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Abstract: In this article a high-fidelity aircraft benchmark, developed by Airbus for advanced flight 
control related studies, is presented in relation to its evolution towards advanced fault diagnosis within a 
European 7th Framework Program project entitled “Advanced Fault Diagnosis for Sustainable Flight 
Guidance and Control (ADDSAFE)”. This European project was established to study and facilitate the 
transfer of model-based fault detection and diagnosis methods from Academia to Industry. The 
importance of the project arose on the one hand, due to the representativeness of the benchmark, and on 
the other hand, the industrial benchmarking and validation of the developed designs. The results 
presented in this article represent a quantitative measure of the success of the project since five of the 
developed designs were successfully validated in Airbus Verification and Validation (V&V) set-ups, and 
are currently undergoing further tests towards a possible real aircraft implementation. 
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1. INTRODUCTION 

Air transport is a major contributor to global economic prosperity. The sector is the cornerstone of global 
commerce with a myriad of economic and societal benefits. Aviation plays a vital role in facilitating economic 
growth, particularly in developing countries. Today, aviation’s global economic impact (direct, indirect, induced 
and tourism) is estimated at $2.2 trillion [1]. Air transport industry provides 8.4 million direct jobs and generates a 
total of 56.6 million jobs globally. By 2031, air traffic will have doubled: with a demand for several thousands of 
new passenger and freight aircraft, the projected world annual traffic growth is of about 5%. By 2050, the world‘s 
population is expected to grow to 9.3 billion with the aviation sector handling 16 billion passengers and 400 million 
tons of cargo annually. This expanding sector is trying to respond to the increased passenger demand - doubling 
every 15 years - by offering the latest innovations that meet evolving passenger trends and environmental demands. 

The future challenges the European aviation industry has to face are built around two main pillars: world traffic 
growth and environmental footprint. From an “aircraft” point of view, this will need technological breakthroughs in 
the design of all systems: e.g. airframes, propulsion systems, airborne systems, software and hardware, 
communications, and including guidance, navigation and control (GNC). Much effort is being devoted to further 
increase the efficiency of air transportation. For example, the Single European Sky Air Traffic Management 
Research (SESAR [2]) programme in Europe and the Next Generation Air Transportation System (NextGen [3]) in 
the USA seek to provide quicker flights, less fuel burn and emissions, shorter routes and less congestion. However, 
although rarely broached in the literature and EU projects, innovative GNC could also contribute to paving the way 
for more sustainable and efficient air transport in the future. More precisely, Fault Detection and Diagnosis (FDD) 
as a vital component of GNC represents a good axis for improvement. Indeed, future GNC systems will 
unavoidably have to include innovative FDD. Not obvious at first sight, it is nevertheless possible to demonstrate 
that improving the FDD industrial state-of-practice, contributes to a more sustainable aircraft, better adapted to 
handle the future congested air traffic. This is the context in which it was decided to launch ADDSAFE in July 



 
 

     

 

2009. This initiative is one component of the global answer that the European aviation industry needs to address, in 
order to achieve the aforementioned traffic growth and sustainability goals. The project had the overall aim of 
researching and developing model-based FDD methods for aircraft flight control system faults: predominantly 
sensor and actuator malfunctions. This will help tackle the two aforementioned sustainable and traffic growth 
challenges. On the one hand, highlighting the link between aircraft sustainability and fault detection, improving the 
fault diagnosis performance in the GNC system allows the optimization of the aircraft structural design (resulting in 
weight saving). This in turn, helps improve aircraft performance and to decrease its environmental footprint (e.g. 
fuel consumption and noise). Concretely, if the minimum detectable failure amplitude and/or the detection time can 
be decreased, the aircraft structural design can be improved and the aircraft made lighter, resulting in less fuel 
consumption per flight. This is the context of the first part of the fault scenarios proposed in ADDSAFE. On the 
other hand, the control of the aircraft in a more crowded sky implies the need for more easy-to-handle controls 
relying on more available systems. This is especially possible by extending the availability of the flight parameters 
used to control the aircraft, since their unavailability implies use of more conservative control laws demanding 
more pilot attention and reducing aircraft performance. This is the topic of the third kind of fault scenario 
considered in this EU project. 

This article serves as an introductory explanation to this Control Engineering Practice special issue devoted to the 
ADDSAFE project. It establishes the framework of this ambitious project, presents the aircraft problem and shows 
the panorama of the advanced FDD technology proposed during the project. The layout of the article is as follows. 
Section 2 provides details on the ADDSAFE project motivation and objectives. Section 3 describes the aircraft 
model and the fault scenarios defined by Airbus and which constitutes the industrial benchmark. Section 4 presents 
an overview of the FDD methods studied during the project. Section 5 describes the V&V tools and processes, and 
presents the results and lessons learnt from the industrial V&V. Section 6 presents the conclusions. 

2. MOTIVATION AND OBJECTIVES 

The state-of-practice for aircraft manufacturers to diagnose GNC faults and obtain full flight envelope protection at 
all times is to provide high levels of hardware redundancy in order to perform coherency tests, consistency checks 
and built-in tests of various sophistication levels while ensuring sufficient available control action [4]. This 
hardware-redundancy based FDD approach also fits into current aircraft certification processes while ensuring the 
highest level of safety standards. However, these FDD solutions increase the aircraft weight and complexity and 
thus its manufacturing and maintenance costs. Moreover, its applicability is becoming increasingly problematic 
when used in conjunction with the many innovative solutions being developed by the aeronautical sector armed 
towards achieving the future sustainable (“More Affordable, Smarter, Cleaner and Quieter” [5]) aircraft. 

This applicability gap has resulted in a de-facto “fault diagnosis bottleneck”, Figure 1, a technological barrier 
constraining the full realization of the next generation of air transport due to the need to ensure the aforementioned 
sustainable and traffic-growth objectives, while keeping the current highest levels of aircraft safety when 
implementing novel green and efficient technologies. 

 

Figure 1 ADDSAFE: fault diagnosis bottleneck concept 



 
 

     

 

For example, in the Airbus A380 aircraft for oscillatory failure cases (OFC) detection, see reference [6], the 
standard monitoring approaches currently used on in-service Airbus aircraft were inapplicable due to two main 
reasons: (i) the use of electro-hydrostatic-actuators (EHA) and (ii) the more stringent OFC detection objectives. 
The use of EHAs in the A380, a new actuator technology bringing in significant weight and cost savings, 
introduced new OFC sources, which were not contemplated using previous FDD schemes. In addition, the 
structural design required for an aircraft of the size and weight of the A380 (e.g. a maximum take-off weight 
between 560 to 650 Tons) demanded stringent structural design optimization which led to more stringent OFC 
detection requirements. These new requirements could not be attained by previous FDD schemes and thus the 
solution developed in reference [6] was applied –this solution is based on traditional model-based FDD concepts 
tailored for OFC monitoring in the Electrical Flight Control System (EFCS). This approach was developed, 
implemented, certified and is currently in operation in the A380, and clearly showcased the need to address the 
“fault diagnosis bottleneck” in aircraft through the study and consolidation of model-based FDD techniques. At the 
end of January 2013, 97 A380 aircraft were in service, corresponding to a total of 856,000 flight hours completed 
during about 104,000 cycles (a cycle is a complete flight between take-off and landing). No false alarms have been 
noticed, which clearly proved the robustness of this traditional model-based method considering the operating time. 
It also clearly shows the interest in such a technology, and the gains it brings beyond those from conventional 
hardware-redundancy based FDD. 

