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Abstract

A large transport aircraft simulation benchmark ¢R@Efigurable COntrol for Vehicle Emergency
Return RECOVER) has been developed within the GABRElight Mechanics Action Group 16 on
Fault Tolerant Control (2004-2008) for the integrhevaluation of fault detection and identification
(FDI) and reconfigurable flight control strategi@fie benchmark includes a suitable set of assessmen
criteria and failure cases, based on reconstruateitient scenarios, to assess the potential of new
adaptive control strategies to improve aircraftvauability. The application of reconstruction and
modeling techniques, based on accident flight dsa,resulted in high fidelity non-linear aircraftd

fault models to evaluate new Fault Tolerant Fligtantrol (FTFC) concepts and their real-time
performance to accommodate in-flight failures.

1. Introduction

Fault tolerant flight control (FTFC) allows impravesurvivability and recovery from adverse flightnditions
induced by faults, damage and associated upsets.c8@h be achieved by “intelligent” utilisation tfe control
authority of the remaining control effectors in a@kes consisting of the control surfaces and esgime a
combination of both. In this technique, controbgtgies are applied to restore stability and mageility of the
vehicle for continued safe operation and a sur\esz&énding.

From 2004-2008, a research group on Fault Tole@uoitrol, comprising a collaboration of thirteen &pean
partners from industry, universities and reseanstitutions, was established within the framewdikhe Group for

Aeronautical Research and Technology in Europe (GABRR) co-operation program. The aim of the research

group, Flight Mechanics Action Group FM-AG(16), tis demonstrate the capability and potential of irative
reconfigurable flight control algorithms to improaércraft survivability. The group facilitated thproliferation of
new developments in fault tolerant control desigthin the European aerospace research and acadgeminiunity
towards practical and real-time operational apfiices. This addresses the need to improve thdaesd and safety
of future aircraft and aiding the pilot to recofesm adverse conditions induced by (multiple) systailures and
damage that would otherwise be potentially catpbim Up till now, faults or damage on board oteaft have been
accommodated by hardware design using duplexekipi even quadruplex redundancy of critical congms. The
approach of the GARTEUR research is to focus owigiag redundancy by means of new adaptive coritnel
design methods to accommodate (unanticipated)sfamitl/or damage that dramatically change the canigpn of
the aircraft. These methods take into account alnocembination of robustness, reconfiguration arehlftime)
adaptation of the control laws [2], [3].

The potential of the developed fault tolerant ftigbntrol methods to improve aircraft survivabilifgr both manual
and automatic flight, has been demonstrated in 20881g a piloted assessment in the SIMONA resedlight
simulator of the Delft University of Technology [26].

Copyright0 2011 by Hafid Smaili, Jan Breeman, Thomas LombaertisOlaf Stroosma. Published by the EUCASS
association with permission.



03-05/03-06 MODEL-BASED FAULT DETECTION AND DIAGNOSIBEOR AEROSPACE SYSTEMS: PART I/11

Table 1: GARTEUR FM-AG(16) organisations

QinetiQ, Bedford, United Kingdom @ @ I_IRR—I—T@ Mm-

Airbus, Toulouse, France

National Aerospace Laboratory (NLR),

Amsterdam, The Netherlands

Deutsches Zentrum fiir Luft- und Raumfahrt (DLR),
Braunschweig and Oberpfaffenhofen, Germany
Defence Science and Technology Laboratory (DSTL),
Bedford, United Kingdom

Centro Italiano Ricerche Aerospaziali (CIRA), Capua, Italy
Delft University of Technology, Delft, The Netherfands
Cambridge University, Cambridge, United Kingdom
Aalborg University, Esbjerg, Denmark

University of Liile, Lille, France

University of Hull, Hull, United Kingdom

University of Bordeatx, Bordeaux, France

University of Leicester, Leicester, United Kingdom

1.2 Damage tolerant flight control

An increasing number of measures are currentlygoiken by the international aviation communityptevent Loss
Of Control In-Flight (LOC-I) accidents due to fai@s, damage and upsets for which the pilot wasiblet to recover
successfully despite the available performancecandol capabilities. Recent airliner accident argddent statistics
[1] show that about 16% of the accidents betweenl®93 and 2007 period can be attributed to LOg2xised by a
piloting mistake, technical malfunction or unusuglsets due to external (atmospheric) disturbandesvever,
worldwide civil aviation safety statistics indicateat today ‘in-flight loss of control’ has becorntie main cause of
aircraft accidents (followed by ‘controlled flightto terrain’ (CFIT). Data examined by the inteioatl aviation
community shows that, in contrast to CFIT, the shaf LOC-I occurrences is not significantly deciegs The
actions taken by the aviation community to lower ttumber of LOC-I occurrences not only include ioy@ments
in procedures training and human factors, but &fsting measures to better mitigate system failumed increase
aircraft survivability in case of an accident ogdaded flight conditions.

