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SUMMARY

Among all the contributors to fatal accidents, in-flight loss of control (LOC-I) remains
one of the largest categories, as indicated by statistics of investigations into past civil air-
craft accidents. In flight LOC generally refers to accidents in which the flight crew was
unable to maintain control of the aircraft in flight, resulting in an unrecoverable devi-
ation from the intended flight path. Compared with other accidents occurrence cate-
gories, LOC-I is more challenging to predict and prevent, since it is often the result of a
highly complex combination of a wide range of contributing factors. Many in-depth re-
searches into loss of control accidents have been conducted to find out how these events
unfold, and to develop effective intervention strategies for preventing LOC.

An important characteristic of an aircraft transgressing into a LOC situation is that
it moves to the boundaries, or even crosses the boundaries, of its safe flight envelope.
The general definition of safe flight envelope is the set of states where an aircraft can be
operated and controlled with guaranteed safety. Therefore, part of the research in LOC
prevention focuses on how to determine the safe flight envelope. Knowledge about safe
flight envelopes can be incorporated into a warning system, to increase the situation
awareness of the pilots, and integrated into the flight control system, leading to flight
envelope protection systems.

Currently, most modern commercial and military are equipped with some form of
flight envelope protection system, to keep the aircraft within the limitations of flight
states such as speed, angle of attack and load factor, which together characterize the
aerodynamic performance of the aircraft. If a certain boundary is violated, e.g., due to
some aggressive maneuvers, a warning will be given by the system. A number of flight
envelope protection systems has been developed to enhance the safety level of aviation,
which vary in ways of flight envelope determination and warning mechanism.

Current day flight envelope protection systems work with fixed flight envelopes, as-
suming that the intrinsic aircraft flight dynamics do not change under any circumstances.
When abnormal cases like structural damage and icing occur, the performance of the air-
craft may suddenly or slowly degrade, which is then ultimately reflected in a change of
the flight envelope. If the new, mostly shrunken envelopes are not provided to the sys-
tem or pilot in time, the aircraft risks to ‘unconsciously’ leave the safe region, and cause
an LOC event. It is therefore essential to develop a method that can provide updated
flight envelopes during flight, especially after the occurrence of abrupt events like sys-
tem failures, or damage. This dissertation focuses on the design and validation of such
online safe flight envelope prediction systems.

The development of an online safe flight envelope prediction system meets several
challenges and limitations. First of all, in order to provide safe flight guidance across all
the flight conditions, the safe flight envelope should be computed on the global model of
the aircraft. When damage and failures occur, however, measurement data required for
online system identification can realistically only be obtained in a limited region around
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the current flight condition, because the impaired aircraft may not be able to maneuver
freely. Hence, the onboard global model can only be updated locally in the direct neigh-
borhood of the current flight condition, and the change to the remainder of the global
model remains undiscovered. Without a globally updated model, the safe flight enve-
lope computed online will be inaccurate for flight conditions in which the model is not
updated.

Secondly, the computational load of computing flight envelopes on the fly is very
heavy, as techniques suffer from the so-called curse of dimensionality in the sense that
they scale badly with increasing state-space dimensions. This makes the computation
infeasible online, especially in emergency situations where even one second of delay
may lead to unrecoverable consequences.

Since the determination of flight envelopes during flight is impractical, this disser-
tation considers the computation of the envelopes in advance. To achieve this, a wide
spectrum of damage and failure cases that might possibly occur will be considered. For
each case, the safe flight envelopes are computed and stored in a database. Including
such a comprehensive database in the envelope prediction system, allows the safe flight
envelope to be quickly retrieved and used to prevent the aircraft from moving into a LOC
situation, even in cases of damage and failures.

The main research goal is to develop a database-driven safe flight envelope predic-
tion system and apply it to the control and recovery of an impaired aircraft. To achieve
this goal, several questions need to be answered:

1. How to establish the aerodynamic model of an aircraft under damage/failures?

2. How to develop an online assessment system, to diagnose the current condition of
the aircraft using identified parameters?

3. In which way to define and compute a safe flight envelope?

4. What should the database look like, and how can one interpolate between two
flight envelopes in the database?

5. How to apply the retrieved flight envelopes to fault tolerant flight controllers, to
prevent the impaired aircraft from LOC events?

The answer to the first question forms the basis of the whole research. Since air-
craft models can be different under various categories of LOC situations, the scope of
modeling is limited to only one category, which includes structural damage to actuators
and airframe of an aircraft. The reason for choosing this category is that aircraft dam-
age is closely related to the reduction of stability and control authority of the aircraft,
and thereby causing the change of its flight envelope. This reason can also be regarded
as a conclusion drawn from experimental data and observations from a series of wind-
tunnel and computational tests conducted by other researchers, which our modeling
work is based on.

The reference aircraft of damage modeling in this dissertation is a twin-jet business
aircraft known as the Cessna Citation, which is the laboratory aircraft operated by TU
Delft. The damaged model of the Cessna Citation is used for three purposes: 1) to extend
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the current simulation environment, such that flight under damage cases can be simu-
lated and the designed envelope prediction and protection systems can be incorporated
and verified in the simulation model; 2) to provide data for system identification as well
as the detection and classification of aircraft damage; 3) to enable the computation of
safe flight envelopes under modeled damage cases.

The change of aerodynamic model of the damaged aircraft is very often due to the
loss of aerodynamic surfaces, leading to smaller aerodynamic forces and moments than
expected. In wind tunnel tests, aircraft damage is quantified by the percentage of tip loss
with respect to the whole span of wing, vertical tail or horizontal stabilizers. It is observed
that the influence of damage is reflected in the changed value of model parameters and
additional terms to the original model structure. By studying and analyzing the aerody-
namic characteristics of structurally damaged aircraft from experimental data, one can
estimate the possible model structure and values of model parameters corresponding
to each quantified damage cases. The estimated aerodynamic model is then incorpo-
rated in computer simulations which generate the aircraft responses in sudden damage
cases. Simulation results demonstrate the expected degradation of flight performance
and potential LOC risks after damage.

As the opposite direction of damage modeling, the identification of changed aerody-
namic coefficients from system measurements is used to find the corresponding dam-
age/failure case, which is the main concern of the second research question. In this dis-
sertation, this question is regarded as a classification problem since each damage case is
a discrete event that needs to be categorized. Under the framework of classification, the
inputs are the identified aerodynamic coefficients and the outputs are defined damage
cases with quantified damage scales (percentage of surface loss) on wings, tails as well as
actuators. The classification methods used in this dissertation include neural networks
and support vector machines. Both methods are implemented on the same damage
cases, and their performances are evaluated by the number and rate of true positives,
false negatives, true negatives and false positives in cross-validations. The evaluation
results show that the method using support vector machines has better generalization
ability and is more sensitive to new data in between two classes. As expected, the in-
creased rate of false positives and false negatives of both methods is shown to increase
with the noise level and external disturbances imposed on the validation data, showing
that the classifier becomes less ‘certain’ about the results.

The occurrence of damage causes the change of aircraft dynamics, and subsequently
influences the original flight envelope. Generally, the flight envelope is described as a
subset of the state space within which the aircraft can be safely operated. There are
different ways of defining a safe flight envelope, which results in different ways of com-
puting it. Conventional ways consider flight envelopes as static limits, while this disser-
tation focuses on computing dynamic flight envelopes limits. Regarding the third ques-
tion, reachability analysis is chosen in this research as the method to compute safe flight
envelopes, since the theory can provide a set-valued insight into the safety and control
design of dynamic systems. One advantage of this method is that all possible trajectories
can be computed from all available control strategies and initial states, which naturally
meets the safety guarantees. In this dissertation, the full aircraft model is decoupled,
and safe flight envelopes for decoupled longitudinal and lateral motions are computed
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using the level set method. It is shown that the shape and size of envelopes are influ-
enced by the current flight condition. A flight envelope computed under a certain level
of wing damage, for example, shows an obvious reduction in size and variation in shape
as compared to the nominal flight envelope, which verifies the adverse impact of struc-
tural damage, and emphasizes the necessity of updating the shrunken envelopes during
flight after damage.

To answer the fourth question, a database is designed, which contains flight en-
velopes encompassing a range of abnormal scenarios such as damage and failures. The
index key to each envelope in the database is determined by the classification results.
The number of safe flight envelopes in the database is constrained, however, by storage
volume and the number of modeled abnormal cases. Hence, it may be necessary to in-
terpolate between two envelopes to obtain safe strategies for events not included in the
database. In this dissertation, flight envelopes are considered as geometric structures,
and the method used for interpolation is inspired by research on surface reconstruc-
tion and image matching. The basic idea of interpolation is to construct optimal paths
between two contours that share similar geometric features (e.g., shapes in two dimen-
sions). Since the contours are composed of data points, the optimal paths are segments
between two points, and the points that form the intermediate contour are found on
each segment by interpolation. In this dissertation, interpolation is performed between
two envelopes in two dimensions. Envelopes of higher dimensions are not discussed
here, since it is assumed that high-dimensional envelopes can be decomposed into sev-
eral 2D contours by fixing the values of certain dimensions.

The interpolation error is calculated by comparing the interpolated envelope with
the one computed by the level set method. It is shown that the interpolation can approx-
imate the computed envelope with high accuracy, which is very important to reducing
the number of stored envelopes in the database. Compared with the level set method,
the improvement in computational efficiency of the direct database retrieval and inter-
polation is shown to be significant, which indicates the feasibility of online flight enve-
lope prediction using database retrieval and interpolation methods.

The answer to the fifth question finalizes the research by using the predicted flight
envelope in the online implementation of flight envelope protection with fault tolerant
control. Unlike currently-used envelope protection systems, where the flight envelope is
an implicit set of data at the basis of the control law design, the flight envelopes defined
and computed in this dissertation are explicitly referred to by the system as a separate
module. By using online database retrieval, the protection system can be adaptive to
a wider range of abnormal conditions. The closed-loop simulations implemented in
this dissertation include previously discussed modules of system identification, dam-
age classification and envelope database, together with the fault tolerant control to give
feedback control input to the aircraft. It is shown in the simulation that after the sudden
occurrence of damage, the aircraft is quickly re-stabilized by the controller, generating
excitation to the identification, and subsequently providing input to the classifiers. The
classification result is then used as an index to a safe flight envelope in the database,
and safe boundaries of certain flight states are extracted from the retrieved envelope un-
der the current flight condition. When new maneuvers are initiated after damage, those
safe boundaries are used as constraints and limitations to the reference commands to
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the control system. Simulation results show that without envelope protection, LOC acci-
dents will happen due to excessive pilot commands, since both the controller and pilots
are not aware of the shrunken flight envelope after damage. By comparison, it is shown
that the incorporation of the online retrieved envelope can effectively prevent the dam-
aged aircraft from entering the LOC condition, under the pre-condition that the aircraft
is not so severely damaged and all remaining actuators are not saturated. The imple-
mentation of the whole closed-loop flight in computer simulations indicates that online
flight envelope prediction and protection is feasible based on the offline-built database.

In conclusion, this dissertation proposes a database-driven method to address the
challenges of online safe flight envelope prediction under LOC hazards. Simulations
have shown that the proposed system is feasible for online implementation, with re-
duced computational effort as compared to existing methods. Research work should
continue in the future to improve the proposed system and apply it to other safety-
critical fields. For example, it is recommended to investigate other LOC contributors
and include their influences in the modeling work and the computation of safe flight en-
velopes. Furthermore, experiments with real vehicles in real flight should be conducted,
to verify the proposed system and explore its limitations in an environment full of uncer-
tainties. Apart from fixed-wing aircraft, future applications may extend to autonomous
systems like drones, self-driving cars and robots, where several critical safety-related is-
sues can be potentially resolved by the techniques developed in this dissertation.
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Statistische analyse van onderzoeken naar de voorbije dodelijke ongelukken in de civiele
luchtvaart laten zien dat van alle oorzaken, het verlies van controle tijdens de vlucht
(LOC-I) een van de grootste groepen is. LOC-I verwijst in het algemeen naar ongevallen
waar de vliegtuigbemanning niet in staat was de controle van het vliegtuig te behouden
en resulteert in een onherstelbare afwijking van het geplande traject. Verschillende on-
derzoeken hebben in detail uitgezocht hoe zo een situatie zich ontwikkelt en wat mo-
gelijke ontwerpen zijn van systemen die dit kunnen voorkomen.

Een belangrijk kenmerk van een situatie waar de controle over het vliegtuig ver-
loren wordt, is dat het vliegtuig zich naar, of zelf over, de prestatie limieten beweegt.
De algemene definitie van de prestatie limieten van een vliegtuig is een verzameling
van toestanden waar een vliegtuig gegarandeerd veilig kan worden gebruikt en gecon-
troleerd. Een aantal beveiligingssystemen van deze prestatie limieten zijn tegenwoordig
ontwikkeld om het veiligheidsniveau van de luchtvaart te verbeteren. Deze systemen ge-
bruiken verschillende manieren om de prestatie limieten te bepalen en om waarschuwin-
gen te geven.

Veelgebruikte beveiligingssystemen van de prestatie limieten werken met vaste eigen-
schappen: ze nemen aan dat de intrinsieke vliegtuigdynamica onder geen omstandighe-
den verandert. Wanneer zich abnormale situaties voordoen, zoals beschadiging van de
structuur of ijsafzetting, kunnen de eigenschappen van het vliegtuig op verschillende
snelheden veranderen, wat uiteindelijk betekent dat de prestatie limieten veranderen.
Als de nieuwe, meestal verminderde limieten niet tijdig beschikbaar zijn voor het sys-
teem of de piloot, bestaat er een risico dat het vliegtuig ‘onbewust‘ de veilige regio ver-
laat en de controle over het vliegtuig verloren wordt. Het is daarom essentieel om een
systeem te maken dat de prestatie limieten kan voorspellen tijdens de vlucht, vooral bij
abrupte gebeurtenissen zoals systeemstoringen of schade.

De ontwikkeling van zo een voorspellingssysteem dat tijdens de vlucht werkt heeft
verschillende uitdagingen en beperkingen. Ten eerste moeten de veilige prestatie limi-
eten berekend worden op het globale model van het vliegtuig om veilige vliegbegeleiding
te geven over alle vliegcondities. Wanneer er schade en storingen optreden, kan de data
die nodig is om het systeem te identificeren alleen bekomen worden voor een beperkte
regio rond de huidige vliegconditie. Dit omdat het gehavende vliegtuig misschien maar
een beperkte bewegingsvrijheid heeft. Daarom kunnen de globale modellen die aan bo-
ord gebruikte worden enkel lokaal in de directe omgeving van de huidige vliegconditie
ge-update worden en blijft de rest van het globale model verborgen. Zonder een model
dat globaal ge-update is zullen de berekende veilige prestatie limieten onnauwkeurig
zijn voor vliegcondities waar het model niet bijgewerkt is.

Ten tweede is er een zeer grote rekenkracht nodig is om de prestatie limieten te
berekenen tijdens de vlucht omdat die technieken lijden onder de zogenaamde vloek
van dimensionaliteit: ze schalen slecht met een groter aantal toestanden. Dit maakt de
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berekening in de lucht onmogelijk, zeker en vast in noodsituaties waar zelfs één seconde
vertraging kan leiden tot onherstelbare gevolgen.

Omdat de berekening van de prestatie limieten tijdens de vlucht onmogelijk is, ki-
jkt dit proefschrift naar de berekening van de prestatie limieten voor er zich iets vo-
ordoet. Een breed scala aan schade en storingen dat kan optreden zal worden onder-
zocht. Voor elke geval zullen de veilige prestatie limieten berekend worden en opges-
lagen in een database. Door zo een uitgebreide database op te nemen in de prestatie
voorspellingssystemen, kan zelfs in het geval van schade of storingen de veilige prestatie
limieten snel worden opgezocht en gebruikt om te voorkomen dat de controle over een
vliegtuig verloren wordt.

Het hoofddoel van dit onderzoek is het ontwerpen van een voorspellingssysteem van
de veilige vliegtuig prestatie limieten gebaseerd op een database en dit toe te passen op
de controle en herstel van controle van een beschadigd vliegtuig. Om dit doel te bereiken
moeten verschillende vragen beantwoord worden:

• Hoe wordt het aerodynamische model van een vliegtuig met schade/storingen
bepaald?

• Hoe kan een beoordelingssysteem voor in de vlucht ontwikkeld worden om de
huidige staat van het vliegtuig te bepalen met behulp van de geïdentificeerde pa-
rameters?

• Op welke manier worden de veilige prestatie limieten gedefinieerd en berekend?

• Hoe moet de database eruit zien en hoe kan er worden geïnterpoleerd tussen twee
instanties van prestatie limieten in de database?

• Hoe kunnen de opgehaalde prestatie limieten worden toegepast op fouttolerante
vliegtuigbesturing, om te voorkomen dat de controle verloren wordt?

Het antwoord op de eerste vraag vormt de basis van het hele onderzoek. Aangezien
vliegtuigmodellen onder verschillende categorieën van LOC-situaties anders kunnen zijn,
is de reikwijdte van de modellering beperkt tot slechts één categorie: schade aan actu-
atoren en de structuur van een vliegtuig. De reden voor het kiezen van deze categorie
is dat vliegtuigschade nauw samenhangt met de vermindering van de stabiliteit en de
autoriteit van de besturing van het vliegtuig. Door deze veranderingen gaan de prestatie
limieten van het vliegtuig ook veranderen. Door de aerodynamische kenmerken van
structureel beschadigde vliegtuigen uit experimentele gegevens te bestuderen en te anal-
yseren, kan een schatting worden gemaakt van de mogelijke modelstructuur en waar-
den van modelparameters die overeenkomen met elk gekwantificeerd schadegeval. Het
geschatte aerodynamische model wordt vervolgens opgenomen in computersimulaties
die de reactie van het vliegtuig op plotselinge schade genereren.

Naast de modellering van schade wordt de identificatie van veranderende aerody-
namische coëfficiënten uit metingen gebruikt om het corresponderende schadegeval of
storing te vinden. Dit is het belangrijkste onderdeel van de tweede onderzoeksvraag.
Aangezien elk schadegeval een discrete gebeurtenis is die moet die worden gecategoriseerd,
wordt de deze tweede vraag in dit proefschrift beschouwd als een classificatieprobleem.
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De classificatiemethoden die in dit proefschrift worden gebruikt, omvatten neurale net-
werken en een vector ondersteunde beslissingsmachine. Beide methoden werden geïm-
plementeerd voor dezelfde schadegevallen en hun prestaties werden geëvalueerd. De
resultaten tonen aan dat de methode met behulp van een vector ondersteunde besliss-
ingsmachine een beter generalisatievermogen oplevert en meer gevoelig is voor nieuwe
gegevens tussen twee klassen.