The identification of this “fault diagnosis bottleneck” led to the establishment of the European Union 7th 
Framework Program project named “Advanced Fault Diagnosis for Sustainable Flight Guidance and Control 
(ADDSAFE)”. This project led by Deimos Space, kicked-off on July 2009 at Deimos’ premises in Madrid (Spain) 
and concluded with a Final Meeting and an International Workshop on October 2012 at Airbus’ facilities in 
Toulouse (France). The ADDSAFE consortium comprised two European industries (Airbus, Deimos Space), three 
research centers (DLR, SZTAKI, IMS-CNRS) and three Universities (Delft, Leicester and Hull) from 6 European 
countries. The project web page is: http://addsafe.deimos-space.com/. The importance of the studies carried out 
within the project arose on the one hand, from the representativeness of the benchmark proposed by Airbus (see 
next section), and on the other hand, from the industrial benchmarking of all the designs and the validation of a 
subset of the most promising designs in the actual Airbus flight control system V&V process (see Section 5). 

From a technological and scientific perspective the main objectives of the project were: 

1. Identification of a set of guidelines for aircraft GNC FDD design and analysis.  

2. Improved FDD methods and understanding of their applicability to aircraft. 

3. A step towards an advanced FDD V&V process. 

4. Demonstration of the most promising FDD designs on industrial state-of-art aircraft V&V platforms. 

3. ADDSAFE BENCHMARK 

The ADDSAFE benchmark consists of two parts: a generic aircraft model and representative fault scenarios. 

3.1 A generic aircraft model 

Realistic aircraft models are nowadays fundamental for the development and assessment of new flight control 
techniques. Worldwide manufacturers use several kinds of models and simulators, the complexity of which is 
adapted to the required level of design and validation. For transversal studies or collaborative works involving the 
aircraft manufacturer, self-contained tools are needed (decoupled from in-house ones) with enough 
representativeness and detail, but without full access to the manufacturer know-how so that they are acceptable for 
external distribution. This section deals with the general description of an Airbus benchmark used for advanced 
Flight Control System development. In particular, the development of such a benchmark was initiated by the 
requirements of Fight Control Law clearance in the FP6 European COFCLUO project [39] and was adapted in 
ADDSAFE for FDD purposes [40]. It is also interesting to note that such a benchmark is a good way to bridge the 
gap between highly simplified models (e.g. an LTI model only representative in a small region of the flight 
envelope) and too complex proprietary and non-distributable in-house industrial simulators (e.g. actuator bench), 



 
 

     

 

providing a good opportunity to assess any advanced candidate solution for possible industrial application in a 
representative environment. 

The model released to the ADDSAFE consortium is highly representative of aircraft flight physics and handling 
qualities. It is a closed loop nonlinear model based on the following representation (Figure 2) with five main 
components: pilot inputs, flight control laws, actuators, flight mechanics and sensors. It has been developed in a 
MATLAB/Simulink environment and is usable under the same software thanks to dedicated Graphical User 
Interfaces (GUIs). For a given flight scenario, the aircraft mass and centre of gravity location should be chosen 
from the mass and balance domain. However, it should be noted that since the duration of the FDD scenarios 
proposed in ADDSAFE is relatively short (compared to the length of a real flight) these two parameters are 
assumed to be constant (e.g. no fuel consumption model). Each component is described below. 

Sensors

Actuators

Servo command - Engines

Natural Aircraft

Flight mechanic

Inboard computer

Flight control laws

Pilot inputs

Pedal, Stick, and 

Thrust level

 

Figure 2: Airbus benchmark structure 

Pilot inputs: 

The model is controlled through the following inputs: the side stick (longitudinal and lateral inputs), the pedals, the 
high-lift configuration lever (slats and flaps), the airbrakes and the throttle lever. The side stick, pedal and thrust 
inputs can either be defined by the user, or independently managed by a pilot model which roughly corresponds to 
an enhanced set of auto-pilot hold modes. Each mode can be independently activated so that users can mix inputs 
provided by them and the pilot model. 

Actuator modelling: 

Conventional hydraulic actuators are simulated (e.g. no EHA). The modelling principle is based on three elements: 
the actuator model itself, a control surface position saturation that could be dissymmetric and a rate limiter 
representing the physical limitations. The model input is the commanded actuator position (the output of the flight 
control law) while the output is the achieved actuator position. Two kinds of models are available depending on the 
benchmark use. If the goal is to focus on handling qualities evaluation (see section 3) then simple actuator models 
are sufficient (first or second order transfer functions). If system component fault detection is studied, then a more 
detailed model can be used. In this case, the actuator model describes the physical behaviour of the actuator rod 
speed as a function of the hydraulic pressure delivered to the actuator and as a function of the forces applied on the 
control surface and reacted to by the actuator [6]. It can be expressed by the following deterministic state-space 
model: 
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where f is a non-linear function detailed in [6] with u(t) the commanded actuator position, x(t) the actuator rod or 
control surface position (depending of the control surface which is considered) and y(t) the actuator rod or control 
surface measured positions. The vector )](),(),([)( tKtFtPt aaero∆=θ  consists of parameters representing 

respectively: the hydraulic pressure delivered to the actuator, the aerodynamic forces applied on the control surface 
and the damping coefficient associated with the adjacent passive actuator (in the case of two actuators per control 
surface in an active/passive scheme [4]). Although it is termed an actuator model, it should be noted that the 
modelling covers the control loop, between the Flight Control Computer (FCC) and the control surface, including 
these two elements. This benchmark is not aimed at studying the aircraft management after failure or abnormal 
configuration detection (automatic failure management so-called “reconfiguration”), so for simplification only one 
actuator is simulated per control surface (no adjacent redundant actuator). However, as depicted on Figure 10 the 
industrial FDD state of practice relies on hardware redundancy and for some particular fault cases exploits the 
actuator redundancy. 

Flight mechanics: 

Flight mechanics modelling [7] is based on the fundamental principle of dynamics. Both quaternion system and 
Euler angle formulations can be used. The main forces and moments acting on the aircraft are simulated: 
aerodynamic effects, gravity and engine thrust. When using quaternions the aircraft motion is described by: 
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where: 

• m = mass 

• V = inertia velocity vector 
• aF = sum of the aerodynamic forces 

• gF = sum of the gravity forces 

• pF = sum of the engines forces 

• q = quaternion vector describing attitude 

• Ω = angular velocity vector in the aircraft coordinate system 
• TI = inertia tensor 

• 
GaM = aerodynamic forces induced momentum at centre of gravity 

• 
GpM = engine forces induced momentum at centre of gravity 

• ∧  represents the vector cross product 



 
 

     

 

The main forces and moments acting on the aircraft are due to the aerodynamic effects (aF  and 
GaM ), gravity 

( gF ) and engine thrust (pF  and 
GpM ). The main loads used in the flight mechanics equations are the aerodynamic 

loads. They are typically determined by identification of aerodynamic coefficients (Cl, Cm, Cn, Cx, Cy, Cz). The drag 
coefficient Cx and the lift coefficients Cy and Cz are dimensionless and serve to quantify the forces applying on the 
axis x, y and z. Cl is the coefficient of rolling moment, Cm is the pitching moment coefficient and Cn the yawing 
moment coefficient. They are generally used to study the aircraft performances and are easier to manipulate than 
the forces themselves. They are important e.g. in the study of the aircraft static stability. In this benchmark, these 
global coefficients are expressed through a neural network as nonlinear functions of the inputs describing the state 
of the system such as velocities, altitude, attitude, external conditions, the configuration of the aircraft (slats, flaps, 
spoilers…) and the position of control surfaces (ailerons, elevators, rudder…). The mass of the aircraft is 
considered to be applied at its centre of gravity along the vertical axis. Corresponding longitudinal and lateral 
forces are generated due to the attitude variation. Engine forces are modelled by forces applied at each engine and 
directed along their own longitudinal axes. These axes are projected onto the aircraft coordinate system to 
determine the corresponding components. See reference [40] for more details. 