Adaptive or reconfigurable flight control strategjimight have prevented the loss of two Boeing Rigsto a rudder
actuator hard over and of a Boeing 767 due to ieddat asymmetric thrust reverser deployment. T9&9 1Sioux
City DC-10 incident is an example of the crew parfing their own reconfiguration using asymmetricugt from
the two remaining engines to maintain limited cohiin the presence of total hydraulic system falurhe crash of a
Boeing 747 freighter in 1992 near Amsterdam, theéhBigands, following the separation of the two tigling
engines, was potentially survivable given adequatevledge about the remaining aerodynamic capesilivf the
damaged aircraft [5]. New kinds of threats withime taviation community have recently been introdubgd
deliberate hostile attacks on both commercial anlitany aircraft. A surface-to-air missile (SAM) tatk has
recently been demonstrated to be survivable byctba of an Airbus A300B4 freighter performing a cessful
emergency landing at Baghdad International Airgdtér suffering from complete hydraulic system degls and
severe structural wing damage (Figure 1).

Figure 1: Emergency landing sequence using enginiysand left wing structural damage due to suriacair
missile impact, DHL A300B4-203F, Baghdad, 2003
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Apart from system failures and hostile actions agacommercial and military aircraft, recent inciteases also
show the destructive impact of hazardous atmosperather conditions on the structural integritytef aircraft. In
some cases, clear air turbulence has resulteddratiiincurring substantial structural damage &s$ of engines
due to clear air turbulence (CAT).

Studies of airliner LOC-I accidents [2], [5] shohat better situational awareness or guidance waale recovered
the impaired aircraft and improved survivabilityuiiconventional control strategies were used. inesof the cases
studied, the crew was able to adapt to the unkndegraded flying qualities by applying control stgies (e.g.

using the engines effectors to achieve stability eontrol augmentation) that are not part of amnagard airline

training curriculum.

The results of a LOC-I study concerning the 1992sfardam accident case [5], in which a detailed nsiraction
and simulation of the accident flight was condudteded on the recovered Digital Flight Data Reao(B&DR),

formed the basis for realistic and validated aftcaacident scenarios as part of the GARTEUR FM-2&) (aircraft
simulation benchmark. The study resulted in higlelfty non-linear fault models for a civil largeatrsport aircraft
that addresses the need to improve the predicfiogconfigurable system performance in degradedaesod

2. Flight 1862 air craft accident case

On October 4th, 1992, a Boeing 747-200F freightesraft, Flight 1862 (Figure 2), went down near Aerslam

Schiphol Airport after the separation of both righihg engines. In an attempt to return to the airgor an

emergency landing, the aircraft flew several rigatd circuits in order to lose altitude and to lune with the

runway as intended by the crew. During the secametup, the crew lost control of the aircraft. Asesult, the

aircraft crashed, 13 km east of the airport, intoeeven-floor apartment building in the Bijilmermea suburb of
Amsterdam. Results of the accident investigatiamdeicted by several organisations including thehsiénds

Accident Investigation Bureau and the aircraft rfaoturer, were hampered by the fact that the aet@nt of the

structural damage to the right-wing, due to thesla$ both engines, was unknown. The analysis frbm t
investigation concluded that given the performaand controllability of the aircraft after the sep@on of the

engines, a successful landing was highly improbgijle

Figure 2: Cargo accident aircraft prior to takeaiffAmsterdam Schiphol Airport (left). Reconstructesk of control
based on flight data following separation of thghtiwing engines (right), EL AL Flight 1862, B74D@&F,
Amsterdam, 1992