Wat de derde vraag betreft, is de analyse van bereikbaarheid van toestanden in dit
onderzoek gekozen als methode voor het berekenen van veilige prestatie limieten. Dit
omdat die theorie kan zorgen voor een waardevol inzicht in het veiligheids- en bes-
turingsontwerp van dynamische systemen. Een voordeel van deze methode is dat alle
mogelijke trajecten die voldoen aan de veiligheidsgaranties kunnen worden berekend
op basis van alle beschikbare regelstrategieën en initiële toestanden. In dit proefschrift
wordt het volledige vliegtuigmodel ontkoppeld voor longitudinale en laterale bewegin-
gen. Voor deze ontkoppelde dimensies worden veilige vliegtuig prestatie limieten berek-
end met behulp van de vlakke verzameling-methode. De limieten berekend onder een
bepaald niveau van vleugelbeschadiging tonen bijvoorbeeld een duidelijke verminder-
ing in afmeting en variatie in vorm in vergelijking met de nominale limieten. Dit beves-
tigt de nadelige invloed van structurele schade en benadrukt de noodzaak van het bijw-
erken van de verminderde prestatie limieten tijdens de vlucht na schade.

Om de vierde vraag te beantwoorden is een database is ontworpen. Deze database
bevat de prestatie limieten van een reeks abnormale scenario’s zoals schade en storin-
gen. De indexsleutel voor elke instantie van prestatie limieten in de database wordt
bepaald door de classificatieresultaten. Het aantal instanties in de database is echter
beperkt door het beschikbare opslagvolume en door het aantal gemodelleerde abnor-
male gevallen. Daarom kan het nodig zijn om tussen twee instanties van limieten te in-
terpoleren om veilige strategieën te verkrijgen voor gebeurtenissen die niet in de database
zijn opgenomen. Het basisidee van interpolatie is om optimale paden te construeren
tussen twee contouren met vergelijkbare geometrische kenmerken (bijvoorbeeld vor-
men in twee dimensies). In dit proefschrift wordt interpolatie uitgevoerd tussen twee
instanties van prestatie limieten in twee dimensies. Instanties met hogere afmetingen
worden hier niet besproken, omdat er aangenomen wordt dat instanties met meer di-
mensies kunnen worden ontbonden in verschillende tweedimensionale contouren door
de waarden van de andere dimensies vast te zetten.

Het antwoord op de vijfde vraag rondt het onderzoek af met de implementatie van
een beveiligingssysteem dat gebruik maakt van voorspelde limieten en van fouttoler-
ante besturing. Het beveiligingssysteem kan zich aanpassen aan een groter aantal ab-
normale omstandigheden door gebruik te maken van het opvragen van elementen in de
database tijdens de vlucht. Simulatieresultaten tonen aan dat zonder de beveiligingssys-
temen LOC-ongevallen zullen gebeuren als gevolg van buitensporige piloot stuurgedrag.
Dit gebeurt omdat zowel de controller als de piloten zich niet bewust zijn van de ver-
minderde prestatie limieten na beschadiging. Er wordt ook aangetoond dat het gebruik
van de opgevraagde prestatie limieten in de vlucht kan voorkomen dat het beschadigde
vliegtuig in een LOC-toestand terecht komt. Dit is allemaal op voorwaarde dat het vlieg-
tuig niet te zwaar beschadigd is. De implementatie van de hele keten aan systemen in
computersimulatie toont aan dat het in de vlucht mogelijk is om de prestatie limieten te
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voorspellen en te beschermen van op basis van de vooraf gebouwde database.
Meer onderzoek is nodig om het voorgestelde systeem te verbeteren en toe te passen

op andere domeinen waar veiligheid kritiek is. Zo is het aanbevolen om te onderzoeken
welke andere factoren ervoor kunnen zorgen dat de controle van het vliegtuig verloren
wordt. Deze factoren moeten worden onderzocht en hun invloed moet meegenomen
worden in het model en de berekening van veilige prestatie limieten. Verder moeten ex-
perimenten met echte vliegtuigen in echte vlucht worden uitgevoerd om het voorgestelde
systeem te valideren en de beperkingen ervan te verkennen in een omgeving vol onzek-
erheden. Afgezien van vliegtuigen met een vaste vleugel, kunnen toekomstige toepassin-
gen zich uitbreiden naar autonome systemen zoals drones, zelfrijdende auto’s en robots.
Bij deze systemen kunnen verschillende kritieke problemen voor de veiligheid mogelijks
worden opgelost met behulp van de technieken die in dit proefschrift zijn ontwikkeld.
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INTRODUCTION

“Aircraft systems technology in particular has been
conscientiously evolved with safety in mind.”

Aviation Accidents Report by Airbus
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1.1. BACKGROUND: TOWARD A SAFER FLIGHT

1.1.1. LOSS OF CONTROL IN-FLIGHT ACCIDENTS
Loss of control In-Flight (LOC-I) is the single biggest cause of fatal accidents over the
last 20 years [1]. According to the definition given by the International Association of
Air Transport (IATA) [2], LOC-I refers to “accidents in which the flight crew was unable to
maintain control of the aircraft in flight, resulting in an unrecoverable deviation from the
intended flight path.”

LOC-I accidents are almost always catastrophic, and are considered to be the highest
risk to aviation safety. Therefore, LOC-I is deemed to be an area for increased attention
[2]. In recent years, improvements in mitigating other accident categories have resulted
in LOC-I becoming the leading cause of fatal accidents in commercial air transportation
worldwide. The fact that LOC-I is receiving substantial attention from industry despite
the relatively low number of accidents is on account of the disturbing number of fatali-
ties they have caused [2].
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External fatalities (Total 104)
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Figure 1.1: Overview of Fatal Aviation Accidents and Principal Categories (Copyright © 2017 Boeing)

In the latest statistical summary of commercial jet airplane accidents published by
the Boeing company [3], a figure on worldwide fatal accidents occurring from 2007 thro-
ugh 2016 (Fig. 1.1) reveals that LOC-I remains the largest fatal accident category. As
shown in Fig. 1.1, LOC-I resulted in 16 accidents and 1347 total fatalities [3]. It is also
indicated in the report that LOC-I is a significant contributor to accidents and fatalities
across all civil vehicle classes, operational categories, and phases of flight [3], expos-
ing passengers and crew to the highest risk of a catastrophic accident with no survivors
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[4]. Similar trends can be found in the statistics on aircraft accidents from 2010 to 2016
published by IATA [2, 4, 5]. In the IATA report, LOC-I is also considered as the largest
contributor, accounting for 49% of total fatalities from 2010 to 2014 and 58% from 2012
to 2016.

LOC-I accidents have been shown to be significantly reduced by technologies already
existing on new generation aircraft, such as flight envelope protection systems that come
with fly-by-wire technology [1]. However, despite the positive impact of these develop-
ments, with low survivability ratio, LOC-I still remains the primary cause of fatalities in
air transportation, and its frequency is increasing compared to other categories.

Compared with other accident occurrence categories, LOC-I is challenging to pre-
dict and prevent, since it is a highly complex event: usually resulting from multiple
causal and contributing factors that can occur individually or (more often) in combi-
nation. There is no single intervention strategy that can be readily identified to prevent
LOC accidents. Therefore, the analysis on causal factors of LOC-I accidents has been an
extensively ongoing research topic in recent years [6]. In the LOC accident study con-
ducted by NASA, a review of 126 LOC accidents occurring between 1979 and 2009 was
performed based on accident reports and databases. Information from the reports was
transcribed into a categorized set of causal factors, which were then grouped into three
large categories: adverse onboard conditions, vehicle upsets, and external hazards and
disturbances [7]. As shown in Table 1.1, each category includes several subcategories of
precursors/hazards to enable a further statistical analysis.

Table 1.1: Categories of LOC Causal Factors

Adverse Onboard Conditions External Hazards and
Disturbances

Aircraft Upsets

system faults and failures icing and snow stall
airframe damage wind gusts abnormal attitude
engine failure wake vortices abnormal velocity
inappropriate crew response poor visibility abnormal trajectory

Of 126 accidents investigated in [7], 94.4% of accidents and 93.4% of fatalities in-
volved adverse onboard conditions. In addition, these precursors are also used to define
a LOC accident as a time sequence of connected events [7]. For example, some LOC acci-
dents are first precipitated by an adverse onboard condition (e.g., airframe damage) and
then lead to vehicle upset (e.g., stall). 54.8% of the accidents and 61.3% of the fatalities
are initiated by adverse onboard conditions, which accounts for the largest proportion
[8]. This dissertation focuses on airframe damage and system faults in this category.

1.1.2. FLIGHT ENVELOPE PREDICTION AND PROTECTION IN LOC PREVEN-
TION AND RECOVERY

Research into LOC-I accidents concluded that, in spite of numerous hazards and their
combinations, a key characteristic of LOC is the deviation of the aircraft from its normal
flight envelope [8]. An analysis of typical LOC accident data [9], in terms of angle of at-
tack and sideslip as compared to wind-tunnel data of normal flight, concluded that LOC



1.2. PRESENT RESEARCH

1

5

events often include flight conditions that lie far beyond the normal flight envelope. In a
research jointly conducted by the Boeing Company and NASA Langley [10], a quantita-
tive set of metrics is developed to define LOC accidents, based on five envelopes relating
the aircraft flight dynamics, aerodynamics, structural integrity, and flight control. These
research results revealed a strong relationship between LOC-I accidents and the excur-
sion of a set of predefined envelopes. Generally, flying out of the envelopes has three
causes: 1) pilots are not provided with enough information on the current situation and
envelope restrictions, 2) a lack of anticipatory guidance and recovery to mitigate the cri-
sis, and 3) possible changes in the flight envelope are not estimated and monitored in
time. Due to these reasons, the development of onboard flight prediction, protection
and awareness systems to improve flight safety has received significant attention from
industry and research institutes.

Currently, the fly-by-wire system with flight envelope protection carried onboard
modern airliners protects the aircraft within limitations of load factor, speed and angle-
of-attack to prevent stall [11]. The protection was designed to be either “hard” envelope
protection (as adopted by the Airbus airplanes), or “soft” envelope protection (as uti-
lized by the Boeing airplanes) depending on different policies on pilot authority [12].
Although it is debatable which one is better, both types of envelope protection systems
have reduced the pilot’s workload and enhanced flight safety. According to the latest
safety report issued by the Airbus Company[1], in 2016 the proportion of flights flown
by aircraft equipped with flight envelope protection has risen to 48%, which is likely to
contribute to a significant reduction in accident rate.

Nevertheless, research on improving and augmenting the aircraft flight control sys-
tem is still ongoing due to the high frequency of LOC-I. Regarding the complexity of LOC
accidents and practical challenges in conducting high-risk flight experiments (e.g., flying
with structurally damaged aircraft), there is no single intervention strategy or a holistic
solution to all the problems. Most research work focuses on one of five sub-topics:

1. Aircraft dynamic modeling under various LOC precursors/hazards,

2. Detection and identification of the precursors/hazards that lead to envelope change
and excursion,

3. Experimental and theoretical ways of defining and computing safe flight envelopes,

4. Integrating fault tolerant control systems with flight envelope protection, to en-
able automatic recovery and mitigate LOC hazards, and

5. Developing interface systems that improve the situation awareness and provide
anticipatory guidance to pilots under LOC hazards.

Fig. 1.2 illustrates that these topics are closely related to each other, and together they
form a complete system of online LOC prevention through flight envelope prediction
and protection.

1.2. PRESENT RESEARCH
Based on the five sub-topics listed above, a brief review of literature is given in this sec-
tion. Some research work has inspired the ideas and studies included in this thesis.
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Figure 1.2: Five sub-topics relating to LOC prevention via flight envelope prediction and protection

1.2.1. MODELING OF AIRCRAFT DYNAMICS

The motivation of this subject is three-fold: 1) to understand and model the characteris-
tics of aircraft dynamics under upset conditions, airframe damage, and external hazards,
2) to develop and evaluate technologies for the detection and identification of upset con-
ditions and structural damage, and 3) to integrate the modeling result into high-fidelity
simulation environments that enable improved pilot training and the validation of on-
board LOC prevention and recovery systems under realistic LOC scenarios. In general,
this is the primary phase and foundation of all LOC-related research work.

Considering the number of different hazards to be modeled, and their possible cou-
pled effects, acquiring data and developing a representative model is challenging. Cur-
rently, the aerodynamic modeling approaches involve analytical, experimental and com-
putational methods, which are applied to obtain data. The data are used for developing
a database and math models for characterizing aerodynamic effects associated with air-
craft upset conditions, structural damage and external hazards [8].

Aircraft upset conditions are often related to conditions in the stall/post stall flight
regimes where the aircraft leaves the normal flight envelope at a high angle-of-attack. An
extensive aerodynamic database was obtained through static and dynamic wind-tunnel
testing over a wide range of angles of attack and sideslip [9, 13]. Further enhancements
addressed the effects of various flap configurations in approach-to-stall, stall, and post-
stall flight regimes [14]. Particular attention was also devoted to the stall region where
full-scale transport aircraft have demonstrated a tendency for roll instability, and the
aerodynamic model was estimated from dynamic wind-tunnel data [15]. Extensive re-
search was also performed in advancing CFD modeling methods and software tools for
aerodynamic effects under upset conditions [16].

Aircraft structural damage can be caused by incipient fatigue crack growth that may
potentially reach sudden catastrophic failures and loss of components, and then lead
to changes in dynamic characteristics and control capability [8]. Aerodynamic data of
structurally damaged aircraft were obtained from wind-tunnel tests and CFD methods.
In a wind tunnel test conducted by NASA, damage was physically modeled on a sub-scale
general transport model (GTM) in the form of partial or total loss of wing area, horizontal
tail, and vertical tail [13, 17, 18]. The CFD assessment of aerodynamic degradation due
to airframe damage was obtained from experiments conducted on the same GTM model
[19]. Not only airframe structural damage, the aerodynamic effects of airframe icing were
also modeled and studied experimentally and computationally for onboard detection
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and mitigation of icing conditions [8, 20].

1.2.2. LOC HAZARDS DETECTION AND IDENTIFICATION
Much of the research on this subject has mainly focused on: 1) real-time system identifi-
cation of aerodynamic models, 2) failure detection, isolation and identification of flight
sensors and control actuators, 3) detection of damage size and location in structures
based on vibration characteristics and estimation of residual strength of the damaged
structure, and 4) detection of in-flight icing conditions.

System identification is a broad field of study, which involves various methods in
both the time-domain and frequency-domain applied to a variety of applications. Gen-
erally, it can be considered as the development of a mathematical model from modeling
data as an abstraction of physical reality. In aerospace, the identification of aircraft mod-
els can be decomposed into two parts using the two-step method [21]: 1) estimation of
system states based on the kinematics model, and 2) estimation of system parameters
based on the aerodynamic model. The changed characteristics of the aircraft under LOC
hazards are reflected in the change of the aerodynamic model in both structures and pa-
rameters [22, 23]. Once the change is correctly identified, the faults and failures causing
the change can be detected and isolated.

Faults/Failure Detection and Isolation (FDI) represents a series of methods and sys-
tems that detect the occurrence and isolate the source/location of certain malfunctions
of sensors and actuators [24]. The most commonly used FDI methods for sensors rely
on hardware redundancy, which uses multiple parallel sensors for the same function
and compares duplicative signals generated by different sensors. Instead, model-based
analytical FDI methods do not require additional hardware, and have been developed
and used for aircraft actuators [25]. By comparison, the analytical approach is more cost
effective with a wider spectrum of applications covering different types of aircraft com-
ponents [23, 26, 27].

The airframe structural damage can be defined in two levels. In developing struc-
tural health monitoring (SHM) systems [28], structural damage is regarded as fatigue
cracks that may occur anywhere on the airframe [29]. If these incipient faults are not
detected or left unattended for a long period of time, they may build up slowly and lead
to abrupt break away of a certain part of the airframe, which is the second level of struc-
tural damage. Nowadays, most attention focused on the first level in order to prevent the
occurrence of more severe damage like wing tip loss.

Airframe and engine icing is another important category of LOC hazards besides the
aforementioned system faults and structural damage. In-flight icing can cause changes
in vehicle dynamics as well as control effectiveness, and can accumulate until the air-
craft suddenly enters an upset condition. To address this problem, methods and systems
have been developed to detect the icing effects on aircraft and to provide pilots with an
advance warning of the adverse effects [8].

1.2.3. FLIGHT ENVELOPE DEFINITION AND DETERMINATION
The term “flight envelope” is loosely applied without a strict definition, since in litera-
ture various types of envelopes are derived and computed based on different methods,
flight states and metrics. In general, the flight envelope can be described as a region
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where the aircraft can perform a safe flight. Normally it is a subset of the state space
confined by certain flight conditions, which indicate aerodynamic limits (stall), energy
limits (thrust), and structural limits (load factor), all reflected in the operational con-
straints on airspeed, angle-of-attack, altitude and turn rate etc.

Commonly used flight envelopes are: 1) a V-n diagram which indicates the relation
between limitations on speed and load factor, 2) an Energy-Maneuverability (E-M) dia-
gram which improves the V-n plot by adding turn rate and provides more information
about dynamic maneuvers and energy state, which is also referred to as the "doghouse
plot". These flight envelopes and their improved extensions indicate the flight perfor-
mance and designed characteristics of an airplane. The boundaries of these envelopes
are derived from dynamic equations on a certain operation condition like a coordinated
turn or level flight. These flight envelopes can be correlated and combined to form a
larger envelope with more state constraints in flight planning.

From the perspective of LOC prevention, conventional flight envelopes are not suf-
ficient to show the relation between flight states and various LOC accidents. In [10],
five two-dimensional flight envelopes are defined to describe LOC in a quantitative way.
These envelopes are related to: 1) aircraft aerodynamics mapped in angle of attack and
angle of sideslip, 2) aircraft attitude in bank angle and pitch angle, 3) structural integrity
represented by airspeed and load factor, 4) dynamic pitch control, and 5) dynamic roll
control. By mapping flight test data (including stall) and LOC accident data into these
flight envelopes, LOC events can be characterized by excursions outside at least three of
these envelopes. Therefore, these metrics of flight envelopes can be used to predict and
prevent LOC accidents [8].

The aforementioned flight envelopes indicate the static hard limits of the aircraft.
Sometimes it is of equal importance to look more into the safe maneuvering and recov-
ery during flight. From this perspective, a safe flight envelope can be defined as a subset
of the hard-limit-envelope, in which the aircraft can maneuver to and from trim sets, or
transit between trim points. Theoretically, the determination of this kind of flight enve-
lope is always regarded as a reachability analysis problem, which has been addressed in
the literature [30–32]. Basically, the reachability analysis seeks to decide whether the tra-
jectories of a system model can reach a certain target set from an initial set within given
time horizons and input constraints [33].

The approach to the reachability problem is characterizing flight envelopes as level
sets of the value function of an optimal control problem based on the aircraft dynam-
ics and control authorities [34–38]. Given the intrinsic nonlinearity of the aircraft model
and the high complexity of the numerical computation [39], most methods cannot be
realized online. Methods with lower computational load and simplified aircraft mod-
els have been proposed for online application [22, 40–43]. In [44, 45], a recoverable set
is defined and computed on a linearized model to guide safe transitions between trim
points that have been calculated and stored offline [46]. However, in-flight computation
of reachable sets of complex nonlinear aircraft models remains infeasible.