Control laws: 

The current benchmark deals with manual control (thus auto-pilot guidance laws are not included) but for better 
manoeuvre management the auto-thrust control law is kept, which is useful for managing the thrust and 
maintaining the speed constant. Regarding manual laws, as the goal is not to study failure reconfiguration, all the 
control laws specific to the latter are removed. Except for these points, all the other on-board computer elements 
are kept. The control law module released to the consortium is a compiled black-box. The control laws mainly 
consist of proportional output feedback with an integral control error feedback to ensure zero steady-state tracking 
error, and the gains are scheduled to cover the whole flight domain.  

Sensors: 

An integrated sensor model allows simulating very accurately, all sensors involved. A plethora of information is 
needed and integrated in the model: sensor characteristics (location, noise, filters…), calibration data, aerodynamic 
coefficients, flight mechanics equations, system requirements (e.g. delays), etc. This model is thus very complex 
and will not be detailed here. A management system has been implemented for simulating the redundant sensor 
choice and monitoring, in particular for FDD studies (section 4). 

Dedicated GUIs (Figure 3) facilitate the use of the benchmark (flight scenario selection, trimming, etc) and allow 
high-level tuning of the fault scenario simulation. 

Fl. param

 

Figure 3: Use of the benchmark through dedicated GUI. 



 
 

     

 

This benchmark has been assessed by comparison with a very high-fidelity and non-distributable in-house 
simulator. Open loop as well as closed-loop validations have been performed to compare control surface positions 
and aerodynamic coefficients without or with pilot commands (e.g. Nz (vertical load factor) stick input, rudder 
pedal input, and combined lateral/longitudinal commands among others). Two examples are depicted below: first, a 
basic longitudinal command is simulated as a 10 degrees doublet input on the side-stick (+10 degrees then -10 
degrees). The aerodynamic coefficients computed on the open-loop model are displayed on Figure 4. All the 
coefficients’ responses (model outputs, given in dashed blue) are very close to the reference values (given in red). 
Only the Cm coefficient presents a transient divergence around 30 seconds but with no significant consequence on 
the aircraft behaviour. The second example represents a more complex simulation involving a protection law 
(speed protection), which ensures that the aircraft speed remains inside a predetermined envelope for any pilot 
inputs and wind perturbation. Figure 5 represents the longitudinal parameter behaviour during a manoeuvre 
triggering the speed protection. The model simulation is very close to the reference behaviour. Finally, it should be 
noted that due to its industrial representativeness, this aircraft model allows simulation of a wide range of pilot 
inputs over the whole flight domain, including external disturbances like wind and turbulence, as well as 
uncertainties on flight parameters and aerodynamic coefficients. 

 

Figure 4: Aerodynamic coefficients comparison on a longitudinal command (reference values in red). 

 
Figure 5: Longitudinal parameters behaviour comparison during an over-speed protection simulation (reference values in red). q is 
the pitch rate, Nz vertical load factor, Alpha angle of attack, Teta pitch angle, Vcas computed airspeed and Zp pressurized altitude. 



 
 

     

 

 
3.2 Fault scenarios 

Three kinds of scenarios have been defined to cover a wide range of possible sensor and actuator faults related to 
structural design objectives, aircraft performance and piloting easiness (related to flight parameter availability). 

It is important to note that for all civil commercial aircraft the following fault scenarios are already detected by 
dedicated FDD designs (so-called monitoring). Indeed, the airworthiness regulations, applied world-wide by all 
aircraft manufacturers, require using rigorous design principles to detect safety-critical faults and to cancel their 
effects. The proposed fault scenarios are not studied for safety reasons but for structural design optimization and 
augmented piloting easiness. 

3.2.1 Aircraft performances 

The first failure scenario concerns the detection of unusual aircraft behaviour leading to the degradation of aircraft 
performance. This abnormal configuration is caused by an actuator or a sensor failure in the control loop of a 
control surface, between the FCC and the moving surface, including these two elements (Figure 6). Consequently, 
only one control surface is impacted. More precisely, the case of an aileron stuck at a fixed deflection is considered.  

Flight Control Computer

Analogic Input

Rod sensor
Flight Control
Law

K

Control surface sensor

COM

MON
Analogic Input

(Command)

Analogic Output

Actuator

 

Figure 6: Actuator and sensor localization in the control loop. 

The reaction of the aircraft to this dissymmetry is a deflection of other ailerons, or possibly other surfaces like the 
rudder, leading to an increase in drag proportional to the amplitude and to the origin of the failure (Figure 7). If this 
dissymmetry remains undetected for a significant time, it could result in fuel overconsumption. The failure root 
cause could be for instance a sensor bias: e.g. the actuator rod is servo-controlled at 0 degree but an undetected bias 
on the position sensor leads to an unwanted deflection of an unknown amplitude, proportional to the bias.  

V
X0<β

Failed control surface

XX
VV

Control surfaces possibly
used for compensation

 

Figure 7: Effect of the aileron jamming and control surfaces possibly used to compensate. β is the aircraft sideslip angle. 

 
The simulated scenario is a jamming of the left inboard aileron at a fixed deflection during a cruise flight phase. 
Three different cases are proposed: 



 
 

     

 

• S1.1) “liquid” jamming, which means that an additive bias occurs on the rod sensor (the control surface is 
still under control); 

• S1.2) “solid” jamming, which means that the control surface is stuck at a fixed position. This is strictly 
speaking the real case of a control surface jamming (any upstream command has no effect as the control 
surface is physically jammed); 

• S1.3) aileron disconnection: physical disconnection between the control surface and the actuator rod. 
However, the rod sensor works correctly. 

The overall FDD requirement is to detect and isolate the aileron jamming in order to perform a system 
reconfiguration on the healthy adjacent actuator (S1.1) or to help take appropriate piloting decision (S1.2 and S1.3). 
The proposed designs must be compliant with industrial requirements such as real-time implementation constraints. 
In particular, in this failure case, there is no immediate critical consequence, a relatively long time (several 
seconds) is acceptable to detect and confirm the failure. In this scenario, the aforementioned green objectives are 
obviously impacted as the aircraft fuel consumption is directly affected. For example, if the consequences of a 
control surface jamming are minimized (detection at a lower deflection) then less fuel margin can be taken before 
take-off. 

3.2.2 Actuator/sensor faults 

The second scenario concerns the detection of actuator or sensor failures with a possible impact on the aircraft 
structural design and is directly related to the environmental objectives. Three sub-scenarios have been defined: 

• S2.1) this scenario, already described in detail in the literature [6], deals with actuator/sensor failures which 
lead to unwanted control surface oscillations termed an Oscillatory Failure Case (OFC). These failures 
occur between the FCC and the moving surface, including the two elements (Figure 6). OFC detection 
performance is directly related to aircraft structural design. Improving OFC detection implies direct 
structural design improvements leading to weight saving. Both liquid (i.e. additive) and solid (a.k.a. 
interference) OFCs inside the control loop of ailerons and elevators are considered in ADDSAFE. OFCs 
are injected during simulated typical maneuvers involving these control surfaces. The overall FDD 
requirement is to detect, in a fixed number of periods, a small amplitude liquid or solid OFC, in order to 
invoke reconfiguration on a healthy adjacent actuator (in the case of redundant actuators for the same 
control surface, cf. [4]). The real-time constraints are stringent as the required detection time is given in 
terms of a number of periods which means that, depending on the unknown failure frequency, the time 
allowed varies. For example if a 5 Hz OFC is detected in 5 periods, this means that the detection time must 
not exceed 1s. An FDD design dedicated to OFC detection should be implemented for all control surfaces 
and associated actuators. Thus, the computational burden must be compatible with the FCC capacity. 