In 1997, the division of Control and Simulationtb& Faculty of Aerospace Engineering of the Delfivérsity of
Technology (DUT), in collaboration with the Nethartls National Aerospace Laboratory NLR, performed
independent analysis of the accident [5]. In cattrim the analysis performed by the Netherlandsidert
Investigation Bureau, the parameters of the DFDReweconstructed using comprehensive modellingulsition
and visualisation techniques. In this alternatippraach, the DFDR pilot control inputs were applieddetailed
flight control and aerodynamic models of the acwotdaircraft. The purpose of the analysis was touaegan
estimate of the actual flying capabilities of theciaft and to study alternative (unconventionailptpcontrol
strategies for a successful recovery. The apptinatf this technique resulted in a simulation maafehe impaired
aircraft that could reasonably predict the perfaroga controllability effects and control surfacefleigtions as
observed on the DFDR. The analysis of the recocistdumodel of the aircraft, as used for the GARTEERR-
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AG(16) benchmark, indicated that from a flight macits point of view, the Flight 1862 accident aftrwas
recoverable if unconventional control strategiesenesed [5].

2.2 Aircraft damage configuration

The Flight 1862 damage configuration to both tireraft’s structure and onboard systems, after #pamation of
both right-wing engines, is illustrated in FigureAh analysis of the engine separation dynamicsloded that the
sequence was initiated by the detachment of the nidpoard engine and pylon (engine no. 3) fromrtia@n wing
due to a combination of structural overload andaifttigue in the pylon-wing joint. Following detament, the
right inboard engine struck the right outboard amgfengine no. 4) in its trajectory also rupturthg right-wing
leading edge up to the front spar. The associaexidf hydraulic systems resulted in limited cdntepabilities due
to unavailable control surfaces aggravated by aer@miic disturbances caused by the right-wing stirattdamage.

Flight 1862 Failure Mode Configuration

Aircraft Systems B
Hydraulic systems #3 and #4 lost x_.‘.{‘
Engine #3 and #4 thrust loss [ote]
Lower rudder lag [

v
Mass Properties 7/
Engine #3 and #4 weight loss, 4,014 kg each 1 1l H
Pylon #3 and #4 weight loss, + 1,000 kg each 2 jgfﬂf M

Lateral center of gravity displacement
Total weight loss: 10,0028 kg

Aerodynamics ||
Lift loss due to wing damage (ALying) _ A\ \\\
Rolling moment due to wing damage (ALuing) > :‘j‘f &
Drag due to wing damage (ADying) - ‘,% \J
Yawing moment due to wing damage (ANying)
Pitching moment due to wing damage (AMying)
Right inboard aileron and spoiler #10 and #11
aerodynamic efficiency loss

B contol surface lost
50% Hinge moment loss / half trim rate
Control surface available

Figure 3: Failure modes and structural damage gaordtion of the Flight 1862 accident aircrsififfering right-wing
engine separation, partial loss of hydraulics dmhge in aerodynamics

The crew of Flight 1862 was confronted with a fligltondition that was very different from what theypected
based on training. The Flight 1862 failure modeficpumation resulted in degraded flying qualitieddgrerformance
that required adaptive and unconventional (untdjicentrol strategies. Additionally, the failure deoconfiguration
caused an unknown degradation of the nominal fiégivelope of the aircraft in terms of minimum cohspeed and
manoeuvrability. For the heavy aircraft configunatiat a relative low speed of around 260 knots Ith8, DFDR
indicated that flight control was almost lost raéng full rudder pedal, 60 to 70 percent maximunmtcol wheel
deflection and a high thrust setting on the renmgr@ngines.

2.3 Aircraft survivability assessment

Figure 4 presents the performance capabilitieb®Mlight 1862 accident aircraft after separatibbath right-wing
engines, reconstructed via the methods describfs],ias a function of thrust and aircraft weighhe reconstructed
model indicates that in these conditions and atyheaight (700,000 lbs / 317,460 kg), level fligtapability was
available between Maximum Continuous Thrust (MCHY & ake-Off/Go Around thrust (TOGA). At or above
approximately TOGA thrust, the aircraft had limitetimb capability. Analysis shows that adequate ticdn
capabilities remained available to achieve thenedtd performance capabilities. Fig. 4 indicatesigmificant
improvement in available performance and contrditgtat a lower weight if more fuel had been jstthed.