1.2.4. FLIGHT ENVELOPE PROTECTION AND RECOVERY

The flight envelope protection and recovery system is developed and used to ensure that
the aircraft can stay in the safe flight envelope. As mentioned earlier, currently used on-
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board envelope protection systems have enhanced flight safety, but most of them are
typically designed for normal operating conditions, which leaves out much room for
further improvements and extensions to abnormal situations. Given convoluted con-
tributing factors to LOC accidents, online fault tolerant control and adaptive control are
integrated into a flight envelope prediction and estimation scheme [47] to help aircraft
recover from upset conditions after sudden failures. In [48, 49], a flight envelope protec-
tion scheme is developed on a command-limiting architecture based on the pre-defined
LOC quantitative envelopes [10] and is augmented by an adaptive controller to reject
system disturbances [50]. Other flight envelope protection systems are designed to ac-
commodate aircraft model changes that are the result of system failures and structural
damage [22, 51].

1.2.5. SITUATION AWARENESS AND ANTICIPATORY GUIDANCE

Developing human-machine interface systems, that provide anticipatory guidance and
improve situational awareness under LOC hazards, is another important aspect of LOC
prevention and recovery, and depends on progress in the aforementioned sub-topics. In
[52], a real-time method for predicting LOC safety margins as the aircraft gets close to
the edge of the safe flight envelope of operation is developed, which additionally pro-
vides flight-deck cues to the pilot [8]. The critical information of the edges of dynamic
envelopes computed in [22] can be mapped to pilot displays to show adverse impact of
engine degradation and icing conditions [53]. In [54], intuitive information on the flight
envelope is provided to pilots through haptics, force feedback trough the control device,
integrated in the existing Airbus control laws. An automation situation awareness dis-
play is proposed in [55] that provides cues about the state of automation directly in terms
of pilot control actions as well as flight parameters. Asymmetric flight envelope limits are
incorporated in interface design [56] to help crew plan an emergency landing trajectory.
For icing conditions, real-time envelope protection cues and alerting messages are in-
dicated on pilot displays, and the icing contamination envelope protection system has
been evaluated positively by pilots in flight simulations [57].

1.3. RESEARCH GOALS AND APPROACH

1.3.1. RESEARCH CHALLENGES AND MOTIVATIONS

It can be concluded from the literature review that the research on LOC-I prevention has
undoubtedly made significant progress in every aspect. Nevertheless, theoretical and
technical challenges are still present, some of which have become the motivation for
this thesis.

As mentioned in the previous section, most flight envelope protection systems cur-
rently applied onboard the aircraft work with fixed flight envelopes on the assumption
that the intrinsic aircraft dynamics do not change under any circumstances, that is, these
systems are static in nature. However, for many LOC hazards, like structural damage and
icing, the aerodynamic model as well as the nominal flight envelopes of the aircraft may
have changed. For example, in case of wing damage, the maximum lift coefficient de-
creases, which results in a higher stall speed and lower maximum load factor. Therefore,
the control and guidance constraints used by fixed flight envelope protection systems
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may no longer be valid. If the new, potentially shrunken envelopes are not provided to
the system or pilot in time, the aircraft will be under the risk of ‘unconsciously’ leaving
the safe flight envelope and move into a LOC event. To address this problem, an online
flight envelope prediction system is required.

The development of such a system faces a number of challenges, of which two are
crucial to consider. The first, called the fundamental challenge, states that an accu-
rate global model of the aircraft dynamics is required to obtain a flight envelope that
is globally valid. In the presence of failures and damage, however, measurement data
required for online model identification can realistically only be obtained in a limited re-
gion around the current flight condition because the impaired aircraft may not be able to
maneuver freely without exiting the new flight envelope, thereby causing the very prob-
lem the system is intended to prevent. Hence, the onboard global model can only be
updated locally in the direct neighborhood of the current flight state, with the remain-
der of the global model necessarily assumed unchanged. Without a valid global model,
the updated flight envelopes will be inaccurate.

The second challenge is more practical in nature, and entails the high computational
costs of existing methods for obtaining flight envelopes that exploit high-dimensional
nonlinear global models. Consequently, onboard use of such methods online in LOC sit-
uations is currently infeasible unless significant simplifications are made [22]. Although
methods on linearized models take less computational time [41, 45], the computed flight
envelopes are only valid within a limited region around the current state.

1.3.2. RESEARCH QUESTIONS AND METHODOLOGIES
Based on the aforementioned challenges, the main research goal can be formulated as:

Research Goal

To develop an online safe flight envelope prediction system for aircraft subject to
in-flight faults and damage.

Since the computation of flight envelopes in flight is infeasible, we may consider to
compute the envelopes in advance. The solution that is proposed in this dissertation is
to retrieve the flight envelopes from an onboard database, which is constructed offline
and contains precomputed flight envelopes for various representative faults and dam-
age scenarios. To achieve this, a wide spectrum of damage and failure cases that might
possibly occur to an aircraft will be considered. For each representative case, a global
dynamics model and its corresponding flight envelopes are obtained offline and then
stored into the database. Then, only the database retrieval is performed online, circum-
venting the two main challenges associated with direct online flight envelope prediction.
Having a comprehensive database within the envelope protection system means that it
is likely that a safe flight envelope can be quickly retrieved and used to save the aircraft
from transgressing into a LOC event.

To achieve this goal, four research questions need to be answered, which together
frame the objectives of this research. Figure 1.3 shows a general framework of the database-
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driven system proposed in this thesis, as well as the key topic of each research question
marked by four different colors. The solution to each question can be considered as one
of the components of a complete flight envelope prediction and protection system de-
veloped in this thesis.

System 
Identification

Damage 
Detection and 
Classification

Fault Detection 
and Isolation

Aircraft
Flight 

Envelope 
Database

Damage Cases Modeling Flight Envelope Computation

RQ1 RQ2 RQ3 RQ4

Fly-by-wire Fault 
Tolerant Controller

Flight Envelope 
Protection

online process offline process

Figure 1.3: An overview of the proposed database-driven system and main research questions.

Research Question 1

How to establish the global aerodynamic model of damaged aircraft and identify
the parameters of the model?

The precondition of a reliable online envelope prediction system is an accurate global
model, which is composed of a set of local models under different flight conditions. Dif-
ferent local models may have different model structures and parameters, which are ob-
tained by using system identification under specific flight conditions. The identification
method used in this thesis is the two-step method in the time domain, where the esti-
mation of flight states and aerodynamic coefficients are separately dealt with [21]. Since
this research is aimed at aircraft structural damage, the focus is on the second step of the
two-step method, in which the identification of changed aerodynamic coefficients may
help to diagnose the damage to the aircraft.

The aerodynamic characteristics of the partially damaged aircraft requires data mea-
sured from damaged aircraft in a series of destructive tests. Since real-time flight data of
aircraft under off-nominal conditions are hardly available, unless destructive tests are re-
peatedly conducted, most experiments are based on using subscale models in the wind
tunnel [13, 17, 18] and CFD experiments [19]. By identifying the model parameters and
model structures from experimental and simulation flight data, the aerodynamic model
of partially damaged aircraft can be established.
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Research Question 2

How to develop an online damage assessment system, which can diagnose the
current health condition of a damaged aircraft?

From wind-tunnel data, it can be observed that each damage case, with different
structural parts missing, results in unique aerodynamic effects on the aircraft as well as
changes in different stability derivatives. For instance, the experiment data obtained in
a situation with horizontal stabilizer damage show that the damage causes significant
changes in longitudinal stability, which is indicated by the changed value of Cmα and
Cmq [17]. Additionally, due to geometric asymmetry after one-sided damage or unequal
damage to both stabilizers, a slight incremental rolling moment is observed with the
increasing value of Clα . The vertical tail damage mainly results in a steady change in
lateral forces and directional stability, as indicated by the values of CYβ , Cnβ , and Cnr [58].
For wing damage experiments conducted in [17, 18], the most important observation is
the reduced lift force and the incremental rolling moment induced by unequal normal
force contributions from left to right wings. Also, the effective dihedral Clβ is affected
due to wing tip loss.

From these observations, one can imagine that the damage can be detected and iso-
lated based on diverse aerodynamic characteristics caused by different damage parts on
the aircraft. Through creating a training set by performing a number of simulation ex-
periments based on several pre-defined damage cases, a classification problem can be
formulated. One of the key steps is training the classifier offline with known damage
classes to get the decision boundaries or surfaces that divide the measurement space
into several regions. Based on the offline training and online identification results, the
current structural integrity of the aircraft can then be accurately assessed.

Research Question 3

How to compute the safe flight envelopes of an aircraft, and build a database of
various fault and damage cases?

Reachability analysis is chosen in this research as the technique to compute safe
flight envelopes. One advantage of this technique is that all possible trajectories can be
computed from all available control strategies and initial states, which naturally meets
the safety guarantees [41]. The computed results are called reachable sets, which are
defined as a set of states that reach a certain target set within a given time horizon and
current control authority [33, 35, 59]. During the process of predicting the safe flight en-
velope, two reachable sets are needed, which are normally referred to as the backward
reachable set and the forward reachable set [38, 42, 60], as shown in Fig. 1.4(a). The in-
tersection between these two reachable sets of a given trim set is then defined as the safe
flight envelope, as it indicates the region in the state space where aircraft can reach the
trim set and maneuver freely within a certain time horizon. When failures or damage
occurs, both the forward and backward reachable sets will shrink, as well as the trim set
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due to the changed aircraft model. Therefore, some state trajectories that are part of the
reachable sets during normal flight become part of the unreachable set after failures or
damage, which typically results in the reduced safe flight envelope shown in Fig. 1.4(b).

trim set forward reachable set backward reachable set

safe flight envelope state trajectories  

(a) normal flight

reduced trim set reduced forward 

reachable set

reduced backward 

reachable set

reduced envelope unreachable state trajectories after damage   

(b) after failures or damage

Figure 1.4: Illustration of the safe flight envelope based on reachability analysis and its change after sudden
damage and failures.

Based on the computed safe flight envelopes, a database containing offline calcu-
lated envelopes under different fault and damage scenarios can be designed and estab-
lished. Each flight envelope stored in the database corresponds to one index number,
that is, the database “key”, which is determined by the current flight condition and the
assessed health condition of the aircraft. Since the finite number of safe flight envelopes
in the database is constrained by storage volume and the number of modeled abnormal
cases, there are inevitably situations where the true flight envelope falls in-between two
neighboring categories in the database. In this case, it is necessary to interpolate be-
tween two envelopes to obtain safer flight strategies. Since flight envelopes can be con-
sidered as a geometric structure, the method used for interpolation in this research is in-
spired by research on surface reconstruction and image matching using the fast march-
ing method [61–64]. The basic idea is to compute a distance map of a set of points, based
on which the optimal paths between two contours can be established and interpolation
be implemented. By assuming the same trend of change of contours within certain com-
putation bounds, extrapolation is also possible based on the distance map computed by
the fast marching method.

Research Question 4

How to integrate the retrieved flight envelope with an onboard fault tolerant
flight controller to develop a flight envelope protection strategy?

Note that the term “safe flight envelope” is used interchangeably with “flight envelope” throughout this disser-
tation because they have the same meaning and definition, and the word "safe" is only used to emphasize its
importance in flight safety.
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The utilization of the retrieved flight envelopes is a very important part in closed-
loop flight control, especially for an impaired aircraft. Conventional flight envelope pro-
tection systems work with fixed state constraints. For damaged aircraft, however, the
available control authority may have been reduced. Therefore, the new flight envelope
retrieved online is used to limit/modify the reference command to the controller, in or-
der to prevent the aircraft from flying outside the flight envelope and subsequently un-
dergoing LOC. The flight envelope protection system is embedded in the framework of
a multi-loop nonlinear controller. The main focus of this research question is on the
combination of online flight envelope prediction and control-based flight envelope pro-
tection under post-damage/failure situations. As shown in Fig. 1.3, the flight envelope
protection closes the loop of the proposed database-driven system which aims to main-
tain the damaged aircraft under control.

1.4. SCOPE AND LIMITATIONS

In flight envelope protection, it is not (yet) possible to come up with one holistic solution
which considers all possible LOC precursors and causes. Hence, the scope of this thesis
is inevitably limited to one of the categories. From the perspective of flight dynamics
and control, the most influential contributors to LOC-I include airframe icing, structural
damage, stall, sensor and actuator faults etc. And indeed, many detection and moni-
toring systems have been intensively developed and applied onboard for these factors.
Structural damage, however, has not yet received much attention in literature. The rea-
son is that conducting repeated destructive experiments on large-scale structures like
aircraft is not feasible, and there are no sensors onboard to collect direct measurement
data for analysis. Since the aerodynamic model, as well as the flight envelope of an air-
craft, is largely influenced by its aerodynamic and control surfaces, it is necessary to
monitor and assess the integrity of them and analyze their aerodynamic characteristics.
Based on these reasons, in this thesis, flight envelope prediction and protection meth-
ods are mainly developed for structurally damaged aircraft with significant changes of
its aerodynamic model. It is expected in future work that the proposed methods can be
extended to the prevention of other LOC contributors.

Structural damage can be defined in two ways: 1) a small interior crack on a two-di-
mensional plate that leads to the reduction of load. If the crack is left undetected or
unintended, it will grow to a critical size in flight and may lead to: 2) sudden damage and
break away of large aerodynamic surfaces like wings, vertical tail and horizontal stabi-
lizers. This kind of large-scale damage may quickly lead to LOC if recovery and control
strategies are not readily applied. Research on the first type of structural damage mainly
focuses on developing continuous health monitoring methods, based on vibration or
ultrasonic wave characteristics, or strains measured at preselected simulated sensor lo-
cations [28, 29]. Such small-scale damage does not induce instant crucial effects on the
stability, dynamics and control authority of the aircraft before it develops into large-scale
damage. From the perspective of flight envelope estimation and fault tolerant control,
this research focuses on the second type, which is large-scale damage to the aircraft, like
partial loss of wings, vertical tail, horizontal stabilizers and control actuators.



1.4. SCOPE AND LIMITATIONS

1

15

The effects of such large-scale structural damage are mainly a combination of aero-
dynamic changes and mass property shifts [17]. However, mass properties change due
to damage, though coupled with moments and forces, seem not to have a substantial ef-
fect on flight characteristics compared to the aerodynamic and control effects, according
to a wind tunnel experiment [18], in which a large, asymmetric mass change (physical
separation of an engine) was modeled. Besides, in actual flight when structural dam-
age happens, there are no sensors or numerical methods to measure the changed mass
properties instantly onboard. The damage detection and classification method devel-
oped in this thesis does not necessarily require the exact value of forces and moments,
but only the aerodynamic effect that each damage case has on the aircraft. In a sense,
we lump the effects of changed weight and inertia with that of the aerodynamic changes,
and the mass and inertia properties are not modeled and assumed constant.

In this theis, the simulation environment is called “DASMAT”, which is the abbrevia-
tion of “Delft University Aircraft Simulation Model and Analysis Tool” [65]. The DASMAT
provides a high-fidelity simulation environment for developing and testing new method-
ologies in a fly-by-wire system before they are implemented in real flight [65]. The model
data incorporated in the DASMAT environment is based on Cessna 500 Citation I, which
is a generic twin-jet business aircraft.

Since our research focuses on method development and theoretical analysis, no ac-
tual wind-tunnel tests or complete computational experiments for different damage cases
are conducted for the Cessna Citation. Hence, aerodynamic data for a damaged Cessna
Citation aircraft are not fully available for damage modeling. Alternatively, several wind-
tunnel tests of a 5.5% scale model of a commercial aircraft called the Generic Transport
Model (GTM) were conducted by NASA with a number of damage cases [13, 17, 18]. The
results of these tests are used as a reference for damage modeling of the Cessna Cita-
tion on the assumption that the two aircraft types have similar aerodynamic character-
istics after damage. This assumption has been partially verified by computational exper-
iments on the Cessna Citation using digital DATCOM, where different levels of vertical
tail damage were modeled [58]. The ultimate goal of the research presented in this thesis
is to develop a generic system of flight envelope prediction and protection.

In theory, deterministic reachable sets and flight envelopes are accurate in showing
flight states that can be reached within a given time horizon. In reality, however, un-
der the influence of (external) disturbances, the theoretical flight envelopes computed
from deterministic reachability analysis may not include states that are practically un-
reachable. Therefore, probabilistic reachability analysis has been developed to consider
the influence of uncertainties and disturbances usually modeled as a stochastic process
[66]. Important as it is, the modeling of uncertain disturbances and computing proba-
bilistic reachable sets are not within the scope of this thesis, however. The focus of our
research is not the absolute accuracy of obtaining a realistic flight envelope, but to show
the feasibility of an online database-driven system. In this thesis, the database is loaded
with deterministic flight envelopes, while in future work the database can be augmented
to cover more realistic situations.
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1.5. OUTLINE

The main contents of Chapters 2 to 5 map one-on-one to the four research questions
stated above, whereas Chapter 6 summarizes the main results and provides some rec-
ommendations for future research.

CHAPTER 2
Chapter 2 first gives the general framework of online safe flight envelope prediction sys-
tem based on offline-assembled databases. The chapter discusses the study on different
damage cases and their effects on the aerodynamic model of aircraft [13, 17, 18]. Based
on this, the mathematical modeling of damaged aircraft is conducted, which enables the
identification of the aerodynamic model of aircraft with various structural damage cases.

CHAPTER 3
Here we discuss methods to diagnose the aircraft health by categorizing the current
states into one of the predefined damage cases. Three methods, based on fuzzy logic,
neural networks and support vector machines, respectively, are used for in-flight dam-
age detection and classification. The proposed methods are compared and their relative
merits discussed based on their performance in simulation experiments with three dam-
age cases.

CHAPTER 4
In this chapter, the database is built containing different flight conditions for which the
flight envelopes are computed. Both longitudinal and lateral envelopes are computed
with the level set method, which shows obvious shrinkage between damaged and un-
damaged aircraft. It is found that by interpolating between two retrieved envelopes in
the database, more accurate results can be achieved, and the size of the database can
be reduced. Complexity analysis shows that compared to other computational meth-
ods, the database approach, with its high efficiency and flexibility, is indeed feasible for
online safe flight envelope prediction.

CHAPTER 5
This chapter mainly focuses on the implementation of the whole flight envelope pre-
diction system by connecting all the separate modules discussed in previous chapters
together. The retrieved flight envelopes are utilized by a fault-tolerant controller, to form
a complete flight envelope prediction and protection system. Simulation results indicate
that the proposed system can help prevent the damaged aircraft from transgressing into
loss-of-control conditions.