• S2.2) the second sub-scenario also deals with actuator/sensor faults located in the servo-loop control of the 
moving surfaces. This fault case leads to an unwanted deflection of the control surface and is called a 
runaway (a.k.a. hard-over). The control surface can move until its stops if the runaway remains undetected. 
Runaway faults occur based on (unknown) dynamics. Under specific circumstances, depending on the 
control surface impacted, the runaway must be detected very quickly for structural load aspects. The 
elevator runaway is considered in this study. For structural design objectives, it is crucial to detect the fault 
before the control surface deflects too much. The FDD requirement is to detect the elevator runaway before 
the control surface exceeds a given (small) deflection, whatever the runaway speed (from the slowest to the 
fastest), in order to reconfigure based on a healthy adjacent actuator (system reconfiguration). This means 
that the detection time is not constant, and could be very short in the case of fast dynamics. 

• S2.3) the last sub-scenario concerns an elevator jamming (a.k.a. lock-in-place failure): the control surface 
is stuck at the null position (0 degree). As this fault remains undetected until there is a maneuver, a 
coordinated turn is simulated, involving the elevators. Only one elevator is in a faulty situation, the other 
remains nominal. As with the previous scenarios, the root cause is an actuator/sensor fault located in the 
servo-loop control of the moving surfaces, between the FCC and the control surface, including these two 
elements. There is no required detection time specified for this scenario, as the fault must be detected at the 
latest at the end of the maneuver. Compared to the two first scenarios, the computational load requirement 
is less restrictive. 



 
 

     

 

3.2.3 Flight parameter management system 

Within the EFCS, the general principle of aircraft control in manual mode consists of several steps (Figure 8). First 
of all, the pilot inputs (mainly sidestick and rudder pedal actions, measured by dedicated sensors) are converted 
into piloting objectives (e.g. vertical load factor demand on the longitudinal axis on Airbus’ aircraft). These 
objectives are then compared to the real state of the aircraft described by a set of flight parameters which are 
measured by dedicated redundant sensors (inertial, anemometric, clinometric…). This comparison feeds the Flight 
Control Law computation that generates a command to servo-control each moving surface according to the piloting 
objectives. 

Objectives Flight Control Law
Command computation

Flight Control Computer

actuator

Sensor
(aircraft state measurement)

Controller

Sensor Management System
“consolidation”

 

Figure 8: Aircraft control general principle 

As redundant flight parameter measurements are sent to the FCC, a sensor management system is generally used to 
determine the aircraft state. It consists of two simultaneous steps: the choice (or computation) of a unique and valid 
measurement among the redundant sensors and, in parallel, sensor monitoring to discard a measurement in case of 
failure. This approach can be termed as “consolidation” (Figure 9). Sensor management systems based on majority 
voting schemes are widely used in EFCSs [41], [42], [43]. They rely on the assumption that the majority of the 
redundant measurements are fault-free and sufficiently accurate, and that any dissimilar signal is a faulty signal. 
Early and robust fault detection is required for discarding the erroneous values and to consolidate a correct signal. 
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Figure 9: Flight parameter consolidation. Yi could represent any of the aircraft flight parameters. 



 
 

     

 

Two fault scenarios are proposed: 

• S3.1) the first challenge is to detect and isolate only one faulty sensor. In this case, the state of practice 
(consistency check) already adequately covers its detection and isolation. However, from the standpoint of 
future environmentally-friendlier aircraft, it will be interesting to perform an earlier detection of smaller 
and smaller fault amplitudes, while keeping the FDD design robustness compliant with the certification 
requirements. This first scenario aims at studying the viability and the performance of the innovative FDD 
methods advocated by the academic community, compared to the industrial state of practice in the case of 
only one faulty measurement. 

• S3.2) the second scenario concerns the detection and isolation of two simultaneous faulty sensors. If two of 
the sensors are erroneous exactly at the same time, the faulty measurement is likely to be selected. For 
instance, in the case of the yaw rate measurement, this can result in higher fuel consumption over a long 
period of time due to non-trim offsets of the control surfaces for incipient faults. Under some 
circumstances, and for some more severe faulty profiles, this can lead to some degradation of the 
controller, and consequently to a non-optimized aerodynamic configuration of the aircraft generating drag 
and higher fuel consumption as well. However, it is worth noting that the general case of two simultaneous 
erroneous flight parameter measurements has been demonstrated to be extremely improbable, which is 
required for certification. Nevertheless, such a scenario is interesting because on the one hand, the aircraft 
designers can decide to surpass the certification requirements (engineering judgment) and may choose to 
address this scenario in their design as an additional system benefit. On the other hand, also beyond the 
airworthiness requirements, it can be decided to equip an aircraft with back-up systems such as single or 
double spare sensors. An advanced FDD design able to detect and isolate two simultaneous faulty 
measurements, if viable and sufficiently robust, could help to remove these (heavier and costlier) back-up 
solutions. Indeed, model-based analytical redundancy techniques, advocated by the academic community 
(see next section), can provide an additional sensor measurement without requiring additional hardware. 
This potentially opens up the sensing configuration to only two redundant hardware sensors plus an 
analytical one as the third sensor. This offers the potential for further weight saving. Finally, it is also 
interesting to benefit anyway from an additional “virtual” sensor, like a flight parameter estimator, to 
extend the availability of this parameter which can allow in turn extending the duration of use of some 
critical functions, such as the Auto-Pilot. This life extension is clearly required for the future easier-to-
handle aircraft in traffic-congested skies. 

The following three flight parameters have been chosen for this scenario: 

- α (angle of attack) 

- Nz (vertical load factor) 

- r (yaw rate). 

4. FAULT DETECTION AND DIAGNOSIS APPROACHES 

Most of the model-based methods rely on the idea of analytical redundancy in which, in contrast to physical or 
hardware redundancy, real physical measurements are complemented with analytically computed redundant 
variables. A common method to analytically detect the existence of a failure is to look for anomalies in the plant's 
output relative to a model-based estimate of that output, generating a so-called residual. The generated residual has 
to include enough information to determine that a specific fault has occurred. The basis of the design of any robust 
Fault Detection and Isolation (FDI), or FDD, method is to make the residuals become sensitive to one or more 
faults, whilst at the same time making the residuals insensitive to modelling errors, other faults and uncertain 
disturbance effects acting upon the system being monitored. The residuals also have to be insensitive to any 
command inputs. If the residual signals maintain these sensitivity properties over a suitable range of the system’s 
dynamic operation, then it can be said that robust FDI/FDD can be achieved. Figure 10 presents a pictorial 
representation highlighting the main conceptual differences between hardware and analytical redundancy FDI/FDD 
schemes (as well as between analytical open and closed loop approaches, see references [8] and [9] for details). 