Simulation analysis of the accident flight using treconstructed model [5] predicts sufficient perfance and
controllability, after the separation of the engin® fly a low-drag approach profile at a 3.5 @éegr glide slope
angle for a high-speed landing or ditch at 200/K1AS and at a lower weight. Note again that thiedo weight
could have been obtained by jettisoning more flibé lower thrust requirement for this approach ifgaksults in a
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significant improvement in lateral control margithst are adequate to compensate for additionastivariations.
The above predictions have been confirmed duriegtloted simulator campaign later in the FM-AG(p8ygram.
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Figure 4: Flight 1862: Effect of engine thrust ameight on maximum climb performance for straigkgtt at 260
KIAS

3. GARTEUR RECOVER Benchmark

For the assessment of novel fault tolerant flighhtml techniques, the GARTEUR FM-AG(16) researchug

developed a simulation benchmark, based on thenstiewted Flight 1862 aircraft model (REconfigusalOntrol

for Vehicle Emergency Return RECOVER). The benchsamnulation environment is based on the Delft léngity

Aircraft Simulation and Analysis Tool DASMAT. TheASMAT tool was further enhanced with a full noniame
simulation of the Boeing 747-100/200 aircraft (Rligh747 / FTLAB747), including flight control sgsh

architecture, for the Flight 1862 accident studycasducted by Delft University. The simulation ewviment was
subsequently utilised and further enhanced as listieaool for evaluation of fault detection anduft tolerant
control schemes within other research programnies [4

The GARTEUR RECOVER Benchmark has been developea Matlab®/Simulink® platform for the design and
integrated (real-time) evaluation of new fault tale control techniques. The benchmark consista sét of high
fidelity simulation and flight control design toolsicluding aircraft fault scenarios validated agaiaccident flight
data. The GARTEUR RECOVER Benchmark software paekagequipped with several simulation and analysis
tools, all centered around a generic non-lineacrait model for six degrees-of-freedom non-linedrcraft
simulations. For high performance computation aisgialisation capabilities, the package has beergiated as a
toolbox in the computing environment Matlab®/Simlt®. The tools of the GARTEUR RECOVER Benchmark
include trimming and linearisation for (fault todet) flight control law design, nonlinear off-lingnteractive)
simulations, simulation data analysis and flighajectory and pilot interface visualisations (Figus¢ The
modularity of the benchmark makes it customisabladdress research goals in terms of aircraft tijigt control
system configuration, failure scenarios and assessoriteria. The GARTEUR RECOVER benchmark is apsat
via a Matlab® graphical user interface (Figure @i which the different benchmark tools may be ctelé The
user options in the main menu are divided intodhmein sections allowing to initialise the benchknaun the
simulations and select the analysis tools.
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Figure 5: Left: GARTEUR RECOVER Benchmark high desion aircraft visualisation for interactive (ret@ine)
simulation of new fault tolerant flight control algthms. Right: RECOVER Benchmark main menu foesgbn of
simulation and analysis tools

The test scenarios that are an integral part of GARTEUR RECOVER benchmark were selected to provide
challenging (operational) assessment criteria, pscifications for reconfigurable control, to evdkiathe
effectiveness and potential of the FTFC methodsd@ivestigated. Validated against data from théDRFthe
benchmark provides accurate failure models, réal&tenarios and assessment criteria for a civijelaransport
aircraft with fault conditions ranging in severftpm major to catastrophic.

The geometry of the GARTEUR RECOVER benchmark fligbenario (Figure 6) is roughly modelled after the
Flight 1862 accident profile. The scenario considta number of phases. First, it starts with artskection of
normal flight after which a fault occurs, whichimsturn followed by a recovery phase. If this reegvis successful,
the aircraft should again be in a stable flightditan, although not necessarily at the originaitade and heading.
After recovery, an optional identification phaserisoduced during which the flying capabilitiestbe aircraft can
be assessed. This allows for a complete paranusatification of the model for the damaged aircesftwell as the
identification of the safe flight envelope. Hopéfulthe knowledge gained during this identificatiphase can be
used by the controller to improve the chances shfe landing. In principle, the flight control syst is now
reconfigured to allow safe flight. The performamdehe reconfigured aircraft is subsequently asxk#s a series of
five flight phases. These consist of straight amekl flight, a right-hand turn to a course intetaggp the localizer,
localizer intercept, glideslope intercept and thealf approach. During the final approach phase, dineraft is
subjected to a sudden lateral displacement jusirbghe threshold, which simulates the effect dbwa altitude
windshear. The landing itself is not part of thedtemark, because a realistic aerodynamic modetetiamaged
aircraft in ground effect is not available. Howewitris believed that if the aircraft is broughtttte threshold in a
stable condition, the pilot will certainly be alitetake care of the final flare and landing.