CHAPTER 6
This chapter finalizes the dissertation with conclusions and recommendations, as well
as a short discussion about new developments and the way ahead for future research.
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2
MODELING AND SIMULATION OF

DAMAGED AIRCRAFT

In this chapter, the adverse impact of damage/failures on the stability and control author-
ity of the aircraft is thoroughly discussed. Damage cases are transformed into mathemat-
ical models based on data from wind tunnel tests, where the aerodynamic influences of
damage are reflected in the changed values of model parameters. The flight of damaged
aircraft is simulated based on the damage modeling, and the model parameters are iden-
tified online, which in turn reveals the modeled aerodynamic effects of typical damage
cases. The study on aircraft damage and failures lays the foundation of the whole research.

This chapter is based on:
Y. Zhang, C. C. de Visser, and Q. P. Chu, Aircraft Damage Identification and Classification for Database-Driven
Online Flight-Envelope Prediction, Journal of Guidance, Control, and Dynamics, Vol. 41, No. 2 (2018), pp.
449-460.
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2.1. INTRODUCTION
As discussed in Chapter 1, the prediction and protection of safe flight envelope (SFE) is
essential for preventing aircraft loss of control. The SFE is characterized by aerodynamic
and kinematic models of the aircraft as well as its control authority, and represents the
region in the state-space in which the aircraft can be safely operated. Different defini-
tions of the flight envelope are proposed in literature [1–6]. Widely used to prevent stall
and potential structural damage, the conventional maneuvering envelope defines hard
constraints on speed and load factor.

In addition to these static limitations, dynamic envelope bounds can be established
by determining the controllable, or reachable states given the control authority of the
pilot or autopilot [2, 3]. Reachability analysis provides a rigorous approach to actually
calculate the dynamic envelope bounds [2, 3]. In principle, reachability analysis deter-
mines the complete set of states that can be reached from a target set within a given
time horizon while subject to the system dynamics and input constraints. As introduced
in Chapter 1, the SFE is defined as the intersection between a forward reachable set and
a backward reachable set. This intersection indicates the region in the state-space inside
which the aircraft is guaranteed to be capable of maneuvering from as well as returning
to a trim set within a certain time horizon [4–6].

In normal situations, flight envelopes can be stored as a fixed part of a loss-of-control
(LOC) prevention system [1]. However, they may no longer be valid after sudden failures
or structural damage, since the aerodynamic properties of the impaired aircraft would
change, often significantly. For example, under the situation of wing damage, the max-
imum lift coefficient decreases, which results in higher stall speed and lower maximum
load factor. Therefore the overall maneuvering envelope will shrink due to the change in
the aerodynamic coefficients. Under such abnormal conditions, the pilots need to ac-
quire the reduced SFE as quickly as possible, implying that the onboard computer must
recalculate the solution in near real-time.

Considering the challenges of implementing such an online system, a possible so-
lution is proposed, which is retrieving the SFEs from an onboard database. For each
representative damage case, a global dynamics model and its corresponding SFE are
computed offline and then stored in the database. The process of predicting the flight
envelopes online based on the pre-built databases is indicated as a “Database-driven
onlinE Flight ENvelope preDiction system (DEFEND)”.

2.2. SYSTEM OVERVIEW
The general process of the DEFEND system is illustrated in Fig. 2.1, where the onboard
system is supported by offline databases. It is clearly shown that the realization of on-
line SFE prediction is strongly connected to the database retrieval system, and a reliable
online identification process is essential for successful retrieval from the database. As
displayed in Fig. 2.1, the FDI module is used to monitor the health conditions of the ac-
tuators. If any failure happens (e.g., hardover, jam), it will soon be detected by abnormal
residuals between the actual outputs of actuators and the expected values calculated
from their mathematical models [7]. Meanwhile, onboard sensors are also being mon-
itored by advanced FDI techniques such that any sensor faults can be quickly detected
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Figure 2.1: The general framework of DEFEND: a database-driven safe flight envelope prediction system

and compensated for [8]. New measurements of flight states and responses are sent to
the system identification module which uses the two-step method [9] to update the air-
craft model. At the first step, the aircraft states and sensor bias are estimated by a Kalman
filter or other advanced state estimators based on aircraft kinematic models [8].

Next, the nondimensional forces and moments along each axis are calculated using
the estimated states and sensor information, which provides the input to the second step
of the two-step method, i.e. the estimation of stability derivatives using a recursive least
squares method. For damaged aircraft, it is likely that the conventional model structure
has changed, so a model structure selection scheme is used [10]. According to a series
of experiments and reports [11–14], the aerodynamic model is directly related to the in-
tegrity of airplane’s components and structures. Hence, the calculated dimensionless
forces and moments are used to initiate an online aerodynamic anomaly detection pro-
cess, which works by comparing the output of nominal flight models with the current
output measurements. If there are any abnormal changes to the forces and moments,
control inputs will be given in an effort to counteract the induced motion, creating suf-
ficient input excitation needed for the identification of the changed local model. Mean-
while, an alarm will be generated that triggers the damage classification to determine the
position and scale of the possible damage based on the newly-identified stability deriva-
tives and the training knowledge of the current flight condition. Once the damage case is
estimated, this information will be provided to the database as an index to retrieve a set
of candidate SFEs. By applying database retrieval schemes and interpolation algorithms,
a unique SFE is obtained that is closest to the current damage situation. The obtained
SFE can then be presented to the pilots and utilized by the fault tolerant controller to
generate new control laws.

As mentioned in Chapter 1, the ultimate goal of my research is to implement the
DEFEND system and integrate the predicted flight envelopes with online flight controller
to finally form a complete loop of controlled flight. Each following chapter will discuss
one part of the DEFEND system, and they will be combined together in Chapter 5. This
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chapter mainly focuses on the system identification, damage modeling and detection of
the aircraft.

2.3. AIRCRAFT MODEL IDENTIFICATION

2.3.1. STEP 1: FLIGHT STATE ESTIMATION

The identification of a high-fidelity mathematical model of aircraft is essential. The gen-
eral state space model set of nonlinear system equations describing the kinematics of
the aircraft is given by:

ẋ(t ) = f (x(t ),um(t ),λ, t )+G(x(t ))w(t ),

λ̇= 0

ym (t ) = h(x(t ),um(t ),λ, t )+v(t )

(2.1)

where x = [V ,α,β,φ,θ,ψ]T represents the system states. um is the vector of inputs mea-
surements u from the inertial navigation system (INS), which includes specific forces
(Ax , Ay , Az ) and angular rates (roll rate p, pitch rate q , and yaw rate r ). ym = [Vm ,αm ,βm ,
φm ,θm ,ψm] is the vector of outputs measured from air-data sensors and INS. These
measurements from onboard sensors are usually perturbed by sensor noise and biases.
The input noise vector and output noise vector are w and v respectively. G is the noise
distribution matrix. In general cases, the input noise vector w(t ) is assumed to be a
continuous white noise process and the output noise vector v(t ) a discrete time white
noise process. w(t ) and v(t ) are uncorrelated. The standard deviation of noise model
can be estimated based on the known characteristics of onboard measurement equip-
ment specified by the manufactures. The sensor biasesλ are modeled as constant states,
and um = u+λ+w [10]. The estimation of true aircraft states from the biases and noise-
contaminated states can be done by the iterated extended Kalman filter (IEKF), which
has been successfully applied on aircraft [15].

Having caused many fatal accidents, faults in air-data sensors should also be con-
sidered as part of the system for detection and diagnosis. Besides, external disturbances
like wind shear and gusts can severely degrade the performance of state estimation and
sensor-fault detection if not carefully addressed and modeled in the system. Researches
focusing on these challenging issues can be found in [8, 16].

2.3.2. STEP 2: AERODYNAMIC MODEL ESTIMATION

As the first step of the tow-step method, state estimation provides accurate values of
states and inputs without the perturbation of sensor noise, biases and faults. This step
is essential for the second step, which ensures that the identification of aerodynamic
coefficient is not subjected to uncertainties from sensors.

By deducing estimated biases from filtered measurements, the dimensionless aero-
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dynamic forces and moments of the aircraft are calculated by [10]:
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sinα 0 −cosα

−cosα 0 − sinα

0 1 0
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(2.3)

The calculated dimensionless coefficients in Eq. 2.2 and 2.3 are used to identify the
aerodynamic model parameters. The model structure needed for identification depends
on the type and condition of the aircraft, which is usually selected offline via flight test
data. In this chapter, the model structure in Eq. (2.4) is used for identifying the aerody-
namic model of the Cessna Citation aircraft from simulation data, where each model pa-
rameter corresponds to one of the control and stability derivatives. The values of these
parameters contain important information about the physical health condition of the
aircraft.

CL =CL0 +CLαα+CLq

qc̄

2V
+CLδe

δe

CD =CD0 +CDαα+CDα2α
2 +CDq
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+CDδe
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r b
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2V
+Cmδe
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+Cnδa
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δr

(2.4)

The flight data for identification is generated from DASMAT environment introduced
in Chapter 1, which incorporates the nonlinear aircraft model with aerodynamic look-up
tables identified from real flight tests [17]. DASMAT is used in our research to simulate,
analyze and compare the dynamic behavior of damaged and undamaged aircraft given
different control inputs and strategies [18]. The whole process of two-step identification
with DASMAT model is illustrated in Fig. 2.2.
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2.3.3. ONLINE RE-IDENTIFICATION OF CHANGED MODEL PARAMETERS

Given a certain model structure, a recursive least squares method can be used to esti-
mate the aerodynamic model parameters. During normal flight, these parameters barely
changes under the same flight condition. After the occurrence of faults and damage,
however, the aerodynamic model parameters change and need to be re-identified on-
line, which requires sufficient excitation input to the system. The re-identification is
triggered by an alarm, which is generated when anomalies in aerodynamic forces and
moments are detected. The detection is based on the residual r (t ) of estimated aero-
dynamic model. The mean of the residual E [r (t )] should be zero in the normal situa-
tion, otherwise it will deviate from zero. In reality, however, the residuals are corrupted
by noise, unknown disturbances (e.g. wind shear/gusts), and uncertainties in the sys-
tem model [7]. Therefore, the distribution of the residual is used as the criterion for
anomaly detection because the output residual during normal flight can be expected to
have statistics determined by the noise present in the system [19].

As illustrated in Fig. 2.3, the distribution of the residual is calculated using data from
a series of flight tests under nominal condition. Each training data point is the absolute
value of the residual, which is used to fit in a certain distribution (e.g., Gaussian) by cal-
culating the parameters of its probability density function (PDF). The trained PDF is then
utilized to evaluate the probability density of newly measured data and decide whether
it contains anomalies or not. Take Gaussian distribution for example, the probability
density of each incoming new data point p(rnew ) is computed according to:

p(rnew |µ,σ) = 1p
2πσ2

exp

(
− (rnew −µ)2

2σ2

)
(2.5)

where µ and σ are the trained parameters of the Gaussian distribution of the un-
damaged aircraft. When damage occurs, the sudden change of forces and moments will
result in a residual that has a very low probability in the distribution of normal data.
Anomalies can then be detected using a threshold, where y = 1 signifies the potential
existence of an anomaly:

y =
{

1 if p(rnew ) < ε (anomaly)
0 if p(rnew ) > ε (normal )

(2.6)



2

30 2. MODELING AND SIMULATION OF DAMAGED AIRCRAFT

actuators 
inputs

aircraft

estimated aircraft 
model 

δ
a

  δ
e

  δ
r

decision 
making / 
threshold

flight states

measured forces 
and moments

estimated forces 
and moments

trained 
probability 

density function 

residual r

probability 

density

_

statistical metric
averaged 

residual

Figure 2.3: Online anomaly detection and re-identification trigger

The threshold ε is determined based on a cross validation set of labeled examples in-
cluding both normal and abnormal data points [20].

Alternatively, a statistical metric of residuals can be used for anomaly detection, which
calculates the averaged residuals over a period of time [19]:

r̄ (t ) = 1

ns

ns∑
i=0

r (t − i ) (2.7)

where ns is the number of samples over which the average is taken to prevent false-
alarms. For each channel, a threshold is chosen based on the simulation data or real
flight test data. A trigger alarm is generated if r̄ (t ) exceeds the threshold.

Once the re-identification process is triggered by the detection alarm, apart from
sufficient excitation input, the covariance matrix of the estimation also needs to be reset
to a higher value in order to enhance the influence of new incoming data. The resetting
of the covariance matrix can also be done via a forgetting factor, which varies with the
estimation residual [21].

Sudden occurrence of wind shear/gusts often causes abrupt change of wind speed
and direction, thus leading to unexpected responses of aircraft. Like other abnormal
cases, this will also generate excessive residuals and trigger the re-identification of pa-
rameters in Eq. 2.4. Hence, the detection alarm defined above cannot effectively distin-
guish among faults, damage and wind shear/gusts, but only indicates the possibility of
model change and necessity of re-identification.

One of the differences between system failures (e.g., faults and damage) and external
wind shear/gusts is the duration of impact. Therefore, it is important to examine the
value of the steady state each parameter converges to, given sufficient excitation. If the
converged steady state is close to its original value after a period of deviation and fluc-
tuation, it is more likely due to external disturbances, compared to the situation where
the converged steady state is quite different from its original value. The discrepancy be-
tween the new steady state and its original value can be used to evaluate the extent of
model change and thus diagnosis the health condition of the aircraft, which will be fur-
ther discussed in Chapter 3
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2.4. AERODYNAMIC EFFECTS MODELING OF STRUCTURAL DAM-
AGE

A high-fidelity model of a structurally damaged aircraft is the basis for flight simulation
and data generation, which is essential to damage case estimation, flight envelope com-
putation and controller design etc. In the “ideal” case, the modeling of aerodynamic
effects of structural damage requires data from systematically conducted flight experi-
ments with damaged aircraft, which for obvious reasons is problematic to obtain. Most
experiments are therefore based on subscale models in the wind tunnel [14] and CFD ex-
periments [22]. In recent years, the Generic Transport Model (GTM), a 5.5% scale model
of a commercial aircraft has been the subject of a series of extensive wind tunnel tests
undertaken by NASA [11, 12] for the exploration of loss-of-control events [13]. In these
experiments, the damage was modeled in the form of partial or complete tip loss of the
three major parts that provide the aerodynamic forces and moments: the horizontal sta-
bilizers, the vertical tail, and the wings.

Figure 2.4 shows the geometrical configuration of a damaged Cessna Citation air-
craft. The damage is located on horizontal stabilizers, vertical tail and wings respectively.
It should be noted that the aforementioned wind tunnel experiments are based on GTM,
which is not the subject aircraft of my PhD research. However, preliminary work on dam-
age modeling has also been performed using digital DATCOM, where the aerodynamic
characteristic of a Cessna Citation aircraft with various levels of vetical tail damage was
modeled [23]. Compared with the GTM model, the results of Cessna Citation show simi-
lar patterns and trends of aerodynamic changes after vertical tail damage. The similarity
can be explained by the similar geometrical configurations of these aircraft types. There-
fore, it is reasonable to assume similar aerodynamic characteristics between these two
models in the other two damage cases, which are horizontal stabilizer damage and wing
damage.
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It can be concluded from wind-tunnel experiments [11–13] that each damage case
results in unique aerodynamic effects on the aircraft, which are indicated by changes in
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different stability derivatives. The experimental results of horizontal stabilizer damage
[11] shows that the damage causes significant changes to longitudinal stability, which is
indicated by the changed value of Cmα and Cmq . Additionally, due to geometric asym-
metry, a slight incremental rolling moment is observed. The vertical tail damage mainly
results in a steady change in lateral forces and directional stability indicated by the val-
ues of CYβ , Cnβ , and Cnr . In wing damage experiments, the most important observation
is the incremental rolling moment ∆Cl induced by unequal normal force contributions
from left to right wings. Also, the effective dihedral Clβ and roll damping Clp are affected
due to wing tip loss. The change scale of aerodynamic coefficients is calculated by:

change scale∆C = Cd amag ed −Cund amag ed

|Cund amag ed |
·100% (2.8)

Fig. 2.5 shows the calculated change scales on different percentages of tip loss of three
different parts [11–13, 23]. By adding the change scales of GTM to DASMAT’s original
aerodynamic look-up tables, the model of a damaged Cessna Citation aircraft can be
established in the simulation.
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Figure 2.5: the change scales of aerodynamic coefficients from wind-tunnel and computation experiments
[11, 23]

Another challenge in the modeling process is due to the physical limitations of mak-
ing aircraft models and conducting wind tunnel tests. These limitations result in limited
damage cases and experiment data, which may not be enough to cover all the possible
situations. For example, damage to horizontal stabilizers is modeled with 12.5%, 25%
and 50% tip loss respectively, while information on other scales, like 40% tip loss, is still
missing. To deal with this problem, interpolation is used by treating the available experi-
ment data points as “knots” and estimate the values in between. It can be observed from
Fig. 2.5 that the relation between the change scale of each aerodynamic coefficient and
the percentage of tip loss can be approximated by linear functions. The calculated and
interpolated∆C together form the damage scale matrix Dm ∈ℜn×n , which is used for the
modeling of control and stability derivatives via:

Cdmg = (I−Dm)Cnom +Bm (2.9)

where I is an n×n identity matrix, Cnom ∈ℜn×1 and Cdmg ∈ℜn×1 are the vectors of aero-
dynamic coefficients (see Eq 2.4) before and after damage. For instance, the vector of
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rolling moment is Cl =
[
Cl0 , Clββ, Clp

pb
2V , Clr

r b
2V , Clδa

δa , Clδr
δr

]T
. Bm ∈ ℜn×1 denotes

the incremental forces and moments induced by the damage, which are determined
based on experimental data [11–13]. By using Eq. 2.9, five damage levels ranging from
10% to 50% tip loss of wings and tails are modeled in the DASMAT simulation environ-
ment, where the original aerodynamic model is stored in the form of look-up tables.

2.5. SIMULATION FLIGHT

To simulate an onboard identification process, aircraft responses are generated by the
open-loop DASMAT simulation model. Given doublet maneuvers of ±5◦ on elevators,
ailerons and rudder triggered at different times, where the data is contaminated by mea-
surement noise (SNR = 25). It is important to note that when damage happens in reality,
the actuator inputs required for excitation of the system for online system identification
may not be specified as doublets but generated automatically by the onboard fault toler-
ant controller to compensate for damage-induced excursions from the reference trajec-
tory. In that sense, the fault tolerant controller indirectly excites the system by making
efforts to stabilize it. The incorporation of a fault tolerant controller is discussed later in
Chapter 5.

The first two subplots of Figs. 2.6, 2.7, and 2.8 show the time histories of dimension-
less forces and moments obtained by applying a doublet maneuver of ±5◦ on the ac-
tuators of the DASMAT simulation model. The measurements and identified values of
the damaged aircraft are denoted by solid lines and dashed lines respectively, which are
compared with measurements from the undamaged aircraft in solid-dashed lines. It is
observed that the identification algorithm succeeds in tracking the measured value of
dimensionless forces and moments of the damaged aircraft and results in satisfactory
low identification errors during the entire time span. The identification results of the
stability derivatives along with their real values are displayed in the (c)(d)(e) subplots of
Figs. 2.6, 2.7, and 2.8 for each of the damage cases accordingly. It is noted that the real
values are extracted from the look-up table from the simulation model, but in real flight
these cannot be directly read or measured from the aircraft. The estimated values are
expected to converge to the real values during the identification process.

