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Overview

EUROCONTROL Base of Aircraft Data (BADA)
Prototype Fuel Burn Calculator Implementation
Comparison of fuel consumption rate with known data

Lessons learned
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BADA

Introduction

BADA Base of Aircraft DAta) is an Aircraft Performance Model (APM) with corresponding databhase. BADA

simulatars is being maintained and developed by the EURQCONTROL Validation Infrastructure Centre of Expertise
located at EURQCOMNTROL Experimental Centre (EEC) in Brétigny-sur-Orge, France.
Projects
¥ EC projects The main application of BADA is trajectary simulation and pradiction within the darmain of ATM {Air Traffic
¥ Completed projects Managernent).
¥ AT
PoaTas TR BADA rewisions are scheduled annually. Its current wersion (BADA 3.8) provides a set of ASCI files
P oASSTAR containing performance and operating procedure data for 318 different aircraft types.
b ASTP
P BADA For 111 ofthese aircraft types this data has heen developed using reference sources such as Flight
Amoess to BADA Manuals, Operating Manuals etc. These are the so-called directly supported aircraft. Forthe ather 207
Aecess to caleulation tool types, the data is specified to be the same as one ofthe 111 directly supported aircraft.
Documents
boCaATS The Aircraft Model behind BADA
» CARE projects
P CATS

MEDIA CENTRE CAREERS

=

Done

http://www.eurocontrol.int/eec/public/standard _page/proj BADA.html
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EUROCONTROL
Base of Aircraft Data
(BADA)

“BADA (Base of Aircraft DAta) is an Aircraft Performance Model
(APM) with corresponding database. BADA is being maintained and
developed by the EUROCONTROL Validation Infrastructure Centre
of Expertise located at EUROCONTROL Experimental Centre (EEC)
in Bretigny-sur-Orge, France.

The main application of BADA is trajectory simulation and prediction
within the domain of ATM (Air Traffic Management).

BADA revisions are scheduled annually. Its current version (BADA
3.8) provides a set of ASCII files containing performance and
operating procedure data for 318 different aircraft types.”
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BADA ASCII Files:

CCCCCCCCCCCCCCCerreeeeeeeeeeeeeeeeececeeeceeeee CRI1_LAPF ceeeececececececcececececececececcececececececcceccecececececcccecececec/
ccC /
CC AIRLINES PROCEDURES FILE /
ccC /
cC File name: CRJ1 _APF /
ccC /
cC Creation_date: Apr 30 2002 /
ccC /
cC Modification_date: Apr 30 2002 /
ccC /
CD /
ccC /
CC LO= 14.75 to --.-- / AV= ——.—- t0 --.-- / HI= --_-- to 24.00 /
ccC /
ccC /
CC COM CcO Company name —----—-- climb-—--—-- --cruise-- -—--—- descent-—--—- --approach- model- /
cC mass 1o hi lo hi hi o (unused) /
ccC version engines ma cas cas MC XXXX XX Cas €as MC mC cas Cas XXXX XX XXX XxX xxx opf___ 7/
CC___' = '__"===:===:==:====:==:::::::::::::::::::::::::::::::::::::':::':::"::::::'/
CD *** *x Default Company /
CD 2B19 CF34 LO 290 290 74 290 290 74 74 290 290 0O O O CRJ_ /
CD 2B19 CF34 AV 290 290 74 290 290 74 74 290 290 0O O O CRJ_ /
CD 2B19 CF34 HI 290 290 74 290 290 74 74 290 290 0O O O CRJ_ /
CC___ °==° ':::':::'::'::::'::' ':::':::'__' '__':::'::_'::::'__' ':::':::':::' '::::::'

CC////////////////////////////////// THE END  ///////7777/////7777///////7///////7///////////////77/
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BADA ASCII Files:

CCCCCCCCCCLrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeee CRJ1_ L APF Ceeeececececececcecececececececececececececececececececececececececececececececrs

ccC
cc AIRLIN BADA PERFORMANCE FILE Apr 30 2002
ccC
cc File_name: CRJ1_| AC/Type: CRJ1__ .
cC Source OPF File: Apr 30 2002
cC Creation date: Af Source APF file: Apr 30 2002
cc -
cC Modification datd SPeeds: CAS(LO/HI) Mach Mass Levels [kg] Temperature: 1SA
cC = climb - 250/290 0.74 low - 17760
cD cruise - 250/290 0.74 nominal - 21000 Max Alt. [ft]: 41000
cC descent - 250/290 0.74 high - 23995
CC LO= 14.75 to —-.--| —_
ccC —
cc FL | CRUISE | CLIMB | DESCENT
CC COM CO Company nan I TAS fuel I TAS ROCD fuel I TAS ROCD fuel
cC mas |_[kts] [kg/min] | [kts] [fpm] [kg/min] | [kts] [fpm]
cC version engines mg Lkg/min] . .
CC===- - . lo nom hi | lo nom hi nom | nom nom
CD  **x* *x Default Con ~~
CD 2B19 CF34 Lq —
cD 2B19 CF34 A\ 0 | |] 151 2460 2540 2320 37.1 | 145 810 8.1
CD  2B19  CF34 HI I I I
CC===- - -l 5 | | 152 2450 2470 2300 36.7 | 146 830 8.0
CIIII0200000000000202 I I |
10 | | 153 2430 2450 2280 36.4 | 152 890 8.0
| | |
15 | | 160 2520 2520 2340 36.4 | 164 960 6.0
| | |
20 | | 161 2500 2500 2320 36.1 | 196 1250 6.0
American Institute of Aeronautics and Astronautics: Guidance, Navigation, and Control Conference: Toronto, Canada, August 4, 2010 7 of 26
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BADA ASCII Files:

CCCCCCCCCCLrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeee CRJ1_ L APF Ceeeececececececcecececececececececececececececececececececececececececececececrs

gg AIRLIN BADA PERFORMANCE FILE Apr 30 2002
cC CCCCCCCCLrrreeeeceecceecccececceecceecceeccececeeceec CrRJ1r_ .orPk cccececececcecececcces
CcC File n cc /
cC CC AIRCRAFT PERFORMANCE OPERATIONAL FILE / gggg
cC Creatil cC /
cC cC /
cC Modifi cc File_name: CRJ1__ .OPF / Kl
cc o / 41000
CD cc Creation_date: Apr 30 2002 /
cC cC /
CC LO= 14.9 cc Modification_date: Apr 30 2002 /
cC cC /
CC===========7 cD / DESCENT
CC COM CO === Actype / EAS R2CD fuel
cc CD  CRIL 2 engines  Jet / ts] [fpm]
cC version| cC  Canadair Regional Jet wake /
tim==r======" ¢ (source: Lauda Air Flight Planning Manual) / nom nom
Cp = == CC====== Mass (t) /
CD 2B19 cc reference minimum max imum max payload mass grad / i e 5
gD 2513 CD .21000E+02 .14800E+02 .23995E+02 -.52000E+01 .10200E+01 / :
D Bl CC====== Flight envelope /
CC===:1=======1 CC VMO(KCAS) MMO Max.Alt Hmax temp grad / 146 830 8.0
CC///7177/7774 cD .33500E+03  .85000E+00  .41000E+05  .36500E+05 -.20000E+03 / 55 s 5
CC====== Aerodynamics / :
CC Wing Area and Buffet coefficients (SIM) / 164 960 6.0
CCndrst Surf(m2) Clbo(M=0) k CM16 / :
CD 5 .54500E+02 -13800E+01 -86000E+00 -.00000E+00 / 196 1250 6.0
CC Configuration characteristics / :
CC n Phase Name Vstal 1 (KCAS) CDO CDh2 unused /
CD 1 CR Clean -14050E+03 .23178E-01 -35434E-01 -0O0000E+00 /
CD 2 IC flap20 -11250E+03 -00000E+00 -00000E+00 -.0O0000E+00 /
CD 3 TO flap20 .11250E+03 .00000E+00 .00000E+00 -.00000E+00 /
CD 4 AP  flap20 .11250E+03 .38000E-01 -43000E-01 .00000E+00 /
CD 5 LD flap45 .10770E+03 .52000E-01 -40000E-01 .00000E+00 /
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BADA Phases of Flight

MAX o Nominally 400 feet AGL .
= Nominally 2000 feet AGL A
= Nominally 8000 feet AGL

Vertical profile of ' waxro— Nominally 3900 feet AGL .