 
 

     

 

 

Figure 10 ADDSAFE: hardware vs. analytical redundancy 

The approaches considered in ADDSAFE were divided into two main categories: 

4.1 Traditional model-based FD D approaches.  

These approaches place emphasis on the use of a more or less accurate model of the system in the form of a linear 
time invariant (LTI) system. In essence, these methods generate residuals from comparison of the system 
measurements with their estimates. A threshold function (fixed or variable) can be used to provide additional levels 
of detection while for fault isolation the generated residual has to include enough information to determine that a 
specific fault has occurred and can be precisely localized. The robustness of the FDD filter algorithm is determined 
by its insensitivity to disturbances and model discrepancies and is currently the most critical issue in designing an 
FDD system.  

These techniques have been shown to work well in a number of real applications but might encounter difficulties 
when it comes to their use in aerospace applications where the dynamics, perturbations and safety-critical limits 
encountered are very difficult to handle. Most of these present-day techniques traditionally rely on a design cycle 
composed of: (i) problem simplifications (e.g. numerically linearized nominal models), (ii) conservative synthesis 
(i.e. prioritizing robustness to performance) and (iii) ad hoc analysis and tuning. 

This design and analysis cycle results in conservative designs and is highly dependent on the experience and 
knowledge on the system by the designer. Nevertheless, as these techniques have been successfully applied in 
many other fields they represent an ideal stepping-stone to incrementally evaluate the possibility of using model-
based FDD techniques in aircraft. The list of “traditional” FDD techniques initially studied within the consortium is 
given in Table 1. 

Table 1 ADDSAFE traditional and enhanced FDD methods considered by the consortium 

Enhanced FDD Approaches Partner 
Observer approaches to FDI/FDD [8][9] UHULL 

Geometric Concepts in Residual Generation for Linear Systems [10][11] SZTAKI 

Frequency domain approaches to FDI/FDD [8][12][13] UHULL 

H∞ filters [14][15] DEIMOS 

Synthesis of FD and FDI filters using null-space methods [16][17] DLR 

Synthesis of FDI filters using model matching methods [18][19] DLR 

Sliding mode observers [20][21] ULEIC 

Nonlinear adaptive observers [22][23] UDELFT 

 



 
 

     

 

4.2 Advanced model-based FDD approaches. 

These approaches explicitly deal with the challenging issues of practical applications (handling of nonlinearities 
and dynamic variations), and together with various optimization techniques (allowing fast and optimal FDD system 
tuning and robust detection), they have appeared within the academic community in recent years. These techniques 
attempt to overcome the shortcomings of traditional FDD approaches both in terms of detection performance and 
robustness, and as such, they are referred to in this paper as advanced techniques. 

Advanced FDD approaches (Table 2) represent a logical shift from the traditional linear approaches towards 
nonlinear and advanced optimization methods. At the same time, these advanced approaches open up the 
possibility of reducing the fault detection thresholds with the direct consequence of improving aircraft performance 
and its environmental footprint. Nevertheless, the sophistication demanded by these advanced FDD methods has 
often limited their use in industrial practice. Thus, an important objective of ADDSAFE was to show that the 
advanced FDD methods (Table 2) were mature and could satisfy practical constraints to be used by the aerospace 
industry.  

Table 2 ADDSAFE advanced FDD methods considered by the consortium 

Advanced FDD Approaches  Partner 
Geometric approaches for qLPV design [24]  SZTAKI 

Advanced H∞ filtering [25]  DEIMOS 

LPV approaches to optimal filtering [26][27][32] DEIMOS/IMS-CNRS 

Optimization in H∞/H_/H2 setting with robust pole assignment [28] IMS-CNRS 

Optimized nonlinear adaptive local filtering [29][30] UDELFT 

On-line system identification approaches [31] UDELFT 

Robust polytopic LPV estimation [32] UHULL 

Adaptive set observers [33] IMS-CNRS 

Sliding mode observers [34] ULEIC 

H∞/H2 fault detectors [35] DLR 

Nullspace based method for the synthesis of LPV detectors [36] DLR 

 

Of the above considered methods, the partners selected one method to be applied to two of the three failure 
scenarios (or two different methods to be applied to the same fault scenario). In this way wide coverage involving 
different solutions was developed for the different fault scenarios. An overview of the selected fault scenarios by 
the different partners is given in Table 3. 

Table 3 ADDSAFE overview of selected fault scenarios per partner 

Partner Selected fault scenario 1 Selected fault scenario 2 
DEIMOS Aircraft Abnormal Configuration (S1) Aircraft Abnormal Configuration (S1) 

DLR Right Elevator Runaway (S2) Right Elevator Jamming (S2) 

UHULL Aircraft Abnormal Configuration (S1) Right Elevator Runaway (S2) 

ULEIC Right Elevator Runaway (S2) 
Flight Parameter Monitoring – yaw rate 
(S3) 

IMS-CNRS OFC Right Inboard Aileron (S2) Aircraft Abnormal Configuration (S1) 

UDELFT 
Flight Parameter Monitoring – angle of 
attack (S3) 

Aircraft Abnormal Configuration (S2) 

SZTAKI Aircraft Abnormal Configuration (S1) Right Elevator Jamming (S2) 

5. INDUSTRIAL VERIFICATION & VALIDATION 

A key step for the successful transfer to the aeronautics practitioners of the developed FDD methods is their 
demonstration on standardized industrial V&V processes. The proposed V&V approach in ADDSAFE follows a 
two-step process: first, an industrial software assessment tool (called Functional Engineering Simulator, FES) is 



 
 

     

 

used for verification and benchmarking; secondly, validation on physical aircraft rigs is performed. This two-step 
process allows a stringent V&V campaign to be performed exploring the whole flight domain, for a wide class of 
pilot inputs and taking into account perturbations and uncertainties (e.g. aerodynamics). It also supports the 
ADDSAFE objective of transferring the methods to the industrial stakeholders, since the V&V of the methods on 
Deimos’ and Airbus’ state-of-the-art V&V set-ups (including real test aircraft V&V facilities at Airbus) increases 
the technological readiness level (TRL) up to 5/6. 

In this section, the assessment criteria is first presented, followed by the description of the functional engineering 
simulators developed by Deimos, followed by the presentation of Airbus’ validation processes and tools, as well as 
a cursory presentation of the results and lessons learnt from the V&V campaign. 

5.1 Assessment Criteria 

Quantitative and qualitative criteria were used within the ADDSAFE project to evaluate and compare the FDD 
designs during the industrial V&V phase. The quantitative component is given by metrics and a cost function 
which is automatically calculated by the FES for each FDD design based on parametric or Monte Carlo campaigns. 
The qualitative evaluation (based on Airbus FDD design and V&V teams’ experience) is used to assess the designs 
practical implementation and relevance for industrial use. 

5.1.1 Quantitative assessment 

All the FDD designs submitted by the consortium are quantitatively assessed through an evaluation and 
benchmarking matrix which is based on a set of definitions presented on Figure 11 and metrics in Eq. (3)-(5). 
These definitions facilitate the mathematical formulation of the selected evaluation metrics and, together with the 
defined cost function (Eq. 6), provide a hierarchy of the FDD designs based on their performance and robustness. 

In Figure 11, the corresponding definition for each ‘time’ parameter is as follows: 

- t_fault: time instance at which a fault is activated. 

- t_detect: time instance at which a fault is declared as detected by the FDD system. 

- t0: time instance at which a fault must have been detected and confirmed by the FDD system, according to 
Airbus requirements. 

- TD: detection time, i.e. the time period between the occurrence of a fault and its detection. 