fault

normal *
flight recovery identification straight flight
I } } } }
—> right-hand turn
final glideslope
_______ japproachI intercept , o
¥ T T localizer intercept
<+

Figure 6. GARTEUR FM-AG(16) Benchmark scenario esgnting standard terminal approach profile for
qualification of FTFC strategies for safe landifigqa@lamaged transport aircraft
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4. Flight ssmulator integration and piloted assessment

The developed fault tolerant flight control scheniesthis project have been evaluated in a pilotedukator
assessment using a real-time integration of the TARR RECOVER Benchmark model, including reconsgdct
accident scenarios [2], [6]. The evaluation wasdemted in the SIMONA Research Simulation (SRS)litsicia full

6 Degree-of-Freedom motion research simulatoh®elft University of Technology (Figure 7).

Figure 7: Evaluation of GARTEUR FM-AG(16) FTFC tadtpues in the Delft University SIMONA Research
Simulator based on reconstructed accident scen@mids Boeing 747 cockpit configuration. Rightsuial system
dome)

Several validation steps were performed to asheeBenchmark model was implemented correctly. irdkided
proof-of-match validation and piloted checkout &ietbaseline aircraft, control feel system and FligB62
controllability and performance characteristics. Bocurately replicate the operational conditions thé
reconstructed Flight 1862 accident aircraft in #imulator, the experiment scenario was aimed andihg on
runway 27 of Amsterdam Schiphol airport. The SIMOBi#port scenery was representative of Amsterdahnip&ol
airport and its surroundings for flight under visflight rules (VFR).

The GARTEUR FM-AG(16) piloted simulator campaigmyided a unique opportunity to assess pilot penforce
under flight validated accident scenarios and djmral conditions. Six professional airline pilotsith an average
experience of about 15.000 flight hours, particpain the piloted simulations. Five pilots weredygated for the
Boeing 747 aircraft while one pilot was rated foe Boeing 767 and Airbus A330 aircraft.

In general, the results show, for both automatid aranual controlled flight, that the developed FT$t€ategies
were able to cope with potentially catastrophidufais in case of flight critical system failures ibrthe aircraft
configuration has changed dramatically. In mosesaapart from any slight failure transients, thetp commented
that aircraft behaviour felt conventional after tohreconfiguration following a failure, while tr@ntrol algorithms
were successful in recovering the ability to conttee damaged aircraft. Manual controlled flightden fault
reconfiguration was assessed for both a runawalyeofudder to the blow-down limit and a separatibboth right-
wing engines (Figure 8). Part of the FTFC stratetjiat were evaluated in the piloted simulation gaign consisted
of a combination of real-time aerodynamic modehid&ation and adaptive nonlinear dynamic invensior control
allocation and reconfiguration [2], [3]. The simiida results have shown that the handling qualitiésthe
reconfigured damaged aircraft with a fault toleramuntrol system degrade less, indicating improvadk t
performance. For both the Flight 1862 and ruddeddwer case, as part of the scenarios surveyehisrésearch
programme, the pilots demonstrated the abilityytdHe damaged aircraft, following control reconfigtion, back to
the airport and conduct a survivable approach andihg.
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Figure 8: Left: FM-AG(16) piloted simulation showithe reconstructed Flight 1862 accident aircréth weparated
right-wing engines. Right: Piloted simulation shogia sudden hardover of the rudder inducing a lesty@pset of
the aircraft without reconfigurable control lawsdfit animation by Rassimtech AVIS$

5. Summary and conclusion

A benchmark for the integrated evaluation of neultfdetection, isolation and reconfigurable conteahniques has
been developed within the framework of the Europ8&RTEUR Flight Mechanics Action Group FM-AG(16) on
Fault Tolerant Control. Validated against data frtime Digital Flight Data Recorder (DFDR), the bemaink
addresses the need for high-fidelity nonlinear $athen models to improve the prediction of reconfaple system
performance in degraded modes. The GARTEUR RECOWBERchmark is suitable for both offline design and
analysis of new fault tolerant flight control systealgorithms and integration on simulation platferfor piloted
hardware in the loop testing. In conjunction withhanced graphical tools, including high resolutiincraft
visualisations, the benchmark supports tool-basdhreced flight control system design and evaluatiothin
research, educational or industrial framework.