The ratio between the converged coefficients of the damaged and undamaged air-
craft indicates the change induced by structural damage. It is clearly shown that the
identified stability derivatives quickly converge to the changed values, capturing the
aerodynamic characteristics accurately and providing essential information for damage
classification, which is immediately triggered once the anomaly detection block gives a
positive alarm. The last three subplots of Figs. 2.6, 2.7, and 2.8 shows the anomaly de-
tection results of three damage cases based on the residuals between the responses of
damaged and undamaged models. The upper plots of (f)(g) in Figs. 2.6, 2.7, and 2.8 de-
pict the absolute value of residuals between measured outputs and estimated outputs
with respect to time, and the probability density of the residuals computed from Eq. 2.5
is displayed in the lower plots. The increase of the estimation error and the correspond-
ing decrease of its probability density are observed soon after the damage is triggered. A
threshold is used to capture the anomaly observed in the data. Each channel has a sepa-
rate detection threshold and different re-identification time, so the anomaly alarms are
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triggered individually, which are displayed in Figs. 2.6(h), 2.7(h), and 2.8(h). It is impor-
tant to note that in the open-loop simulation, the time of change detection and anomaly
alarms are closely related to the time of maneuver execution of the aircraft. Hence, an
updated model identified from sufficient input excitation is a key factor for a successful
anomaly detection, which again leads to the work of Chapter 5.
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Figure 2.6: Identification and anomaly detection results of 30% tip loss of left horizontal stabilizer. The damage
is triggered after 1 second
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Figure 2.7: Identification and anomaly detection results of 20% tip loss of vertical tail. The damage is triggered
after 4 seconds
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Figure 2.8: Identification and anomaly detection results of 40% tip loss of left wing. The damage is triggered
after 1 second
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3
CLASSIFICATION AND ASSESSMENT

OF AIRCRAFT DAMAGE

In the damage assessment system discussed in this chapter, the identification results from
Chapter 2 are used as input data to diagnose the current health condition of the damaged
aircraft. Inspired by the application of machine learning in health monitoring, two clas-
sification methods are investigated and used to diagnose the aircraft by categorizing the
current states into one of the pre-defined damage cases. The damage cases are modeled
and defined by the location (e.g., wing) and the percentage of surface loss based on the dis-
cussion in Chapter 2. The results given by the damage assessment system will be used as
the key index to the database of safe flight envelopes introduced in the following chapters.
In addition, fuzzy logic is also used to assess the damage severity in order to enhance the
situational awareness of pilots.

This chapter is based on:
Y. Zhang, C. C. de Visser, and Q. P. Chu, Aircraft Damage Identification and Classification for Database-Driven
Online Flight-Envelope Prediction, Journal of Guidance, Control, and Dynamics, Vol. 41, No. 2 (2018), pp. 449-
460.
Y. Zhang, C. C. de Visser, and Q. P. Chu et al, Aircraft Damage Pattern Recognition Using Aerodynamic Coeffi-
cients and Fuzzy Logic, Advances in Aerospace Guidance, Navigation and Control, Springer, pp. 335-348
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3.1. DAMAGE ESTIMATION FOR DATABASE RETRIEVAL
In general, faults on aircraft can be categorized into three types: actuator faults, sensor
faults and component faults [1]. The first two types of faults, i.e. actuator and sensors
faults, are commonly modeled as additive faults, while component faults are typically
modeled as multiplicative faults [1]. The reason is that faults in actuators (e.g. aileron
stuck) and sensors are modeled as additive term to the states and measurement model
of the system, which does not change the parameters of the model. On the other hand,
component faults, or structural failures (e.g. wing damage) always lead to changes in the
parameters of the system dynamics, which contributes to multiplicative factors to the
system states.

A system or process that performs the Fault Detection, Isolation or Diagnosis is gen-
erally referred to as an FDI system [1]. In aerospace engineering, FDI methods are in-
tensively used in monitoring and diagnosing the health of aircraft structures, sensors
and actuators, as well as providing updated information for control systems [2]. Hence,
having a reliable FDI system onboard is crucial for safe flight.

The FDI methods are based on either hardware redundancy or analytical redundancy
[1]. The hardware redundancy is utilized when there are redundant hardware (e.g. sen-
sors) to generate duplicative signals. As a more cost-effective approach, the analytical
redundancy methods rely on the mathematical models of the system, which require no
additional hardware but suffer from model uncertainties and noise [1]. In practice, the
installation of redundant hardware is not easily implemented on aircraft, thus my re-
search mainly focus on model-based analytical redundancy FDI methods.

Residual generation is the key step of model-based FDI, which calculates the discrep-
ancies between the output of the mathematical model and the actual output of the sys-
tem [1, 3]. The mean of residuals is expected to be zero when no fault occurs, and deviate
from zero when any fault occurs [1]. In most cases, the residuals are inevitably corrupted
by model uncertainties and noise. Therefore, in order to generate robust residuals for ad-
ditive faults, Kalman filter is used to filter out the noise and estimate the system states
and measurement as well as system faults [3, 4]. For fault isolation, several filters are
operated in parallel, each of which corresponds to one of the fault scenarios [4, 5]. Deci-
sions can be made on which type of fault has occurred based on the residuals. For addi-
tive faults that normally occur in sensors and actuators, the advantage of using Kalman
filter is that both detection and estimation can be achieved.

For multiplicative faults like structural damage, the detection and estimation is sep-
arately dealt with. As explained in the previous Chapter 2, the detection part can be
achieved in a similar way to the detection of additive faults. Under the framework of
the two-step identification method, measurement noise is filtered in the first step by the
Kalman filter [4], so that anomalies in aircraft components can be detected by calculat-
ing the residuals between measured and modeled aerodynamic forces and moments in
the second step.

Unlike actuator and sensor faults, the isolation and estimation of structural dam-
age is not based on filtered model states but on identified model parameters [6]. The
identification-based FDI [1] of such component faults is mostly used for structural health
monitoring (SHM) and diagnosis systems [7]. In SHM, component faults are classified by
machine learning and pattern recognition algorithms [8] like neural networks and sup-
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port vector machines, which are applied to observation data acquired from large arrays
of sensors.

In accordance with the discussions on damage modeling in Chapter 2, the main fo-
cus of this chapter is to find out the location and severity of the damage to one of the
three major aerodynamic surfaces (horizontal stabilizers, wings, vertical tail) and their
affiliated actuators. Inspired by the techniques and methods used in SHM [7], this chap-
ter proposes a novel way of using pattern classification techniques, where ‘patterns’, or
‘classes’ specifically indicate the damage situation of the aircraft represented by discrete
values with a chosen interval (e.g., 10%, 20%, 30%, ...). In this way, damage severity can
be approximated by these discrete values. The mapping from locally identified aerody-
namic coefficients to the damage conditions can be trained offline from a supervised
learning process [9], thus the current damage condition can be diagnosed by pattern
classification. The proposed method can be regarded as a combination of system iden-
tification and data-based learning approach.

The advantage of using this approach is that it has “black box” characteristics and
the ability to “learn” from training examples, which requires much less a priori informa-
tion and knowledge. Besides, class labels can be used as retrieval index to the database.
More importantly, the use of classification can tolerate a certain level of inaccuracy of
re-identification when sufficient excitation is unavailable in risky situations.

The essential part of any pattern classification method is the training of the mapping
from a data set X to its assigned class label set Y :

f : X →Y (3.1)

The class label set Y , or target set, contains k vectors corresponding to k pre-defined
damage cases (e.g. 20% tip loss of left wing). The data set X consists of m vectors de-
noted by x, which are collected from m experiments, each n−dimensional vector x(m)

contains n extracted features, which are specifically defined in this research as the sta-
bility derivatives (e.g., Cmα , Cmq ) identified from each of the k damage cases. Many
methods are well developed for classification [9, 10], and each method has different
ways of computing decision boundaries. This chapter implements and compares two
commonly used classifiers for damage diagnosis, which are neural networks (NN) and
support vector machines (SVM).

Once the damage case is estimated, this information will be provided to the database
as an index to the flight envelope that corresponds to the current damage situation. The
obtained flight envelope can be used by the fault-tolerant controller to generate new
control laws. This topic will be discussed later in the following chapters.

3.2. CLASSIFICATION BY NEURAL NETWORKS

3.2.1. BASIC THEORY
In this section, a multilayer neural network is used for classification. One major differ-
ence of the neural network from other classifiers is that it can deal with multiclass classi-
fication problems by a single network structure [11, 12], where each input unit represents
one of the features in the vector x, and each output label defined as y ∈ℜk represents one
of the k classes. As illustrated by Fia. 3.1, a multilayer neural network [9] consists of one



3.2. CLASSIFICATION BY NEURAL NETWORKS

3

43

x1

x2

identified 
features
x1,x2,…

evaluation / classification

learning / training

bias

damage 
cases

y1,y2,…

y1

y2

y3

Figure 3.1: A basic structure of a neural network for classification

input layer, several hidden layers and an output layer, all interconnected by modifiable
weights, and a single bias unit that is connected to each unit other than the input units.

Nonlinear multilayer networks have great approximation power and can implement
arbitrary decision boundaries. The decision regions need not be convex, nor simply con-
nected. The neural networks have two primary modes of operation: evaluation and
learning. For evaluation operation, the input is simply passed through the network to
the output layer and the information flow forward in the network. During the learning
process of the network, the network parameters (i.e. weights) are modified until the net-
work output converges towards the target output and the training error is reduced to
meet certain stopping criteria. Various function approximation methods can be used
[9] for training the weights of the multilayer networks, which will not be detailed in this
thesis.

When structural damage occurs, some representative stability derivatives need to be
extracted from the identified models as features for damage classification. The identi-
fied parameters in every simulated flight test form a training set for each typical damage
case, which is used to generate decision boundaries during the training process. The
richness of the training set is one of the key factors that determine the accuracy of the
classification results. If the number of classes is too small, the estimation of the actual
situation can be coarse and inaccurate, while too many classes may lead to the problem
of ambiguity and complex implementations. Hence, the designed number of classes in
the training set is a trade off between desired numerical accuracy and physical restric-
tions.

For each new feature vector xnew ∈ X extracted from an unknown damage case,
the classification can be performed by finding out its class label ynew ∈ Y based on the
trained mapping:

ynew = f (xnew ) (3.2)

In this way the current damage severity can be classified and estimated based on the
identified aerodynamic parameters. In the next section, it will be shown how the whole
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Figure 3.2: The training and validation process for damage classification

process is implemented via well-trained neural networks in a high-fidelity simulation
environment.

3.2.2. TRAINING AND VALIDATION VIA SIMULATION DATA

It is illustrated in Fig. 3.2 how the training data is generated and utilized in the simu-
lation of damage classification. As in the previous chapter, the output data for system
identification and anomaly detection is generated by the DASMAT citation model given
certain input excitation. For each damage case, the stability derivatives that have the
most dominant and discernible effects are picked as classification features as listed in
Table 3.1. These features are used for the training and validation of damage classifiers.

In this research, a realistic number needs to be chosen for the interval of damage
severity to verify the applicability of the proposed approach. If the damage interval is
too small, the aerodynamic effects will be obscured by the presence of noise and distur-
bances, and what is left will be a set of data that is not well suited for identification and
classification. On the other hand, by using small intervals, coarse results can be avoided
during classification and safety can be guaranteed by a more comprehensive database.
By referring to the setting of wind tunnel tests [13, 14], where the damage interval ranges
from 7% to 25% tip loss for different locations, a number of 10% is chosen for damage
interval to achieve the balance between feasibility and accuracy.

To generate a classification data set of 300 examples for each damage part and dam-
age level, 5400 simulations were repeatedly run with the same input and noise level. The
data set is divided into a training set and a validation set with the proportion of 2 : 1.
Table 3.1 lists all the classification features, where in this chapter only two of them are
shown in Fig. 3.3.

A base architecture of one hidden layer neural network with sigmoid functions as the
activation function is used for training. The output layer has six outputs with the soft-
max function as the output transfer function. Various numbers of hidden nodes ranging
from 3 to 30 were experimented with and the performances were evaluated based on the
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Table 3.1: Damage parts and the corresponding stability derivatives used as features

Damage part Features for classification
horizontal stabilizers Cmα , Cmq , Cmδe

vertical tail Cnβ , Cnr , Cnδr

wings CLα , Clα , Clδa
, Clp

validation data. In this simulation, the best performance is given by a neural network
with 10 hidden nodes. Based on this structure, the training results of the features based
on this structure are displayed in the left column of Fig. 3.3, where six damage levels on
three different parts of the aircraft are defined as class labels. The black markers repre-
sent the training data of different classes, and the region of each class is demonstrated by
different colors. The accuracy of the training results rely on the richness of the training
data.

To evaluate the performance of the trained classifier, validation experiments are con-
ducted on different damage scales for a single damage location. The right column of
Fig. 3.3 shows three examples of validation tests on three different locations, which are
30% tip loss of the left horizontal stabilizer, 20% tip loss of the vertical tail, and 40% tip
loss of the left wing.

If data assigned to the correct class are defined as positive and the rest as negative,
the validation results can be represented by four measures, which are the number of cor-
rectly classified positive data (true positive), correctly classified negative data (true neg-
ative), misclassified positive data (false positive), and misclassified negative data (false
negative) respectively. Widely used criteria to evaluate classifier performance for classi-
fication problems are precision and recall, which are defined as [10]:

Recall = number of true positives

number of true positives + number of false negatives

Precision = number of true positives

number of true positives + number of false positives

(3.3)

The evaluation results of the classifiers for each of the damage case are listed in Table. 3.2,
which shows that the damage to any of the three main parts of the Cessna Citation air-
craft can be successfully detected and classified under a moderate noise level (SNR= 25).

3.3. CLASSIFICATION BY SUPPORT VECTOR MACHINES

3.3.1. CLASSIFICATION WITH SAFETY CONSIDERATIONS
As mentioned in Sec. 2.4, there exist physical limitations of modeling damage cases on
a sub-scale model and conducting wind-tunnel tests with it. These limitations and the
presence of external noise constraint the size of intervals between two damage levels,
which influences the number of damage cases for training the classifiers. If the training
data is not sufficient to cover all possible situations, it may cause safety problems in real
flight.
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Figure 3.3: Training and validation results of damage severity classification in three different parts

For example, when the damage interval is relatively large, the actual damage level is
in between two damage classes. If it is classified into the less severe one and the clas-
sification result is directly used as the index to the corresponding flight envelope in the
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Table 3.2: Validation results of classification ( SNR = 25)

horizontal stabilizer vertical tail wing
Damage Severity recall precision recall precision recall precision

10% 95.15% 98.98% 96.57% 98.78% 98.98% 97.76%
20% 98.94% 98.51% 98.65% 99.88% 98.61% 97.89%
30% 99.00% 99.50% 97.86% 98.96% 99.50% 95.89%
40% 98.02% 98.50% 97.58% 98.66% 99.50% 96.98%
50% 99.05% 99.00% 99.76% 98.56% 99.00% 99.75%

database, it may lead to potential risks. This issue reflects the gap between damage mod-
eling and real aircraft damage, which can be circumvented by simply choosing the more
severe case. However, it may also result in imprecise and over-conservative problems.

Another approach considers generating new training data in between two available
classes, which requires apriori knowledge and assumptions. If the newly generated train-
ing data and class labels can not be guaranteed to reflect the real situation, the classifi-
cation result may still lead to risks.

Instead of generating new training classes, classification score of new incoming data
can be used, since it represents the relationship between data from real situation and
existing training sets. For example, it may happen that the new incoming data is close
to neither of the two neighboring classes but lies near the boundary. This situation is re-
flected in the values of classification scores, which suggests a new condition: in between.
The suggested results can be used for further decision-making process. In damage cases
for instance, if the classification score suggests a label in between 10% and 30% tip loss,
it is reasonable to conclude that the current damage situation is closer to 20% tip loss.

Therefore, the classifier is required to give not only the chosen class label, but also
classification scores for all class labels. Together with a decision-making strategy, new
possible classes could be found in between the trained classes, and a larger safety margin
can be guaranteed with more accurate prediction results.

It has been shown in the previous section that multilayer neural networks give sat-
isfactory cross-validation results on multiclass problems for damaged aircraft. In this
section, support vector machines are expected to give better results in finding a new
class in between the two training classes, which may lead to more accurate estimation of
damage severity. The results of SVM classifier is compared with that of neural networks
under different levels of external noises in binary and multi-class classification prob-
lems. The training data for both classifiers is obtained from flight simulations specified
in Sec. 3.2.2.

3.3.2. BINARY CLASSIFICATION

The SVM classifier is developed to enhance the ability of classifying unknown data while
keeping the accuracy of the training in both linear-separable and linear-inseparable sit-
uations. In order to find a trade-off between over-fitting and generalization, the SVM
approaches the classification problem through the concept of margin, which, from a
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geometrical view, is defined as the perpendicular distance between the separating hy-
perplane and the closest of the data points. A large margin represents a confident and
a correct prediction, so the optimal separating hyperplane to be found is the one which
gives the maximum margin to guarantee the generalization ability of the classifier.

Given a set of m−dimensional training data x, a hyperplane/decision function is de-
fined as [10, 15]:

f (x) = wTφ(x)+b = c (3.4)

where w is an m−dimensional vector, and b a bias parameter. φ(x) denotes a fixed
feature-space transformation. When c = 0, a separating hyperplane is defined in the
middle of the two hyperplanes with c = 1 and c =−1. The parameters of the separating
hyperplane (w,b) are determined by finding out the support vectors during the process
of maximizing the margin. The resulting value of the decision function f (x) is the clas-
sification/decision score of x. The new data xnew is thus classified by its decision score
via: {

class 1 if f (xnew ) > 0

class 2 if f (xnew ) < 0
(3.5)

If the training data is not linearly separable, the obtained classifier may not have
high generalization ability although the hyperplane is determined optimally. One of the
advantages of SVM is that the generalization performance of the classification can be
improved by using kernel tricks and soft margins [10, 15]. Through properly selected
kernel functions and soft margin parameters, the trade-off between the maximization of
the margin and the minimization of the classification error can be achieved.