- T0: maximum allowed detection time. 

t_fault

t0 

(the fault must be detected at t0)

T0

t_detect

(bonus)

t_detect

(malus)

TD

 

Figure 11: Definition of fault and detection time parameters 

With these definitions, the main quantitative metrics can be defined:  

• Detection Time Performance (DTP), defined as the ratio between the time from fault injection to its 
detection over the maximum allowed time for detection:  
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 Statistics associated with the DTP metric, such as average, minimum, maximum and variance values are 
calculated but the most significant from the industrial point of view and for assessment purposes is its 
maximum value (DTPmax), which corresponds to the worst case. 

• False Alarm (FA) rate, which is computed as the percentage ratio of the total number of cases yielding a 
false alarm nFA over the total number of Monte-Carlo runs nMC: 

100% ×=
MC

FA

n

n
FA  (4) 

• Missed Detection (MD) rate, computed as the percentage ratio of missed detection cases nMD with respect 
to nMC: 

100% ×=
MC

MD

n

n
MD  (5) 

• Execution Time (ET), defined to represent the computational burden of the proposed designs. This metric 
addresses the applicability of the FDD design in a very stringent real-time environment. It is expressed in 
µs, representing the running time once a FDD design is coded in a real-time environment. This metric is 
very useful for estimating the required percentage of the FCC CPU that is demanded for an 
implementation. 

These four metrics are the main criteria used for assessing the robustness and performances of the proposed designs 
(Figure 12). All metrics are accurately numerically defined (but not disclosed in this paper for confidentiality 
reasons): a DTP is defined for each fault scenario, while FA and MD are defined taking into account the 
operational reliability requirements, and ET is characterized in relation to the FCC capacities. 

A normalized cost function is computed, based on metrics’ weight performance (WP) and weight criticality (WC). 
The WP and WC reflect respectively the satisfaction level per metric (dependent on the FDD system characteristic) 
and the metric criticality (independent of the FDD system, fixed by the industrial requirements). If a FDD design is 
strictly compliant with Airbus requirements, then it scores a WP equal to 3. Thus, the following cost function is 
proposed, normalized with respect to a level of ‘3’. In this manner, if a FDD design is able to perform better than 
the industrial requirements, then the cost will be greater than 1. On the other hand, if a FDD design is unable to 
achieve the required metrics then the corresponding cost will be lower than 1. 
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Metric
WP, metric 
satisfaction 
level weight

ref function Unit 5 4 3 2 1 0

M1 DTPmax -- X X X X X X W1
WC, 

metric 
criticality 

weight

M2 MD% % X X X X X X W2

M3 FA% % X X X X X X W3

M4 ET µs X X X X X X W4

 

Figure 12: Evaluation matrix. The industrial requirements represent a weight performance equal to 3. 



 
 

     

 

More precisely, from a practical point of view, the cost function is computed as follows. WC metrics range 
between 1 and 5 and reflect the different weights according to industrial requirements: e.g., depending of the fault 
scenario, it can be decided to give more importance to the FDD design robustness than to its performance and thus 
W3>W2. The WP metric is fixed by Airbus according to industrial constraints. For instance, a DTPmax index 
equal to one indicates that the industrial time detection is fully satisfied and a WP score of 3 is allocated. In case of 
better performance, e.g. an index between 1 and 0.8 (a detection time up to 20% faster than the requirement), then 
the FDD design merits a higher score of 4. As an example, let us assume that two FDD designs obtain the scores 
depicted in Figure 13. The cost functions are: 

- Cost(FDD1) = (4x4+1x5+3x5+2x2)/(3x16)=0.83 

- Cost(FDD2) = (1x4+3x5+4x5+5x2)/(3x16)=1.02 

Clearly, FFD2 design is better than FDD1 even if the detection time is not compliant with industrial desires. One 
can also notice that two different combinations of the pair {WPMi; WCMi} can lead to the same cost.  Consequently, 
a qualitative analysis could be necessary to conclude on FDD design performances. Finally, this way of assessing 
the FDD designs during the V&V phase shows the importance of careful setup of the evaluation matrix. 

Metric
WP, metric 
satisfaction 
level weight

ref function Unit 5 4 3 2 1 0

M1 DTPmax -- X X X X X X 4
WC, 

metric 
criticality 

weight

M2 MD% % X X X X X X 5

M3 FA% % X X X X X X 5

M4 ET µs X X X X X X 2
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M1 DTPmax -- X X X X X X 4
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criticality 

weight

M2 MD% % X X X X X X 5

M3 FA% % X X X X X X 5

M4 ET µs X X X X X X 2

FDD1

FDD2

 
Figure 13: an example of two FDD design scores. 

5.1.2 Qualitative assessment 

A pure quantitative assessment is not sufficient for evaluating the industrial relevance of the proposed FDD 
designs. Based on experience, Airbus has also defined some metrics conveying the potential of implementing a 
design on a real aircraft. These metrics are not part of the cost function due to the impossibility of numerically 
defining most of this implementation experience.  

In particular, for bridging the gap between the basic research level arising from academic publications and 
industrial needs, the proposed techniques must be clearly understood by the industrial engineering practitioners. 
Thus, the innovative FDD designs must be easily transferable to the industrial world, which means that the 
techniques must be easy to master and straightforward to tune, especially as a design may be used on different 
control surfaces and for different aircraft. A completely new and complex tuning required for each application is 
not acceptable from an industrial point of view. This is why, among other criteria, a set of tuning complexity 
measures has been defined. This encompasses the following criteria: 



 
 

     

 

• The number of input parameters of the FDD design, with or without a physical meaning. This metric is of 
primary interest as it impacts the V&V workload and consequently the system development duration. 

• The physical meaning of these inputs parameters: in view of adapting the proposed design to another 
control surface and/or aircraft, it is more interesting to use input parameters with a physical meaning. 

• It is also industrially relevant to know if a clear procedure, describing step by step the tuning of the FDD 
design, can be specified –describing for example the number of steps required for high-level tuning. 

• Among the number of input parameters, the number of parameters to tune is also an interesting metric. It is 
noted that it is better to have ten parameters easy to tune rather than two with high tuning complexity. The 
V&V activities workload is also impacted as the effect of bad tuning must be monitored. 

5.2 Deimos’ Functional Engineering Simulator (FES) 

FES is a term used in space applications to describe a software simulator, describing at a functional level, the 
components of a system (including its operating environment) [37], [38]. A FES is used in support of the 
specification, design, verification and operations of space systems, and can be used across the spacecraft 
development life-cycle, including activities such as system design validation, software V&V, spacecraft unit and 
sub-system test activities.  

The FES developed by Deimos Space S.L.U. for the ADDSAFE project is a non-real-time simulator based on 
Simulink, MATLAB and XML that includes the Airbus benchmark as well as the robustness and performance 
metrics described above for all the fault scenarios defined in the project (Figure 14). The FES is not part of the 
Airbus industrial V-cycle, however, it would be located towards the end of the development phase, between the 
simulation code generation and the implementation of the code in the equipment. 

 

Figure 14 ADDSAFE: Deimos’ functional engineering simulator (FES) architecture 

Within ADDSAFE, two FES packages were developed: a simulation and verification FES (released to all partners 
for their use during the development and application of the FDD methods), and an industrial benchmarking and 
validation FES (to be used by the industrial partners at the end of the design cycle). This later FES included more 
sophisticated tools for multi-team FDD designs’ benchmarking.  