. , 0o
aircraft's track AGL = Above Ground Level .
. (based on elevation of airport)

MAX,IC

MAX,AP

H
H
H
H

* Ground . AP

...... Destination
airport

Departure
airport
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Prototype Implementation (pFBC)

Written as a Java application
Implemented BADA Version 3.6
Implemented turboprop and jet engines only

Processes scenarios consisting of 4-D
trajectories

l.e., It uses BADA as a fuel burn calculator, not as a
flight synthesizer

American Institute of Aeronautics and Astronautics: Guidance, Navigation, and Control Conference: Toronto, Canada, August 4, 2010
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Using BADA for flight synthesis

The BADA Aircraft Performance Model is primarily intended for “trajectory
simulation and prediction”; i.e., to synthesize the state of an aircraft.

a
>

time [i - 1] Use the BADA APM time[i]

latitude[i—1] . latitude[i]
longitude[i-1] equatlons to_get from longitude[i]
altitude [i — 1] the state at [i-1] to the altitude ]
state at [i].
American Institute of Aeronautics and Astronautics: Guidance, Navigation, and Control Conference: Toronto, Canada, August 4, 2010 11 of 26
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Using BADA as a fuel burn calculator

The pFBC uses the given 4-D state of an aircraft and the BADA Model to
calculate the fuel burn consumption rate.

The 4-D aircraft state aircraft state come from input scenarios that are obtained
from recorded air traffic data or from simulation programs.

a
>

time i - 1] Use the BADA APM time[i]
latitude [i—1] c latitude [i]
longitude [i—1] equatlons tO C&lCUlate longitude[i]

altitude i — 1] the fuel consumption altitude[i]
rate at each state.

_— : fFli—-1]+ f[i] t[i]-t[i—-1]
m[|]_m[|—1]—[ ] ]x[ it ]
where

m is the mass of the aircraft

f is the fuel consumption rate

t is the time of the 4-D trajectory point

American Institute of Aeronautics and Astronautics: Guidance, Navigation, and Control Conference: Toronto, Canada, August 4, 2010
Highlights from the Federal Aviation Administration’s Support of the National Airspace System

12 of 26



Psuedocode: pFBC
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Psuedocode: Initialization

Initialization {
For each aircraft in scenario {
Retrieve aircraft-specific data

From database tables

Estimate take-off weilght ; | Based on flight distance

For each 4-D trajectory point {

Collect weather data ; | since we’re given “ground
Calculate true airspeed ] speed” not airspeed

}

}

1 e SR .

MAX,

H
H
H
H

MAX,IC

MAX AP

Vertical profile of * MAX.LD
aircraft's track ¢

Ground

= Nominally 400 feet AGL .
= Nominally 2000 feet AGL
= Nominally 8000 feet AGL
= Nominally 3900 feet AGL

AGL = Above Ground Level .
(based on elevation of airport)

Take-off Configuration
Initial Climb Configuration
Cruise Configuration

Approach Configuration Destzifrt)igrr;
Landing Configuration
Departure
airport
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Psuedocode: Synthesize Initial Flight

Synthesize Initial Flight {
For each aircraft In scenario {

}

}

Estimate initial weight at 1st trajectory point ;
Determine initial phase of flight ;

> | Because our 4-D trajectories

do not necessarily start at
the departure airport

Vertical profile of *
aircraft's track ¢

= Nominally 400 feet AGL .
= Nominally 2000 feet AGL
= Nominally 8000 feet AGL

MAX AP .

= Nominally 3900 feet AGL

HMAx.ic
HMAx,lc
H

HMAX.LD

AGL = Above Ground Level .
(based on elevation of airport)

Ground

Departure
airport

Take-off Configuration
Initial Climb Configuration
Cruise Configuration
Approach Configuration
Landing Configuration

Destination
airport
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Psuedocode: Find Future State Changes

Find Future State Changes{
For each aircraft in scenario {

= = Because we wanted each
For each 4-D tra-l ecto ry pot nt { segment to be within a single
IT state changes { configuration phase

Interpolate 4-D trajectory point ;

¥
}
} R D .

* *
} . inxo= Nominally 400 feet AGL A
i~ Nominally 2000 feet AGL

= Nominally 8000 feet AGL

MAX AP .