The region {x| − 1 ≤ f (x) ≤ 1} is the generalization region for the decision function.
As indicated by Eq. 3.5, new data that fall into the generalization region will normally be
categorized into either class as long as they are not on the decision boundary [10, 15]. In
our application of damage level classification, new data around the decision boundary in
the generalization region will be categorized as a “middle-class”. The new middle-class
is generated by new incoming data if their classification scores are within the general-
ization region: 

class 1 if f (xnew ) ≥ 1
middle class if f (xnew ) ∈ (−1,1)
class 2 if f (xnew ) ≤−1

(3.6)

Figure 3.4(a) shows the training result given by a binary SVM classifier, where the data
points are identified from a stabilizer damage simulation. Data points in the two training
sets are indicated by + and 4 symbol respectively, and data points to be classified as
the middle class, which are not in the training set, are denoted by ©. When the two
classes are linearly separable and the noise level is low, a clear generalization region can
be recognized between the two training classes, which covers most of the data points
from the middle class. As for the classification results on the same training set by the
neural networks shown in Fig. 3.4(b), the classification score changes sharply, leaving a
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Figure 3.4: Binary classification results under low noise level with two different classification methods

much narrower band in between. By comparison, SVMs are more capable of identifying
new data points in the middle class.

When the external noise imposed on the training data increases, the two separable
classes may become inseparable with a much smaller margin in between. In order to
keep the capability of generalization, a soft-margin SVM is used to allow some of the
training points to be misclassified. The goal is still maximizing the margin, but at the
same time “softly” penalizing points on the wrong side of the margin boundary. This
method controls the trade-off between model complexity and minimizing training er-
rors [10, 15]. It can be observed in Fig. 3.5 that despite the adverse affect of high noise
level that may blur the boundary of different classes, the SVM can still identify more
points in the middle class than neural networks as well as keeping the accuracy of the
classification.
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3.3.3. MULTICLASS CLASSIFICATION
In practice, what will be tackled in damage classification problem may involve more
than two classes even though SVM is inherently a two-class classifier. Various methods
have been developed to decompose the multiclass problem into several two-class SVMs.
Reviews on these proposed methods can be found in [11], which shows that the “one-
against-one” SVM [16] and directed acyclic graph SVM (DAGSVM) [17] are more suitable
for practical use than other methods, according to the results in experiments from [11].
In this chapter, the “one-against-one” SVM is used and compared with neural networks
adopted in [18] to estimate the damage severity under different noise levels. For a K -
class problem, K (K −1)/2 decision functions are trained and the same number of deci-
sion scores will be generated for new test data in the order: (1,2), (1,3), ..., (1, j ); (2,3), ...
(2, j ); ...( j − 1, j ). Instead of using max vote strategy [11], we propose a new method to
find possible middle classes.

For a new data point xnew , the minimum absolute value of all the K (K −1)/2 classi-
fication scores are computed, which is:

fmi n = min
i=1,2,...,K (K−1)/2

( | fi (xnew )|) (3.7)

If fmi n is the score of two neighboring classes (e.g. (1,2), (2,3), ..., ( j − 1, j )), xnew will
be classified according to the rules in Eq. 3.6, which may lead to a new middle class in
between. If fmi n is not the score of two neighboring classes, it means that there is no
potential middle class in between existing classes. In this situation, xnew will be classi-
fied in the normal way, which is based on the signs of decision scores and the maximum
number of votes[19].

To evaluate and compare the performance of the SVMs and neural networks, identi-
fied feature data from three damage levels form the training set, which are 30%, 40% and
50% tip loss respectively. The new data points to be classified are identified parameters
from 35% and 45% tip loss cases, which are used to test the generalization of the two
classifiers. The classification results under low-level and high-level noise are shown in
Figs. 3.6 and 3.7 respectively.

By comparison, it is observed that the training results of neural networks (NN) show
little change under two different noise levels, and the generalization region is not wide
enough to cover most of the points from the middle classes. The SVMs, on the other
hand, show obvious change in training results with the increase of noise level. As with bi-
nary classification, the SVM classifier shows better balance between generalization and
accuracy.

3.3.4. MULTI-DAMAGE DIAGNOSIS VIA SVM
In real flight accidents, structural damage may happen simultaneously to more than one
locations on the aircraft. As discussed in Sec. 2.4, the aerodynamic effects of damage to
different parts of the aircraft are relatively independent from each other and the cou-
plings, though exist, are of little impact [13]. Hence, the combined forms of damage can
be detected and classified by using separate training features listed in Table 3.1.

For example, if one side of horizontal stabilizers and wings are damaged at the same
time, the changed dimensionless moment coefficients caused by this multi-damage are
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Figure 3.6: Multi-class classification results under low noise level with two different classification methods

Cm and Cl . Hence, alarms of re-identification in these two channels will be triggered
individually by the anomaly detection system. Two separate sets of classifiers are initi-
ated based on the training results displayed in Fig. 3.3. In this sense, the diagnosis of
a multi-damage case can be reduced to several simultaneous single-damage detection
and classification problems.

In this section, structural damage to two locations is triggered simultaneously at 20s
in the DASMAT simulation model. The first damage case is 45% tip loss of one horizontal
tail with 25% tip loss of the affiliated elevator on the same side, and the second damage
case is 25% tip loss of one wing with 50% tip loss of the affiliated aileron on the same
side. The damage modeling in the DASMAT simulation is based on the discussion in
Chapter 2.

Fig. 3.8 shows the time series of identified results of aerodynamic parameters that are
influenced by the triggered damage. These identified parameters are used as test data to
find the location and severity of the unknown damage in the diagnosis system based on
the decision rules proposed in this thesis. The time series of the classification result and
the number of data points classified in each damage case label are displayed in Fig. 3.9.
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Figure 3.7: Multi-class classification results under high noise level with two different classification methods

It can be concluded that by using the training results of the SVM classifier, the damage
diagnosis system can be applied to the multi-damage case with satisfactory outcomes.

3.4. DAMAGE ASSESSMENT FOR SITUATION AWARENESS
In section 3.1, structural damage is classified into one of the predefined cases for database
retrieval of flight envelopes, which are then used in the flight controller. For human pilot,
a fuzzy logic system can sometimes provide more illustrative information than numer-
ical results. As a combination of numerical and symbolic knowledge of the system, the
fuzzy logic is designed to achieve a balance between the vague, uncertain world and its
precise, deterministic estimation. As illustrated in Fig. 3.10, the severity of damage can
be either be defined as a percentage of tip loss, or be described by linguistic words such
as “moderate damage” or “severe damage”. By using linguistic variables, fuzzy logic is a
marvelous tool that provides a possible way of dealing with vagueness and imprecision
of information from limited experiments.

In this section, a fuzzy logic system (FLS) is designed and integrated in the problem of
damage assessment of the aircraft using aerodynamic coefficients as damage indicators.
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Figure 3.9: Multi-damage severity assessment result of wing and horizontal tail

By using fuzzy logic, aircraft structural damage is assessed in a more qualitative manner
rather than a quantitative way, in order to enhance the situation awareness of the human
pilot. This can be used as an auxiliary part in LOC prevention systems, where the pilot is
warned of the current situation by the damage assessment system.
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3.4.1. INPUT AND OUTPUT OF A FUZZY LOGIC SYSTEM
Mathematically, an FLS performs a mapping from crisp inputs x to the outputs y [20, 21]:

y = F (x) (3.8)

In this case, the mapping reflects the relationship between the change of aerodynamic
coefficients (x ) and the damage condition of aerodynamic surfaces (y). The output is
described by a set of linguistic variables:

y = {undamaged, slight damage, moderate damage, severe damage} (3.9)

The inputs x to the FLS in Fig. 3.11 are the change scale of identified aerodynamic coef-
ficients:

x = Cdmg −C0

C0
·100% (3.10)

where Cdmg denotes the changed value of a certain aerodynamic coefficient (e.g., Cnr )
under one single damage case (e.g., vertical tail loss), and C0 represents its original value
before the damage. By using the change scale as input x, different values of identified
aerodynamic coefficients can be unified between 0 and 1. Therefore, only one set of
membership functions is needed for all the coefficients, which saves a lot of computation
load and memory.

As shown in Fig. 3.11, the knowledge base of an FLS is basically composed of a num-
ber of fuzzy if-then rules and membership functions, which are generated offline. The
fuzzification process transforms the crisp inputs into degrees of match with linguistic
variables using membership functions, and a fuzzy inference engine is then used to per-
form the inference operations on the rules [20, 21]. The process of determining mem-
bership functions and generating fuzzy rules are illustrated in Fig. 3.11, which will be
discussed in the following subsections.

3.4.2. MEMBERSHIP FUNCTIONS
The determination of membership functions is based on experimental data of different
damage cases. The damage cases to be inserted in the flight simulation are defined in
accordance with the output of the FLS. As shown in Fig. 3.10, each linguistic output in y
corresponds to a range of damage scales in %, which is used for determining the damage
scale matrix in Eq. 2.9 based on wind-tunnel tests. Five main aerodynamic surfaces are
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considered in this section, which are two horizontal tails (HT), vertical tail (VT) and two
wing spans. In total there are 20 damage cases to be modeled and simulated.

The identified aerodynamic coefficients are first transformed into crisp values based
on Eq. 3.10, which are then categorized into several groups. Each group corresponds to
one membership function, covering a range of crisp inputs. The membership function
is used to describe the degree of match of each input, which takes on the value between
0 and 1 [20, 21]. As shown in Fig. 3.12, four membership functions from F1 to F4 are
determined based on the Gaussian combination membership function: where m is the
midpoint of the fuzzy set and σ is the standard deviation.

µ(x;m1,σ1,m2,σ2) =


e−0.5((x−m1)/σ1)2

x < m1

1 m1 < x < m2

e−0.5((x−m2)/σ2)2
x > m2

(3.11)

where m1 andσ1 determines the shape of the left-most curve and m2 andσ2 determined
the shape of the right-most curve. In this case, the parameters of the membership func-
tions are chosen heuristically based on the features of identified coefficients, and the
resulting functions are plotted in Fig. 3.12 based on Eq. 3.11.

3.4.3. RULE GENERATION
Rules for the fuzzy system can be expressed as[20, 21]:

Ri : IF x1 i s F j1 AND x2 i s F j2 AND.. . xm i s F jm

THEN y = Ki
(3.12)

Each rule Ri corresponds to one pre-defined damage class Ki , specifying the damage
location and severity in linguistic variables. Given a certain damage class, the main pur-
pose of rule generation is to determine the IF part, which is also called the antecedent in
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fuzzy logic theory. For each input xm in the antecedent, it is required to find its corre-
sponding membership function F jm ∈ {F1,F2,F3,F4}. As illustrated in Fig. 3.11, the gen-
eration of one fuzzy rule Ri can be followed by the precedure explained below [20, 21]:

1. Given a damage case Ki simulated in the aircraft model, the corresponding change
scale of aerodynamic coefficients (x1, x2, ..., xm) are identified. The damage case is
repeatedly simulated N times with noise and uncertainties, resulting in N samples
for each input xm .

2. For each sample of a certain input xm , its fuzzy set is calculated, from which the
membership function that has the largest value of the fuzzy set max4

i=1{µFi (xm)}
earns one vote.

3. Maximum vote is used to determine the membership function F jm for the input
xm that has the maximum number of votes from all the N samples.

4. Step 2 and 3 are repeated for all the inputs (x1, x2, ..., xm) until each part of the
antecedent is determined for Ri .

Based on the above procedures, part of the trained rules from simulation data are
displayed in Table 3.3.

3.4.4. ONLINE UTILIZATION OF THE FUZZY LOGIC SYSTEM
After the membership functions and fuzzy rules are determined, they can be used as part
of the online FLS. As shown in Fig. 3.11, the crisp inputs calculated from online system
identification are evaluated by the pre-defined membership functions to produce fuzzy
inputs. By applying fuzzy rules, the fuzzy inference engine transforms the fuzzy inputs
into fuzzy outputs. During the inference process, a fuzzy operator ( AND ) is applied to
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Table 3.3: Rules of the fuzzy logic system

IF THEN
Cmα Cmq Cmδe

Cnβ Cnr Cnδr
CYβ CLα Clα Clp Clδa

fuzzy output
F1 F1 F1 F1 F1 F1 F1 F1 F1 F1 F1 undamaged
F2 F2 F2 F1 F1 F1 F1 F1 F1 F1 F1 HT: slight damage
F3 F4 F3 F1 F1 F1 F1 F1 F1 F1 F1 HT: moderate damage
F4 F4 F4 F1 F1 F1 F1 F1 F1 F1 F1 HT: severe damage
F1 F1 F1 F2 F2 F2 F2 F1 F1 F1 F1 VT: slight damage
F1 F1 F1 F3 F3 F3 F3 F1 F1 F1 F1 VT: moderate damage
F1 F1 F1 F4 F4 F4 F4 F1 F1 F1 F1 VT: severe damage
F1 F1 F1 F1 F1 F1 F1 F2 F2 F2 F2 wing: slight damage
F1 F1 F1 F1 F1 F1 F1 F3 F3 F3 F3 wing: moderate damage
F1 F1 F1 F1 F1 F1 F1 F4 F4 F4 F4 wing: severe damage

obtain the fuzzy result of each rule µRi by combining the fuzzy set of each input xm of
the antecedent:

µRi (x) =µF (x1) ·µF (x2) · · · ·µF (xm) (3.13)

Since each damage case corresponds to one fuzzy rule, the highest value of µRi (x) cor-
responds to the fuzzy output of the system, which indicates the damage location and
severity.

To validate the FLS proposed in this section, validation data are generated from the
DASMAT simulation model on which four levels of damage severity for different parts
of the aircraft are applied. In order to test how well the FLS deal with noise, four dif-
ferent signal-to-noise ratios (SNR) are added to the experimental measurements. For
each case, 1000 data points are generated. The performances is evaluated by success
rate (in %), which is the ratio of the damage cases that are correctly recognized by the
FLS. Fig. 3.13 shows the results for increasing noise levels for damage in left horizontal
stabilizer, vertical tail and left wing respectively. It can be observed that the success rate
increases when larger SNR, i.e, less noises are applied. It is also observed that the success
rate of undamaged case is higher than other cases. This can be explained by the fact that
identification performs better when damage cases are not inserted.
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4
DATABASE BUILDING AND

INTERPOLATION

This chapter is focused on the building and interpolation of the database. The flight en-
velopes stored in the database are computed based on the dynamics model of the aircraft
under various abnormal conditions. Using damage assessment results in Chapter 3, the
safe flight envelopes can be retrieved from the database. Furthermore, the necessity of
flight envelope interpolation is discussed and implemented. Finally, the computational
complexity of the database approach is analyzed to show its feasibility of online applica-
tion.

This chapter is based on:
Y. Zhang, C. C. de Visser, and Q. P. Chu, Database Building and Interpolation for an Online Safe Flight Envelope
Prediction System, Journal of Guidance, Control, and Dynamics, 2018, published.
Y. Zhang, C. C. de Visser, and Q. P. Chu, Online Safe Flight Envelope Prediction for Damaged Aircraft: A
Database-driven Approach, AIAA Modeling and Simulation Technologies Conference, 2016.
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4.1. INTRODUCTION
Defined as the region in state space where the aircraft can be safely operated, flight enve-
lope is vital to aircraft safety and the prevention of loss-of-control (LOC) accidents. Gen-
erally, A safe flight envelope is determined by the aerodynamic and kinematic model of
the aircraft as well as its control authority. As introduced in Chapter 1, there are different
ways of describing and computing a safe flight envelope [1–7], depending on the aircraft
model and states that are of highest concern in terms of safety.

Among these methods, reachability analysis computes the safe flight envelope of a
nonlinear aircraft model in a set-valued fashion, which defines a set of states that will
reach a target set within a certain time horizon given the current control authority [8–
10], and its numerical solution is given by the level set method [11, 12].

Currently, most flight envelopes are considered to be fixed and stored onboard in a
static flight envelope protection system to indicate performance and structural limits of
the aircraft during flight [13]. Under abnormal conditions, however, the stability margins
and control authority might suddenly change due to abrupt system failures and struc-
tural damage, which leads to a changed flight envelope. In such situations, a LOC acci-
dent might follow if the (unknown) shrunken envelope is not protected and the aircraft
moves outside the new safe boundary. Therefore, it is essential to obtain the changed
flight envelope online as fast as possible to allow for effective upset recovery and emer-
gency flight planning [14].

Considering the research challenges stated in Chapter 1, the online determination
of changed flight envelopes without any offline support is not practical. In the presence
of sudden in-flight adverse conditions, there is not enough time to acquire the global
model from limited measurements and handle intensive computational load for the re-
computation of unknown flight envelopes.

The crux of this research is to provide a database as an offline support to the online
prediction of flight envelopes. The integration of offline database building and online
data retrieval, which constitutes the DEFEND system (Fig. 2.1) introduced in Chapter 1
and 2, can compensate for the shortage of time and information during abnormal flight.
As a continuation of previous chapters, this chapter mainly focus on the building and
retrieval of the database.

4.2. DATABASE OF ABNORMAL CASES
The design of database is one of the most crucial and complex parts of the DEFEND sys-
tem, involving a whole process of transforming high-level application requirements into
lower-level application programs of database. The primary phase of database design is
to investigate different abnormal cases.

In NASA’s design of safety-critical systems for aircraft LOC prevention and recovery
[3, 15], a preliminary set of LOC test scenarios was developed based on past accidents
analysis and potential future LOC risks [16]. As listed in Table 4.1, the set contains sce-
narios involving four LOC precursor categories [15]. Among these four categories, struc-
tural damage and icing fundamentally change the dynamics and control abilities of the
aircraft and thus may induce LOC accidents that cannot be prevented with static flight
envelope protection systems. Therefore, this chapter focuses on the flight envelopes
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with aerodynamic changes.

Table 4.1: LOC Accidents Causal and Contributing Factors

System Faults and
Failures

Strucutral Dam-
age

External Hazards Aircraft Upsets

jammed/ stuck con-
trol effector

wing tip loss icing and snow stall

actuator run away engine loss wind gusts abnormal attitude
loss of control effec-
tiveness

control surfaces
damage

wake vortices abnormal trajectory

engine failure horizontal stabi-
lizer tip loss

poor visibility abnormal velocity

sensor faults vertical tail tip
loss

bird strike

Simulated flight data of structural damaged aircraft can be generated by CFD/wind
tunnel experiments [17] and be used by advanced system identification methods to de-
termine their mathematical models. These models are used to compute the safe flight
envelopes for different flight situations.

4.3. COMPUTATION OF SAFE FLIGHT ENVELOPES
The guarantee of safety has always been an important consideration when synthesizing
controllers of complex safety-critical systems like civil aircraft. Despite the existence of
conventional flight envelope protection systems, physical constraints may not be suffi-
cient for control design, and simulations (e.g., Monte Carlo method) may also be inade-
quate to help predict the unanticipated problems with all possible initial conditions.

Alternatively, reachability analysis can provide a new set-valued insight into the safety
and control design of dynamic systems. On one hand, the theory can mathematically
observe the system’s behaviour by synthesizing states and control input constraints. On
the other hand, with reachability analysis, all points belonging to all possible trajectories
can be computed at once from all possible initial states, which differs itself from what
simulation can achieve at one time and perfectly conform with the meaning of safety
guarantee[18].