The simulation and verification FES included a parametric campaign utility that allowed each design team to assess 
the performance and robustness of their designs prior to their submission for the industrial V&V. The parametric 
campaign consisted of a fixed number of simulations obtained from random variation, within the defined ranges of 
the benchmark, of the main aircraft geometric parameters (mass and x-position of the aircraft centre of gravity 



 
 

     

 

Xcg), the flight parameters (altitude, calibrated-airspeed Vcas) and also of the uncertainty in the measurements 
(∆mass, ∆Xcg, ∆altitude, ∆Vcas) and aerodynamic coefficients (∆Cx, ∆Cy, ∆Cz, ∆Cl, ∆Cm, ∆Cn). The fixed number of 
simulations was 324, but only 158 of these were valid (i.e. after parameter random drawing, not all combinations 
lead to realistic aircraft configurations taking into account physical and flight physics limitations so only the 
configurations within the acceptable flight envelope have been selected). 

The benchmarking stage is the first step in the industrial V&V process employed in ADDSAFE. It allowed 
comparing all the submitted designs (a total of 13) under the same conditions and, since the selection of the designs 
for the industrial validation was based on the benchmarking results, a non-biased and quantifiable approach was 
used by Deimos (as an industrial partner) by means of the Benchmarking and Validation FES. The benchmarking 
process consisted of applying a Monte Carlo campaign of 2200 runs decomposed into:  

• 1200 fault-free runs distributed evenly (i.e. 200 each) among the six benchmark-defined flight maneuvers: 
cruise phase, triggering of angle of attack protection, nose-up (abrupt longitudinal maneuver), triggering of 
pitch protection, coordinated turn and a “yaw-angle-mode” which roughly corresponds to an enhanced 
auto-pilot hold mode 

• 1000 runs with faults at the default flight maneuver for the selected fault scenario. These 1000 runs are 
distributed evenly among the different types of faults applicable to the fault scenario. For example, the first 
scenario “aircraft performance” includes three sub-scenarios, thus there are 333 runs for liquid jamming, 
333 runs for solid jamming and 334 for disconnection, cf. section 3.2.1. 

The first set of cases was used to assess the FA metric (which is one of the most critical for an actual deployable 
FDD) while the second looked more specifically to MD and DTP metrics. In other words, the first case looked at 
robustness and the second examined the performance of the FDD designs. 

Three repetitions of this benchmarking campaign were performed, where in the first campaign some unrealistic 
flight cases were identified and removed after analysis (corresponding to some abnormal aircraft simulated 
behavior) and the different design teams were allowed to correct minor implementation mistakes. From the 2nd to 
the 3rd campaign, the teams were allowed to tune their designs in preparation for delivery to Airbus, and had to 
implement them in an Airbus provided Simulink library to allow preparing certifiable flight-code. It is notable that 
for the first campaign (which can be considered the worst-case as it included uncommon extreme cases) only 5 
designs among 13 obtained a score above the minimum value to be selected, and of which 3 obtained top scores. 
Subsequently, the designs were improved until in the last campaign where 9 designs passed the selection 
thresholds. 

5.2 Airbus test facilities 

Before validating the most promising FDD designs on the Airbus integration test benches, the corresponding 
algorithms must be implemented in the FCC. The state of practice is to write the functional specification, which 
accurately defines the functions implemented by the FCC software. In a first step, a graphical tool allows 
specification of these functions through a computer-aided specification. A limited set of graphical symbols (e.g. 
adder, filter, integrator, look-up tables, etc.) is used to describe each part of the algorithm in dedicated “functional 
specification sheets”. The use of a formal specification language also allows for parts of the specification code to 
be used from one aircraft program to another. This specification is under the control of a configuration management 
tool and its syntax is partially checked automatically. In a second step, an automatic generation tool produces the 
code to be directly implemented in the FCC. Figure 15 exemplifies a functional specification sheet in which the 
processing checks if the difference between each input and a reference value is greater than a predefined value K. 
The “MRTRIG” symbol allows keeping Boolean information at “True” during a given time. 
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Figure 15: An example of a functional specification sheet. 

In order to allow validation of the matured version of the selected FDD designs, it is required, in a preliminary step, 
that they are ported to an Airbus-specific Simulink library which uses symbols similar to the graphical language. 
Firstly, this allows the computational burden of the designs to be estimated (cf. the aforementioned ET metric) and 
secondly, it allows preparation of the real functional specification sheets. The latter sheets are submitted to Airbus-
internal V&V peer review process before automatic coding. The next step is to write the complete laboratory test 
procedures for ensuring an exhaustive assessment compliant with the required tests. 

After FCC code generation, the equipment is assessed alone before the integration phase, generally thanks to a 
desktop simulator. Then, since all new types of equipment installed in the cockpit and in the aircraft avionics 
compartment must be tested in their environment, including checking their connection to the other aircraft 
equipment, the integration of the FCC is tested in the aircraft environment (so-called “integration” tests). So, 
depending on the level of aircraft representativeness that is expected, several kinds of simulation/integration 
platforms can be used: 

• Desktop simulator (Figure 16): is a real time simulation platform with simplified interface and displays. It 
allows flying the aircraft in its environment with a pilot in the loop to check that it satisfies the 
performance and safety requirements before the associated code is even implemented in the equipment, if 
needed. There are various levels of refinement in the systems’ logic, depending on the objectives of the 
users. For flight control laws and handling qualities, it is a single sensor environment with the command 
line of FCC [4]. In certain cases, where qualitative results are to be given, such a platform will be used; for 
instance in a direct law (the lowest level of control laws where full authority is given to the pilot and where 
the control surface deflections are directly proportional to the side-stick deflection) to check that enough 
authority is available to counteract airbrakes extension. 

 
Figure 16: Desktop simulator 



 
 

     

 

• System Integration Bench (SIB): it is used to integrate specific aircraft equipment items in order to test 
how they operate in an environment restricted to one aircraft system function (Navigation for example). In 
EFCS, these test benches are particularly used to tune the servo-control of a given control surface, with 
simulated inputs and observations of the computer internal variables. It offers the possibility of validating 
degraded configurations: e.g. low hydraulic pressure and high aerodynamic loads (simulated with torsion 
bars, from zero to the stop load) on the control surface. 

• Development simulator: a.k.a. “flight simulator”, it is a fully simulated aircraft with a real human 
machine interface (side stick, thrust levers, displays). It is the first platform on which flight test crew give 
assessment of flight control laws and aircraft handling qualities. Yet this platform is still using a single 
FCC. As can be seen in Figure 17, on the left hand side, this simulator can be equipped with a dedicated 
visual system, a projection on a spherical screen in front of the simulator which provides the pilot with an 
extremely realistic simulation of the aircraft environment. This visual system can be moved and connected 
to all the different aircraft simulators (e.g. A320, A380, Iron Bird…) as required for the tests. 

 
Figure 17: Development simulator 

• “ Iron Bird ”: a test bench that is a kind of “naked” aircraft (Figure 18), i.e. without the fuselage, the 
structure, the seats … but with all system equipment installed and powered as on an aircraft (e.g. hydraulic 
and electric circuits). It is an integration simulator used to validate the equipment in the full aircraft 
environment. The natural flight loop and some equipment such as inertial systems are nevertheless 
simulated. The Iron Bird can also be coupled to the visual simulator. This platform is extensively used for 
failure case assessment and certification simulator sessions with the Airworthiness authorities. 
 

