE @XegWadWMaen run, the
method accordin d%)% eS\lm lto7. 10. Computer ro?ﬁs Characterised in that it comprises

code means suit RS, fRERTHE iFOSH 'é\ HeRHRPunit, the calculation
according to the method)ﬁé ameclwrmattqr? carl]cu bled angidleraetaosyanedisitieada by ?j
computer, storing a pr arac in that the program is computer pro ram according to
claim 10, 72 ABSTRACENES %EJ; T?Qj’&&ﬂ'ﬁ?gfgd?c Wﬁe@gﬂ #5 KIo Wih4gement,
And Relevant ATM Systgmulateamlmm@hgg@@mhqﬁm@ﬁygt@@for the prediction of
aircrafts vertical trajecto a tlcula%{?é Aé%r Traffic Manﬁgement comprisin wg e following flight

calculation modules: Ta ELIO9BE0ST: AR dR RNGSE6r B BRGingTRIE Felevant

flight phases, wherein: ﬂﬁb}é@ta{mg&ﬁ@”f@iidw eckgied aircraft trajectory is effected by using a set of
TEM equations comprising, a Fl{ﬁéﬁ%ﬁlva“ables the |caI rate of climb or descent, the true air

speed, the energy sharé facto i aﬁﬁ”f%ecd? "ﬁ’i%dm BFRNSF SRS d e a8

point-mass, and comprising, asonmwlab@sotheaw@:h gwmtg;erﬁmengimgm@me &y speed and
temperature and altitude, the raV|t accele on, and thef | flow, and the f||% ﬁ%%th angle; - the

calculation of the predicted a|r Qfé%%o?y ?é‘ HISONE ‘?Nﬂ@?e iR ¥R & ying, is
performed by using the followndgammatlﬁamwu@w toosAidaRiolT Biteduatiagerith hvoid

that in the subsequent calculation it goes outside the flight
enveiope,
- proceeding to the /+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

1o said TEM equations:

GS, + A TAS? — WS 1 —VRCD?

Lon‘g J ong

w= - arctg{

e T — WS
SLax J . /3 _ a?“ctg( W?I,af ) —

Long \GSLong ) Long j
= - arctg[ O }

NTAS? — WS 0 —VRCD?
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And solving for GSiae, that is the horizontal component of the aircraft
ground speed, and for y that is the heading angie, 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 €, charactetized 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 & fixed flight pian, the difference between the
actual position of the aircraft, given by a radar detection, and the
predicted paosition 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 eiabdraﬁon unit naturai
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 1tc 7.

9, Electronic elaboration unit, characterised in that it comprises
code means that execute, when run, the method according to any claim 1
to 7.

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 1to 7.

11. Tangible memory medium, readabie by a computer, sioring a

program, characterised in that the program is the computer program
according to claim 10,
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ABSTRACT

A Fast Vertical Trajectory Prediction Method For Air Traffic Management,
And Relevant ATM System

The invention concerns a method and system 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 phases,
wherein:

- the calculation of the predicted aircraft trajectory is effected by using a
set of TEM equations comprising, as output variables, the vertical rate
of climb or descent, the true air speed, the energy share factor, the
thrust and the drag, the mass of the aircraft modeled as point-mass,
and comprising, as inpu variables, the Mach number depending on true
air speed and temperature and altitude, the gravity acceleration, and
the fuel flow, and 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 foliowing

analytical solution {o said set of TEM equations.

Fig. 1