4.3.1. SAFETY-RELATED SETS
Origins from system verification, the reachability analysis seeks to decide whether the
trajectories of a system model can reach a certain target set from an initial set within
given time horizons and input constraints[19, 20]. To put it in a mathematical and more
strict way, we first consider a continuous dynamic system[8],

ẋ = f (x,u) (4.1)

with x ∈ Rn , u ∈ U ⊆ Rm . f (·, ·) : Rn × U → Rn is a bounded and Lipschitz continu-
ous function. Given an arbitrary time horizon T , let U[t ,T ] denote the set of Lebesgue
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measurable functions from the interval [t ,T ] to U , then for every x ∈ Rn , τ ∈ [t ,T ] and
u ∈U[t ,T ], the system admits a unique solution or trajectory ξ (τ; t , x,u (·)) = x.

Given a target set K ⊆ Rn , four reachable sets can be naturally formulated based
on the relation between the target set and the state trajectories over the time horizon T
[18, 21]:

In some literatures on differential game theory[11, 21, 22], two counter inputs with
opposing influences are considered, which usually come from controllers and distur-
bances respectively. To simplify the situation, we only focus on one positive input, and
assumes that it will always endeavor to steer the system into the safe area.

• The maximal reachable set is the set of initial states for which there exists at least
one input such that the trajectories emanating from those states reach K at some
time τ ∈ [t ,T ]:

Reachmax (t ,K ) := {
x ∈Rn |∃u ∈U[t ,T ],∃τ ∈ [t ,T ] ,ξ (τ; t , x,u (·)) ∈K

}
(4.2)

• The minimal reachable set is the set of initial states such that for every input the
trajectories emanating from those states reach K at some time τ ∈ [t ,T ]:

Reachmi n (t ,K ) := {
x ∈Rn |∀u ∈U[t ,T ],∃τ ∈ [t ,T ] ,ξ (τ; t , x,u (·)) ∈K

}
(4.3)

• The viability set is the set of all initial states in K for which there exists at least one
input such that the trajectories emanating from those states remain within K for
all time τ ∈ [t ,T ]:

V i a (t ,K ) := {
x ∈Rn |∃u ∈U[t ,T ],∀τ ∈ [t ,T ] ,ξ (τ; t , x,u (·)) ∈K

}
(4.4)

• The invariance set is the set of all initial states in K such that for every input the
trajectories emanating from those states remain within K for all time τ ∈ [t ,T ]:

Inv (t ,K ) := {
x ∈Rn |∀u ∈U[t ,T ],∀τ ∈ [t ,T ] ,ξ (τ; t , x,u (·)) ∈K

}
(4.5)

With K c representing the complement of K , we can clearly show that:

Reachmax (t ,K ) ⊇ Reachmi n (t ,K ) ⊇K ⊇V i a (t ,K ) ⊇ Inv (t ,K ) (4.6)

and more importantly,

Reachmax (t ,K ) = (Inv
(
t ,K c))c (4.7)

Reachmi n (t ,K ) = (V i a
(
t ,K c))c (4.8)

For viability set and invariance set, the computed trajectories are required to reach
the target set for all time including the initial time, implying that these two sets must be
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subsets of the target set. The minimum and maximum reachable sets, on the contrary,
include the target set as a subset, since the trajectories can be initially outside the target
set and reach it at a certain time point. These sets are used in different applications.
Based on the definitions of target sets, we can establish a connection between these sets
with practical safety problems.

For example, when the target set K is defined as the safe set where the system is ex-
pected to stay, the viability set is computed for “safety-preserving” controllers that keep
the trajectories of system within the safe region for all time [18, 23]. In other cases, the
target set K is specified as "unsafe", and we want to find out the states that may give
rise to dangerous situations and we should avoid when designing control strategies[19].
Thus the minimal reachable set should be computed that includes all the states that may
reach the unsafe set no matter what the controller does within a certain time interval[11].

Past researches on flight envelopes using reachability analysis [9, 10, 24] define the
target set as the trim set. Therefore, for aircraft outside the trim set, reachable sets are
needed. It is preferable to compute the maximum reachable set, since the requirement
on control input of the minimum reachable set is too strict. If the current state is in the
reachable set, it is still possible to get back to the target set within the given time horizon.
If not, it may require longer time horizons than expected to reach the target set.

The maximum reachable set is also referred to as backward reachable set in some
papers[9, 10], to distinguish it from the forward reachable set. For backward reachable
set, the unknown trajectories start at initial time t and passes into or through a known
target set by a certain time horizon. In this sense, the set to be computed is an initial set
so that the computation should in some way go backward in time [11, 25]. For a forward
reachable set, the initial set is known as the target set, and the set to be computed is
the end of the trajectories by a certain time horizon. In order to unify both forward and
backward reachable set in one timeline, the initial time of a backward reachable set is
defined as t =−T with its terminal time t = 0. Correspondingly, the initial and terminal
time of a forward reachable set is t = 0 and t = T .

In our research, both backward reachable set and forward reachable set are needed.
The backward reachable set include trajectories that may guide the aircraft back to new
trim sets under appropriate control allocations. Nevertheless, the aircraft cannot stay in
the trim set forever, it still needs to maneuver to other flight conditions like landing [26].
The trajectories of states that emanate from the trim set are computed to form a forward
reachable set, given a time horizon and control inputs.

In general, the intersection of forward and backward reachable set of a given trim set
is the safe flight envelope we are looking for[9, 10]. As illustrated in Fig. 4.1, the inter-
section indicates the region in the state space where aircraft can reach the trim set and
maneuver freely within a certain time horizon. When failures or damage occur, both
forward and reachable sets will shrink as well as the trim set [27] due to the changed air-
craft model, as shown in Fig. 4.1. Therefore, some state trajectories that are part of the
reachable sets during normal flight become unreachable after failures or damage, which
results in the reduced safe flight envelope.
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Figure 4.1: Safe flight envelope and its change after sudden damage and failures

4.3.2. CONNECTION TO OPTIMAL CONTROL
It has been clearly stated and proved in [11], that the reachable set can be determined
by solving for the viscosity soluation of a time dependent Hamilton-Jacobi-Issac (HJI)
partial differential equation.

Let V :Rn × [−T,0] →R be the viscosity solution of the terminal value HJI PDE:

∂ϕ(x, t )

∂t
+min

{
0, H

(
x,
∂ϕ

∂x
(x, t )

)}
= 0,

H

(
x,
∂ϕ

∂x
(x, t )

)
= min

u∈U

{
∂ϕ

∂x
(x, t ) f (x,u)

}
,

ϕ(x,0) = k(x),

(4.9)

where the target set K is closed and can be represented as the zero level set of a bounded
and Lipschitz continuous function k :Rn →R

K = {x ∈Rn |k(x) ≤ 0} (4.10)

Then the zero level set of ϕ: ϕ(x, t ) = 0 describes the boundary of a backward reachable
set. Solving for a forward and a backward reachable set can be regarded as an initial and
a terminal optimal control problem respectively [28]. Thus the function H of the forward
reachable set is:

H

(
x,
∂ϕ

∂x
(x, t )

)
= min

u∈U

{
−∂ϕ
∂x

(x, t ) f (x,u)

}
(4.11)

where the sign of spatial derivative ∂ϕ
∂x indicates the direction of information flows.

The minimization term with zero in the equation is to guarantee that the subset en-
closed by the zero level set of the value function cannot decrease as time marches back-
ward. This is to prevent some states that have already entered the target from leaving it
before time horizon by “freezing” the evolution of the trajectory[19, 29]. More specifi-
cally, if the target set is defined as the undesired region, then the restriction is to make
sure that some unsafe states will be tagged as “unwanted” once it enters the unsafe area
and tries to leave. Similarly, if the target set is defined as a safe set, the restriction will
include all the potential safe sets correctly.
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4.3.3. LEVEL SET METHOD

The concept of level set and implicit surfaces proposed by Osher and Sethian [12] and
the level set method developed by Mitchell [30], have been successfully applied to the
reachability analysis of many systems including aircraft [10]. The level set method is one
of the subclasses of Euler method, which discretizes the state space into grids and cal-
culates in a dimension-by-dimension manner. One of the key process of the numerical
scheme is the approximation of the spatial gradient ∂ϕ (x, t )/∂x defined on grids, es-
pecially for discontinuity points. Upwinding differencing is usually used to choose the
approximation of spacial derivatives from forward and backward differencing by look-
ing at the flow direction of ϕ (x,u) indicated by the sign of d x/d t . By each grid, the

minimum or maximum value of ∂ϕ
∂x (x, t ) · f (x,u) is calculated by choosing optimal con-

trol inputs. After evaluating the analytical optimal value of the Hamiltonian function, a
Lax-Friedrichs approximation of the Hamiltonian is often used to ensure stability of the
numerical scheme by adding an artificial viscosity term to the Hamiltonian. In the end,
based on the equation:

∂ϕ(x, t )

∂t
=−min

{
0, min

u∈U
∂ϕ

∂x
(x, t ) f (x,u)

}
(4.12)

the value of ϕ for each grid node can be evaluated via time integration performed by
second or higher order total variation diminishing (TVD) explicit Runge-Kutta schemes.

4.3.4. AIRCRAFT MODEL AND FLIGHT ENVELOPES

The computational load of calculating reachable sets using the level set method be-
comes higher with the increase of model complexity and dimensions. So it is neces-
sary to decompose the dynamic system to alleviate the curse of dimensionality without
sacrificing optimality [31]. In [8, 32–34], the full model of the aircraft is decoupled into
equations of longitudinal and lateral dynamics .

Along each decoupled direction, lower-dimensional safe flight envelopes are com-
puted. Different combinations of states lead to different shapes of safe flight envelopes,
which can be stored and selected by pilots. It is important to note that aerodynamic
stall is out of scope of this thesis, since the aerodynamic model of high angle of attack
regime is highly nonlinear, which requires further experimental and modeling work. For
the primary phase of the research, we first compute safe flight envelopes in-flight struc-
tural damage and failures, and it is assumed that the structural damage discussed in this
thesis is not immediately catastrophic and is still recoverable.

Considering the infinite number of potential damage locations on an aircraft, this
chapter only focuses on damage with significant controllability effects, like tip loss of
wings and tails [17]. As discussed in Chapter 2 and 3, the intrinsic impact of structural
damage is the change of aerodynamic characteristics of the aircraft [17, 35], which is
directly reflected in the altered mathematical aerodynamic model both in its structure
and parameters [36].

The model that is used in envelope computation is based on the flat-earth kinematic
and moment equations in body axes and the flat-earth force equations in wind axes. The
kinematic equations, which do not depend on the aerodynamic model of the aircraft, are



4.3. COMPUTATION OF SAFE FLIGHT ENVELOPES

4

69

not influenced by structural damage [37]:

φ̇= p + tanθ(q sinφ+ r cosφ)

θ̇ = q cosφ− r sinφ

ψ̇= q sinφ+ r cosφ

cosθ

(4.13)

The equations of motion, on the other hand, are significantly affected by structural dam-
age due to the change of moments and mass properties [37]:

ṗ = (c1r + c2p)q + c3(
1

2
ρV 2SbCl )+ c4(

1

2
ρV 2SbCn)

q̇ = c5pr − c6(p2 − r 2)+ c7(
1

2
ρV 2Sc̄Cm)

ṙ = (c8p + c2r )q + c4(
1

2
ρV 2SbCl )+ c9(

1

2
ρV 2SbCn)

(4.14)

where c1 − c9 are combinations of moments and cross-productions of inertia derived
from the inverse of the inertia matrix [37]. The effects of structural damage on mass
properties have been investigated in wind tunnel experiments [38], and it is concluded
that the effects of mass property changes are not significant compared with that of aero-
dynamic changes induced by aerodynamic surface lose. Therefore, properties like air-
craft mass, center of gravity and inertia matrix are assumed unchanged after structural
damage. The wind-axis force equations transformed from body axes are [37]:

V̇ = 1

m

(
T cosαcosβ− 1

2
ρV 2SCD +mg1

)
β̇= 1

mV

(
−T cosαsinβ+ 1

2
ρV 2SCY −mV rw +mg2

)
α̇= 1

mV cosβ

(
−T sinαcosβ− 1

2
ρV 2SCL +mV qw +mg3

) (4.15)

where rw and qw are two components of rotational rates [pw , qw ,rw ] along the wind
axes, which are transformed from rotational rates in body axes [p, q,r ] by [37]:

 pw

qw

rw

=
 cosαcosβ sinβ sinαcosβ

−cosαsinβ cosβ −sinαsinβ
−sinα 0 cosα

 p
q
r

 (4.16)

and the components of the gravity vector are given by [37]:

g1 = g (−cosαcosβsinθ+ sinβsinφcosθ+ sinαcosβcosφcosθ)

g2 = g (cosαsinβsinθ+cosβsinφcosθ− sinαsinβcosφcosθ)

g3 = g (sinαsinθ+cosαcosφcosθ)

(4.17)
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The aerodynamic model of the undamaged Cessna Citation aircraft is [39]:

CD =CD0 +CDαα+CDα2α
2 +CDq

qc̄

2V
+CDδe

δe

CY =CY0 +CYββ+CYp

pb

2V
+CYr

r b

2V
+CYδa

δa +CYδr
δr

CL =CL0 +CLαα+CLq

qc̄

2V
+CLδe

δe

Cl =Cl0 +Clββ+Clp

pb

2V
+Clr

r b

2V
+Clδa

δa +Clδr
δr

Cm =Cm0 +Cmαα+Cmq

qc̄

2V
+Cmδe

δe

Cn =Cn0 +Cnββ+Cnp

pb

2V
+Cnr

r b

2V
+Cnδa

δa +Cnδr
δr

(4.18)

The aerodynamic characteristics of a structurally damaged aircraft have been investi-
gated through a series of flight tests [40], wind-tunnel and computational experiments
[17, 35, 38, 41] conducted by NASA. In these experiments, the damage was modeled in
the form of partial or complete tip loss of major aerodynamic surfaces like horizontal
stabilizers, vertical tail, and wings. The experiments are conducted on a 5.5% geomet-
rically and dynamically scaled model of a generic transport airplane, which is referred
to as the Generic Transport Model (GTM) [40]. The resulting aerodynamic model of the
damaged aircraft in the form of look-up tables can be found in an open-source simu-
lation software [42]. Also, preliminary work on damage modeling of a Cessna Citation
aircraft was performed in our group using digital DATCOM with various levels of vertical
tail damage [24]. By analyzing these experimental data, it is observed that damage to dif-
ferent aerodynamic surfaces results in unique aerodynamic effects, which is reflected in
the changes of different stability and control derivatives. More importantly, the changed
aerodynamic coefficients can be modeled by multiplying the original value with a scaling
factor. In some cases like wing damage, an incremental term as a function of flight states
is added to the original model due to the induced asymmetry. Similar ways of damage
modeling can be found in [43, 44], where the models of aircraft with wing damage is
incorporated in the flight control design. The model of a structurally damaged Cessna
Citation aircraft is built on the data and observations of aforementioned experiments.

LONGITUDINAL ENVELOPES

Under the condition of trimmed yaw and roll motion with states (p, r, φ, ψ, β) and their
derivatives to be zero, the dynamics equation of the longitudinal motion can be written
as [37]:

V̇ = 1

m

[
T cosα− 1

2
ρV 2SCD −mg sin(θ−α)

]
α̇=− 1

mV

[
T sinα+ 1

2
ρV 2SCL −mg cos(θ−α)

]
+q

θ̇ = q cosφ

q̇ = 1

2
ρV 2Sc̄

Cm

Iy y

(4.19)
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By assuming constant velocity, a three-dimensional pitch envelope of (α,θ, q) can
be computed based on the simplified model. Figure 4.2(a) and (b) show the safe flight
envelopes computed from Eq. (4.19) under the condition of true airspeed VT AS = 100m/s
and load factor n = 1 with time horizon T = 1s. Air density ρ is assumed to be constant ρ0

at sea level. The control inputs are thrust and elevator deflections, which are within the
bounds: T ∈ [4448.2,22241] N, δe ∈ [−25,25] deg. Figure 4.2(a) shows both forward and
backward reachable sets, which form the safe flight envelope displayed in Fig. 4.2(b) by
taking the intersection between them. When one of the horizontal tails is damaged, the
dominant effect is on the longitudinal stability. If the integrity of the attached elevators
are also affected, the pitch control power, i.e., the control effectiveness may reduce, and
the total pitching moment coefficient after damage is modeled as:

Cmdmg = (I−Dm)Cm (4.20)

where Dm ∈ ℜn×n is a diagonal matrix, referred to as the damage scale matrix and Cm ∈
ℜn×1 is composed of polynomial terms of the dimensionless pitching moment model.
The changed values of aerodynamic coefficients under a pre-defined damage case are
determined based on data from a series of wind tunnel tests [17, 38] as well as com-
putational simulations [24]. The tests are conducted on sub-scale aircraft models with
partial or total loss of wings, horizontal stabilizers, and vertical tail. The values of stabil-
ity derivatives under different damage cases are recorded during the tests. By analyzing
these test data, the damage scale matrix D can be determined, which quantifies the ef-
fects of damage on aerodynamic characteristics. Therefore, different values of D can be
used to represent different damage/failure combinations. More details on the modeling
work can be found in Chapter 2.

According to the Cessna Citation model in [39], Cm =
[
Cm0 , Cmαα, Cmq

qc̄
2V , Cmδe

δe

]T
,

and the damage scale matrix Dm = di ag (dm1 , dm2 , dm3 , dm4 ) can be identified from ex-
perimental data. Figure 4.2(c) and (d) show how the envelopes reduce with 30% tip loss
of one horizontal stabilizer (Dm = di ag (0.3, 0.3, 0.3, 0.2)).

The decoupled longitudinal equation is valid under the condition of trimmed yaw
and roll motion. In case of asymmetric stabilizer and elevator damage, however, an in-
cremental rolling moment is generated. Therefore, it is assumed that rudder and ailerons
are capable of re-trimming the aircraft. The continuous re-trimming process is assumed
to be automatically accomplished by the onboard fault tolerant controller so that a large
amount of time spent on manual control can be saved.

The 2D contours in Fig. 4.3 are “slices” taken from 3D figures in Fig. 4.2 by setting
the third state as fixed value. The main purpose of showing these 2D figures is to clearly
demonstrate how each state changes after damage, and the values of envelope bound-
aries. Among all the values within the range of each state, some values result in empty
contours, which indicate conditions that are not part of the whole envelope. The values
of non-empty contours are selected as conditions for clarity of presentation.