= Nominally 3900 feet AGL

H
H
H
H

Vertical profile of * MAX.LD
aircraft's track ¢

AGL = Above Ground Level .
(based on elevation of airport)

Ground

Take-off Configuration
Initial Climb Configuration
Cruise Configuration

Approach Configuration Destzi?‘t)igrr;
Landing Configuration
Departure
airport
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Psuedocode: Calculate Fuel Burn

Calculate Fuel Burn {
For each aircraft iIn scenario {
Set i1nitial fuel consumption rate to 0.0 ;
For rest of 4-D trajectory points {
Calculate Fuel Consumption Rate ;
Calculate fuel burned over track segment ;

1 ¥ Calculate Fuel Consumption Rate {
1 Calculate lift coefficient ;
Calculate drag coefficient ;
Calculate thrust of overcome drag ;
Calculate thrust to accelerate/decelerate ;
Calculate thrust to climb/descend ;
Calculate total thrust ;
Calculate fuel consumption rate ; ;
rnh]=m[h4j—[ [i %+ [HJXF[H &P ]J o =
hore e ey
m is the mass of the aircraft {eraing Conuraion”
f is the fuel consumption rate

t is the time of the 4-D trajectory point
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Verification

We verified that we had properly implemented the
BADA APM equations through normal software
unit testing, but this didn’t tell us if the pFBC
provided meaningful results.

We would like to have compared pFBC output with
real data; but real data is generally proprietary and
difficult to obtain.

This paper addresses the verification of a single
flight of an aircraft using opportunistic data the
aircraft’s Flight Data Recorder.
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FAA
Bombardier Global 5000

4| We had access to its Flight Data

| Recorder data for a 6-hour flight

. . 3 . Specifically:
from Atlantic City Int’l Airport >Time
to Los Angeles Int’l Airport. > Latitude
e R | »Longitude
3 SO | ' >Altitude

»Fuel consumption rate
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Verification of the Calculation of
Fuel Consumption Rate

Fuel Burned vs. Flight Time
Fuel Consumption Rate vs. Flight Time During Ascent
Fuel Consumption Rate vs. Flight Time During Cruise

Fuel Consumption Rate vs. Flight Time During Descent

American Institute of Aeronautics and Astronautics: Guidance, Navigation, and Control Conference: Toronto, Canada, August 4, 2010
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Fuel Burned vs. Flight Time

L2000 ) ) ) ) )
Difference:
: »342 lbs
oo p————
»2.0%"
o ;
H : : : : : :
o : i : i : :
I
. i i i i i i
0 a0 10 130 200 230 30
FlightTim:, (mino )
EEC FLE ———— |
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0

Highlights from the Federal Aviation Administration’s Support of the National Airspace System



Fuel Consumption Rate vs. Flight Time

Fuel Consumption Rate (lbe/min’

L1000

L&000

14000

L2000

{nunn]

000

G000 f

4000 |

2000 F

During Ascent

1o
Flight Time {min) - Ascending Phasss

EEC

FLR ———— |

|
i
L5 20

25 o
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Fuel Consumption Rate vs. Flight Time
During Cruise

S50 T T T

3000

4300

4000

3500

3000

Fuel Consumption Rate (lbe/min’

|
135 140 145 150 155 Lo 165

00 | | | |
Flight Time (min) - Selected Forton of Level Crniies Phaze
EEC FCR —--— |

American Institute of Aeronautics and Astronautics: Guidance, Navigation, and Control Conference: Toronto, Canada, August 4, 2010
Highlights from the Federal Aviation Administration’s Support of the National Airspace System 23 of 26



Fuel Consumption Rate vs. Flight Time
During Descent

4000 !

3500

3000

o

2500

2000

1500

Fuel Consumption Rate (lbe/min’

L1aoa

S00

Flight Time (min) - Descending Fhazes
EEC

FLE ——— |
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| essons Learned

This comparison verified the technique; and we learned a lot:

For this verification we knew the aircraft’s take-off weight; but for our
production implementation we need to improve our estimation of take-
off weight.

For this verification the weight of our initial 4-D trajectory point was the
take-off weight, which we knew. For our production implementation we
need to improve our estimation of the initial weight.

We know from this experience and from other studies that 4-D
trajectory data is noisy; we need to improve our data smoothing
technologies.

This verification identified some problems with our weather retrieval
techniques; which we have addressed.

We need more verification and in our production implementation we
plan to conduct detailed studies to verify the integrity of the results.
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Contact Information:

Robert Oaks
robert.oaks@gdit.com

Dr. Hollis F. Ryan
hollis.ryan@gdit.com

Mike Paglione
mike.paglione@faa.gov
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