 
Figure 18: A380 Iron Bird 



 
 

     

 

• Flight tests (Figure 19): several aircraft are fitted with "heavy" flight test instrumentation. More than 
10,000 flight control parameters are permanently monitored and recorded. This specific instrumentation 
enables flight test engineers to modify, e.g. flight control laws setting, inside the aircraft. In-flight tests 
include “Early Long Flight” (mostly to validate the cabin and systems upgrade configuration) and “Route 
Proving” tests (certification exercise aimed at accumulating dozens of hours of typical airline continuous 
operation). 

 
Figure 19: Flight test aircraft 

5.2 First results and lessons learnt 

After quantitative and qualitative assessment of the 13 FDD designs submitted by the consortium, the five most 
promising designs (based on the cost function computation during the benchmarking campaign) were selected for a 
more intensive and more representative industrial validation. The test facilities used for this campaign were the SIB 
(coupled either to real or to simulated actuators) and the flight simulator. The choice of the validation means 
depended on the characteristics of the FDD designs and its associated fault scenario coverage. For example, an 
actuator test bench does not allow aerodynamic force simulation, but on the other hand, a flight simulator alone 
does not permit perfect actuator fidelity. All of these tests represent a wide range of very different flight conditions 
(e.g. in the nominal flight envelope (Auto Pilot domain) as well as close to the flight envelope limits). 

Before discussing the first results of this V&V campaign, it is interesting to give some results about the industrial 
relevance of all submitted FDD designs through the ET and qualitative metrics. Considering the fastest FCC 
sampling period (Airbus FCC are multi-rate time triggered digital computers), i.e. 10ms, the ET estimation results 
are: 

• Three designs obtained an ET between 14 and 22% of the maximum CPU power, which is considered as 
unrealistic for an implementation in FCC. 

• Five designs obtained an ET between 3 and 7% of the maximum CPU capacity which is considered 
acceptable taking into account that the FCCs equipping the future and upcoming aircraft will offer more 
computing capacity. 

• Five designs obtained ET between 0.3 and 2% which is considered as excellent. 



 
 

     

 

The qualitative assessment is more difficult to establish. The number of input parameters to tune varied between 6 
and more than 40, considering each element of a matrix as a unique input parameter. The physical meaning is also 
difficult to establish. From an industrial point of view, this is already clearly an appealing avenue worth exploring 
for facilitating the industrial transfer of the proposed FDD designs. 

When writing the final version of this article, the final step of the Airbus industrial validation was still on-going. 
This final step is performed by Airbus with internal funds and after the closing of ADDSAFE, due to the interest in 
the developed techniques and designs. This V&V campaign has proceeded in 3 steps: the first software coding 
contains 2 methods, one for an abnormal aircraft behavior scenario (lateral axis) and the other for sensor/actuator 
malfunctions in the control loop of a control surface (longitudinal axis). A first validation campaign has been 
conducted assessing the robustness of these first 2 designs. In the second FCC coding, one additional design has 
been implemented for the second scenario, whereas the maturation of the first 2 designs was allowed, taking into 
account the lessons learnt from the first industrial tests. The first tests dedicated to the detection performance 
assessment started during this second validation step. Finally, the third implementation included two new designs 
dedicated to the flight parameter management system and allowed covering robustness as well as detection tests. 
The first 3 designs have also benefited from the test results for maturating their robustness and performances. The 
robustness assessment consists of a series of typical maneuvers, representing a wide range of dynamics in nominal 
and abnormal configurations: on-ground flight control checks, push-over (strong longitudinal maneuver), take-offs 
in nominal configurations as well as degraded configurations (engine failure, crosswind...), slats/flaps configuration 
changes, side-step, “duck-under”, etc... To assess the detection performances, the fault to be detected is either 
simulated or really introduced (e.g. the actuator or sensor is physically disconnected), and subsequently it is 
verified if the detection occurs before the maximum allowed time. In some cases, e.g. OFC detection, all faults 
beyond a given amplitude must be detected so it is checked if the minimum amplitude is really detected and if 
amplitudes below the required threshold remain undetected. The detection is also assessed in the worst 
configuration and according to the certification requirement, if applicable, for the fault case concerned. 

The lessons learnt from these first tests are as follows: 

• The FCC digital precision is limited and could have an impact for some designs. For instance, the coding of 
a high-order (>2) filter could be sensitive and could lead to error propagation and a diverging behavior 
because of coefficient truncation. Thus, adequate filter architecture (e.g. cascade) must be found. 

• Since only a limited number of symbols can be used inside a single functional specification sheet, a 
relevant and “readable” coding architecture must be found, without creating delays between all sheets 
dedicated to the same (now split) design. 

• A useful and very often used symbol is the look-up table. However, only a limited set of interpolation 
points can be used, degrading possibly the design performances. 

• The on-board code in the FCC is fixed. It is not possible to change anything once the designs are coded and 
thus the implemented design is not easily tunable. So it is crucial to do it right the first time and to avoid 
any syntax bug as the consequences are costly and time-consuming. This is why a very close collaboration 
is needed between the designers and Airbus V&V teams for avoiding such penalizing errors. An upstream, 
and as complete as possible, design validation is of primary interest. 

• Except for some initial bugs and minor adjustments in the designs at the beginning of the coding step, the 
main corrections consisted of threshold tuning because of some differences between the representativeness 
of the validation means. A certain lack of robustness has also been noticed during some Auto Pilot 
maneuvers but it has to be mentioned that a real Auto Pilot was not available in the proposed benchmark 
preventing a correct design tuning in this case. 

• From a less coding-oriented point of view, the model-based approaches that have been researched and 
developed during this project are de facto sensitive to strong differences between the benchmark 
(MATLAB aircraft model) and the very high-fidelity simulators used for industrial validation, especially 
when dealing with subtle incipient faults. This is a sensitive point that was difficult to grasp at the 
beginning of the project and can impact strongly the performances of the submitted designs. This is 



 
 

     

 

inherent to the inevitable model uncertainties and more effort must be focused on this issue to minimize 
these differences. 

6. CONCLUSIONS 

In this article, a summary of the motivation, benchmark, and results of the European project entitled “Advanced 
Fault Diagnosis for Sustainable Flight Guidance and Control (ADDSAFE)” has been presented. The importance of 
the project arises on the one hand due to the representativeness of the benchmark, and on the other hand, from the 
industrial benchmarking and validation of the designs developed during the course of the project. Thus, the article 
has focused mainly on these two aspects, presenting in detail Airbus’ efforts towards the development of a high-
fidelity aircraft benchmark for advanced flight control and fault diagnosis studies, as well as detailing the results of 
the project in terms of their industrial benchmarking and validation. The aim of the project was to research and 
develop model-based FDD methods for aircraft flight control systems faults, predominantly sensor and actuator 
malfunctions.  

The goals of the project have been amply satisfied as proven by the final demonstration of several designs in the 
V&V facilities of Airbus at Toulouse. The technological readiness level (TRL) achieved with this demonstration is 
5/6 since the test-benches used are the final ones prior to actual flight testing –and involved the full Airbus V&V 
team as well as the flight control system software and hardware avionics. It is worth mentioning that the industrial 
benchmarking and validation, respectively performed by Deimos and Airbus, of the FDD designs developed by the 
consortium was not at all very trivial, as the fault scenarios were all very different, each design had a different 
complexity, and there were up to thirteen different designs to benchmark resulting in quite demanding computation 
and analysis needs. The ADDSAFE project started in July 2009 and concluded in October 2012 with a 
demonstration of the selected designs in front of an audience composed of FDD experts and principal aerospace 
stakeholders and authorities (EASA, NASA, ESA, EADS…). 
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