The GARTEUR Action Group FM-AG(16) on Fault Tolet&ontrol has made a significant step forward imteof
bringing novel ‘intelligent’ self-adaptive flightontrol techniques, originally conceived within theademic and
research community, to a higher technology readitesl. The research programme demonstratedhbeatesigned
fault tolerant control algorithms were successfulecovering control of significantly damaged aiftr

Within the international aviation community, urgeneasures and interventions are being undertakesdtece the
amount of loss of control accidents caused by nmchhfailures, atmospheric events or pilot disotéion. The
application of fault tolerant and reconfigurablentrol, including aircraft envelope protection, Heeen recognised as
a possible long term option for reducing the impafcflight critical system failures, pilot disorigtion following
upsets or flight outside the operational boundairiedegraded conditions (e.g. icing). Fault toléréight control,
and the (experimental) results of this Action Groopay further support these endeavours in providéaogpnology
solutions aiding the recovery and safe controlarhdged aircraft or in-flight upset conditions. Salerganisations
within this Action Group currently conduct in-flighoss of control prevention research within the E@mework 7
programme Simulation of Aircraft Upsets in Aviati@JPRA (vww.supra.aerp The experience obtained by the
partners in this Action Group will be utilised tudy future measures in mitigating the problemrosflight loss of
control and upset recovery and prevention.

The results of this research programme on faudtrawit flight control, as described in this papaxeébeen published
in the book 'Fault Tolerant Flight Control - A Bémmgark Challenge' by Springer-Verlag (2010) under ltbcture
Notes in Control and Information Sciences seridd((LS-399). The GARTEUR RECOVER Benchmark simulation
model, accompanying the book, is available viapittgect's websitewww.faulttolerantcontrol.nlafter registration.
The website provides further access to contactimdion, follow-on projects and future software afes.




Hafid Smaili, Jan Breeman, Thomas Lombaerts and €itabbsma

Acknowledgements

The authors recognise the contributions of the nembf the GARTEUR FM-AG(16) Action Group to thiaper.
The authors also appreciate the funding that thielDWiechnology Foundation STW has provided as phathe
GARTEUR activities. Special thanks to Jaap Groeneared Ronald Verhoeven of NLR for their contribatto the
RECOVER aircraft visualisation tools. Finally, a nadoof thanks to all those who have contributedhe further
improvement of the GARTEUR RECOVER benchmark modithin their flight control research programmes,
especially Andres Marcos of DEIMOS Space and Gata8of the University of Minnesota.

[1]
(2]

(3]
[4]
[5]
[6]

References

Anon, (2007). Civil aviation safety data. Civil Ation Authority of the Netherlands (CAA-NL).

Edwards, C., T.J.J. Lombaerts, M.H. Smaili. 201QulFtolerant control — a benchmark challenge. wexct
Notes in Control and Information Sciences (LNCISBSpringer-Verlag.

Lombaerts, T.J.J., P. Chu, J.A. Mulder and D.A.se@o. 2009. Flight control reconfiguration basedaon
Modular Approach. IrProceedings of the IFAC SAFEPROCESS 2009 conference, Barcelona.

Marcos, A., G.J. Balas. 2001. Linear parameter imgrynodeling of the Boeing 747-100/200 longitudinal
motion.In Proceedings of the AIAA GNC conference, AIAA-2001-4347, Montreal, Canada.

Smaili, M.H. and J.A. Mulder. 2000. Flight data @estruction and simulation of the 1992 Amsterdam
Bijlmermeer Airplane Accident. IRroceedings of the AIAA MST conference, AIAA-2000-4586, Denver (CO).
Stroosma, O., M.H. Smaili and J.A. Mulder. 20090fin-the-loop evaluation of fault tolerant fliglebntrol
systems. IiProceedings of the IFAC SAFEPROCESS 2009 conference, Barcelona.