Some envelopes are not completely represented, because part of the computed reach-
able sets exceed the computation range, which is defined by the physical limits of the
aircraft. Data points beyond this range no longer have physical meanings in protecting
the aircraft. Hence, the incomplete envelopes shown in Figs. 4.3 and 4.5 are results of
intersection between the computed reachable sets and the computation range.
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(a) Forward and backward reachable sets without
damage

(b) Safe flight envelope without damage

(c) Forward and backward reachable sets with dam-
age

(d) Safe flight envelope with damage

Figure 4.2: Comparison of (α,θ, q) envelopes under 30% horizontal stabilizer damage
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Figure 4.3: 2D-projected (α,θ, q) envelopes with and without 30% horizontal stabilizer damage ((a) α= 5°, (b)
θ = 2°, (c) q = 2°/s)
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LATERAL ENVELOPES

The lateral/directional motion of aircraft with zero pitch rate q = 0 is defined as [37]:

β̇= p sinα− r cosα+ 1

mV

(
−T cosαsinβ+ 1

2
ρV 2SCY +mg sinφ

)
ṙ = 1

2(Jxx Jzz − J 2
zx )

ρV 2Sb(JzxCl + JxxCn)

ṗ = 1

2(Jxx Jzz − J 2
zx )

ρV 2Sb(JzzCl + JzxCn)

φ̇= p + r tanθcosφ

(4.21)

The rolling envelopes are mostly influenced by the integrity of wings and the at-
tached ailerons. To compute a rolling envelope with states (β, p,φ) on the assumption of
zero yaw rate (ṙ = r = 0), the rudder is assumed to function as normal within the bound
of δr ∈ [−22,22] deg, in order to maintain a steady heading sideslip maneuver. The de-
flections of aileron are set within the bound: δa ∈ [−33,33] deg. The two reachable sets
and the resulting safe flight envelope in normal condition are illustrated in Fig. 4.4(a) and
(b) respectively. If one side of the wing is damaged, unequal lift forces are induced, gen-
erating an incremental rolling moment ∆Cl that increases with α in the angle of attack
range in which the aerodynamic characteristics are linear. The corresponding rolling
moment increases with α, assuming constant dynamic pressure.

Besides, available roll control power is reduced due to structural damage of ailerons
as well as the fact that part of the aileron control is used to compensate for roll asymme-
try. Therefore, the non-dimensional coefficient of rolling moment Cldmg

after damage
is composed of two parts: one is formed by the original vector of lateral aerodynamic
terms Cl scaled by the rolling damage scale matrix Dl ; and the other one is the incre-
mental term, which is:

Cldmg
= (I−Dl )Cl +∆Clαα (4.22)

where ∆Clαα denotes the incremental rolling moment non dimensional coefficient due
to asymmetric wing damage. According to the Cessna Citation model used in [39], the

vector of the lateral aerodynamic terms is Cl =
[
Cl0 , Clββ, Clp

pb
2V , Clr

r b
2V , Clδa

δa , Clδr
δr

]T
.

Under 20% wing tip loss, the diagonal damage scale matrix for rolling moment is Dl =
di ag (0.1, 0.1, 0.1, 0.1, 0.4, 0) and the incremental coefficient ∆Clα = 0.02rad−1 , which
are derived from wind tunnel tests [17].

4.4. INFORMATION RETRIEVAL AND INTERPOLATION

4.4.1. DATA STORAGE AND RETRIEVAL
Based on the computed safe flight envelopes, a database containing offline calculated
envelopes under different fault and damage scenarios can be designed and established.
Table 4.2 shows the main attributes that should be included in the database as well as
in the right side of the ER diagram. The table shows how much information needs to
be specified in order to retrieve an envelope. It should be noted that for each attribute,
only a few example values are listed in Table 4.2 as an indication. The first three columns
in Table 4.2 describe the damage cases defined by the damage modeling experiments,
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(a) Forward and backward reachable sets without
damage

(b) Safe flight envelope without damage

(c) Forward and backward reachable sets with dam-
age

(d) Safe flight envelope with damage

Figure 4.4: Comparison of (β, p,φ) envelopes with and without 20% wing damage
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Figure 4.5: 2D projected (β, p,φ) envelopes with and without 20% wing damage ((a) β = 0°, (b) p = 6°/s, (c)
φ= 0°)

and the corresponding aircraft models are used to compute the safe flight envelopes.
The following four columns indicate the time span and flight states under which the
retrieved flight envelope is valid.

An unique flight envelope E(e1,e2,...,er ) in the last column is determined by attributes
in the database, where (e1,e2, ...,er ) denote the variables of attributes in the database.
For example, e1,e2,e3 describe the current fault and damage by its location, type and
severity. Based on this, several flight envelopes can be retrieved under different flight
conditions (e.g., time horizon, pressure altitude) defined by e4,e5, ...,er , among which
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only one envelope will be retrieved if values of these attributes can be determined.

Table 4.2: Preliminary Design of Safe Flight Envelope Database

Location Type Severity Time
[s]

Model True
Air-
speed
[m/s]

Pressure
Altitude
[m]

Envelope

right hor-
izontal
stabilizer

tip loss 30% 1 (α, q,θ) 80 sea
level

E(e1,...er )

tip loss 50% 2 (α, q,θ) 90 5000 E(e1,...er )

right eleva-
tor

stuck 15° 1 (α, q,θ) 100 10000 E(e1,...er )

tip loss 30% 2 (α, q,θ) 110 5000 E(e1,...er )

left wing tip loss 40% 1 (β, p,φ) 120 sea
level

E(e1,...er )

tip loss 60% 2 (β, p,φ) 130 5000 E(e1,...er )

vertical tail tip loss 20% 1 (β,r,ψ) 90 10000 E(e1,...er )

tip loss 40% 2 (β,r,ψ) 100 5000 E(e1,...er )

The safe flight envelope can be considered as a set-valued result of an optimal-control
based reachability problem. The resulting reachable set is represented as the zero-level
set of an implicit surface function ϕ, i.e., a set of points where ϕ= 0. Without an explicit
analytic expression, the surface function is approximated by values in grid points, which
are propagated from an initial set in a certain velocity field. Therefore, the envelope can
be regarded as a closed lower-dimensional interface that divides the state space into in-
terior and exterior regions [12]. For a certain point P (i , j ), the sign of its value function
ϕi , j determines which side of the interface the point is on. That is, P (i , j ) is inside the
interfaces when ϕi , j < 0 and outside when ϕi , j > 0. If P (i , j ) and its neighboring grid
points satisfy [45]:

max(ϕi , j ,ϕi+1, j ,ϕi , j+1,ϕi+1, j+1) < 0 OR min(ϕi , j ,ϕi+1, j ,ϕi , j+1,ϕi+1, j+1) > 0
(4.23)

it means that P (i , j ) is guaranteed to be inside or outside the interface. Such points are
ignored and the rest of the grid points are regarded to lie on or in the vicinity of the
interface. In this way, a narrow band around the interface is formed by the points that
approximate the boundary.

Envelopes stored as grid points can be readily used for further calculation, but may
suffer from bad scaling with the dimension. Therefore, it is also important to design
the number of data points for each attribute so that the database can provide as much
information as possible while keeping a reasonable data volume for onboard devices.

4.4.2. FLIGHT ENVELOPE INTERPOLATION
In real applications, safety should be included as the primary consideration. Since the
finite number of safe flight envelopes in the database is in accordance with the number
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of abnormal cases and discrete flight states, there are inevitably situations where the true
flight envelope falls in between the two neighboring categories in the database. In this
case, it is necessary to interpolate between two envelopes to fill in the gaps in Table. 4.2
and obtain more accurate results [39].

Interpolation that is commonly used in look-up tables mostly works with two points.
However, in this application, interpolation needs to be done between two envelopes
based on certain connections. It can be observed that the safe flight envelopes of dif-
ferent damage severity or flight conditions often share similar geometrical shapes with
different scales of expanding, shrinking or shifting. Since flight envelopes can be consid-
ered as contours and surfaces, the method used for interpolation in this thesis is inspired
by research on surface reconstruction and image matching using the level set method
and the fast marching method [46–49]. The basic idea of these methods is to build up the
geometrical features of contours and surfaces and track the propagation of their fronts
made up of data points.

For two envelopes composed of two sets of data points, the mapping is implemented
pair-wisely through the optimal path between each two points calculated by the fast
marching method. For simplicity and a proof of concept, only two-dimensional en-
velopes are investigated in this chapter, since a three-dimensional envelope can be pro-
jected into a 2D plane. The extension to higher-dimensional hyper-surfaces will be in-
cluded in future work.

Generally, given two points in ℜn , the path in between can be defined by a vector-
valued function γ(τ) : [0,∞) →ℜn , i.e., each dimension of γ(τ) is defined by a separate
function parameterized by τ. If τ is the arclength parameterization of γ, then it has the

property of ||dγ(τ)
dτ ||2 = 1.

In two dimensions, given a cost function F (x, y), one goal in optimal path planning is
to construct the path between (x0, y0) and (x, y) that minimizes the cost of travel between
these two points. Let T (x, y) be the minimal cost, which is:

T (x, y) = min
γ

∫ (x,y)=γ(L)

(x0,y0)=γ(0)
F (γ(τ))dτ (4.24)

where L is the total arclength of path. The level set T (x, y) = c is the set of all points
that can be reached from (x0, y0) with minimal cost c, and the minimal cost paths are
orthogonal to the level curves. Hence,

||∇T ||2 = F (x, y) · ||dγ(τ)

dτ
||2 = F (x, y) (4.25)

which forms an Eikonal equation [50]. The equation can be interpreted in another way.
Imagine a wave front expanding from the starting point (x0, y0) with unit speed F = 1 un-
til it reaches the end point (x, y). Then the solution T (x, y) is the distance to the starting
point, and the level curve of T (x, y) = c denotes the wave front that is located a distance
c away. The gradient ||∇T ||2 must be orthogonal to these level curves, implying that the
path followed by the wave is the shortest path in time. If the end point is not specified
and we let the wave propagate through the entire grid, then each grid point should have
a value of optimal distance from the starting point, and these values form a distance map
of the grid.
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The fast marching method provides a numerical scheme for computing solutions
to the Eikonal equation based on entropy-satisfying upwind schemes and fast sorting
techniques [50]. Readers can refer to Refs. [47, 50] for more details. In this thesis, the
single starting point A is extended to a set of starting points located on the boundary
of one retrieved envelope E0. For each grid point (x, y), T (x, y) is computed, which
denotes the shortest travel distance from point (x, y) to its nearest starting point. The
values of T (x, y) thus formulate a distance map, which is stored and retrieved together
with its envelope E0 correspondingly. The size of distance should be designed to cover
the largest envelope in the database so that for any envelope E1, the shortest path can
be constructed for points on the boundary through tracing along the smallest value of
T (x, y) until one of the points on E0 is reached.

Once optimal path planing is repeated for each point on E1, linear interpolation can
be implemented on each optimal path between data points of the two envelopes. It
is assumed that points forming the interpolated contour also lie on the optimal path,
and their specific locations along the path are determined by the interpolation weights.
These weights are heuristically chosen based on different conditions in which the en-
velopes are computed.

In Fig. 4.6, the lateral envelopes under wing damage are used as the first example
for demonstration. Figure. 4.6(a) shows three 2D envelopes in (p,φ) computed by the
level set method. The largest contour is computed without any damage and the smallest
one is computed with 20% wing tip loss. The contour in between them corresponds
to the envelope of 10% tip loss, which is used and displayed to test the performance
of the interpolation with the method proposed in this section. The retrieved envelopes
of zero damage and 20% damage are approximated by data points (fig. 4.6(b)) based
on Eq. (4.23). Then, optimal paths between the points on the largest and the smallest
contour are computed, which are represented in yellow dashed lines in fig. 4.6(b). After
the mapping is built between two envelopes, linear interpolation is performed to find
the points on the optimal path that approximate the intermediate envelope, which is
shown in 4.6(b). It can be observed in fig. 4.6(c) that the interpolated contour accurately
approximates the envelope of 10% wing damage computed by the level set method.

Damage level is not the only decisive factor in the database. Some other attributes,
like true airspeed, pressure altitude and time horizon are also important in building the
database. As shown in Table. 4.2, the value of these attributes are also discrete, which
means that interpolation is necessary when specific values of certain states are required.
The second example demonstrated in Fig. 4.7 deals with envelopes of different velocities.
Figure. 4.7(a) shows three 2D envelopes in (β,r ) computed by the level set method. The
inner and outer envelopes correspond to VT AS = 60m/s and VT AS = 100m/s respectively.
The task is to find out the contour of VT AS = 80m/s by interpolating between the two
known contours. Following the similar steps of the fast marching method used in the first
example, the intermediate contour is found, which approximates the contour computed
by the level set method with satisfying accuracy, as shown in Fig. 4.7(c).

The performance of interpolation can be influenced by the geometric characteristics
of the envelopes/contours. It is noticed in the figures that each established path starts
from one point on the outer contour and traces back to one of the inner contour along
the distance map. Since the distance map is computed based on the inner contour, each
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“wave front” that propagates from each point on the inner contour may reach more than
one point on the outer contour. In this way, not all of the inner points are connected to
the outer contour since multiple paths may end up in the same inner point. This may
result in some areas with concentrated paths and others with sparse paths. Such in-
consistency gives rise to the accumulation of error, especially around the corners of the
shape. It is also important to note that there is no direct relation between the computa-
tion of optimal path γ and the dynamics models of the aircraft, since the establishment
of F and T of the fast marching method treats flight envelopes as ordinary geometric
shapes.
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terpolated contour and the true
contour of 10% wing damage

Figure 4.6: Interpolation between envelopes of different damage levels based on the fast marching method
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Figure 4.7: Interpolation between envelopes of different velocities based on the fast marching method

4.4.3. INTERPOLATION ACCURACY
As mentioned earlier, the interpolation of flight envelopes in our research is initiated by
a safety-related problem [39]. Take structural damage for example, it is desired to have
more damage levels so that more accurate safe flight envelopes can be predicted. On the
other hand, the number of designed damage levels is restricted by physical limitations
of modeling experiments like wind-tunnel tests and simulations. Additionally, volume
limitations on the database also exist if it needs to be carried onboard. Therefore, in
order to obtain a better design of the database, it is important to determine the num-
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ber of envelopes needed for each damage location by evaluating the performance of the
interpolation under different database configurations.

Given two envelopes, one is interpolated from two neighboring envelopes retrieved
from the database, and the other envelope for comparison is directly computed from the
level set method. The interpolation error is calculated point-wise between the interpo-
lated envelope and the compared envelope. For any point (xi , yi ) on a 2D interpolated
envelope, the error between (xi , yi ) and any point (x j , y j ) on the compared envelope is
calculated by:

er r (i , j ) =
√

(xi −x j )2 + (yi − y j )2√
x2

j + y2
j

(4.26)

Among all the er r (i , j ), the point that gives the smallest er r (i , j ) is regarded as the
nearest point to (xi , yi ) on the compared envelope, and this smallest error is defined as
the error of point (xi , yi ) on the interpolated envelope, which is: er r (i ) = min j {er r (i , j )}.
The calculated errors for each point on the interpolated envelope form a data set {er r (i )}
that represents its interpolation error set. The interpolation errors of certain damage
cases are evaluated on four database configurations.

In this thesis, the interpolation errors are evaluated on four database configurations
based on the number of damage cases, as shown in Fig. 4.8(a). Between the damage scale
of 0% and 60% tip loss, the number of stored envelopes can be reduced by enlarging the
interval between two stored envelopes. In Fig. 4.8(a), four databases (denoted as DB-1 to
DB-4 in the figure) are designed to store different numbers of envelopes. The notations
E0 to E6 in the figure represent envelopes of different damage scales ranging from no
damage (0%) to 60% tip loss for each damage location.

Based on these four configurations, the envelope interpolation errors of 25% and 45%
wing tip loss calculated by Eq. 4.26 are shown in the box chart in Fig. 4.8(b). Significant
increase of variance and outliers (denoted by cross mark) is observed in database 4 with
the maximum scale interval. The interpolations on DB-1 and DB-2 show similar results
in both cases, which indicates that the design with 4 damage levels (DB-2) is sufficient
for obtaining accurate safe flight envelopes through interpolation. In this way, a lot of
storage space can be saved, and the accuracy can be guaranteed at the same time.

4.5. COMPLEXITY ANALYSIS
In order to prove the feasibility of online application of the database approach, it is nec-
essary to compare its computational complexity with that of the level set method. Com-
putational complexity theory is concerned with how much computational resources in
terms of time and space are required to solve a given task [51]. In this research, the com-
plexity analysis is focused on the time complexity, or computational efficiency of the
algorithm. The efficiency of an algorithm is quantified by the number of basic opera-
tions as a function of input size [51]. Basic operations, also called primitive operations,
correspond to low-level instructions (e.g., addition, multiplication) with constant execu-
tion time. Thus, the actual running time of an algorithm is expected to be proportional
to the number of primitive operations [52].
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(b) The interpolation error of 25% wing tip loss (left)
and 45% wing tip loss (right) evaluated on different
database configurations

Figure 4.8: Database design of envelope numbers based on interpolation error

4.5.1. ANALYSIS OF THE LEVEL SET METHOD
For a given computational grid of d dimensions with equal resolution of n for each di-
mension, it takes at least N (n,d) = Kl s (d)·nd+1 primitive operations to compute a reach-
able set using the level set method, where Kl s (d) denotes the number of primitive opera-
tions required for each grid point ("ls" represents "level set"). It should be noted that the
increase of dimension d means that more complex system models might be used with an
increased number of flight states as well as control inputs. If nonlinear programming is
required to compute optimal control inputs, the complexity will grow significantly com-
pared with the simple linear cases. Therefore, Kl s (d) is an implicit, monotonically in-
creasing function of dimension d , which may increase with more state equations of a
higher-dimensional system model as well as with the complexity of the optimal con-
troller.

The implementation of the level set method can be divided into five parts. Since it
evolves solving for an ODE, the calculation is repeated for every time step. We first need
to count the number of primitive operations for each time step. For a given grid of d
dimensions with the same resolution of n for each dimension, the number of primitive
operation can be roughly calculated.

1. If K1 denotes the number of primitive operations of calculating the spatial deriva-

tives pi = ∂ϕi
∂xi

for each dimension i [12], the total number of operations for the
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entire grid at each time step should be d K1 nd .

2. Calculating the analytic Hamilton-Jacobi (HJ) functions H(x, p) = min
u

F (p, x,u)

needs K2 ·nd primitive operations. The function to be minimized is defined as
[8]:

F (p, x,u) =
d∑

i=1
pi fi (x,u) (4.27)

where f (x,u) is the aircraft system model and u is the control input. For each
grid point with given values of x and p, K2 largely depends on the optimization
of F (u) using optimal control input u, which is determined by dF (u)

du . For linear

function where dF (u)
du = constant, the control input is either maximum or mini-

mum value (bang-bang solution in optimal control). For nonlinear function where
dF (u)

du = h(u), and h(u) can be polynomial or trigonometric functions. In this case,
nonlinear programming methods need to be taken to find the optimal value and
the corresponding control inputs, which will significantly increase the computa-
tional load of the method.

3. The numerical approximation of HJ function with dissipation coefficients α using
Lax-Friedrichs scheme is [12, 30]:

Ĥ(x, p) = H(x, p)−α(x) (4.28)

The calculation of Lax-Friedrichs needs (3+K3) ·nd primitive operations, where
K3 = ∑d

i=1 K3i denotes the total number of steps taken to evaluate the dissipation
coefficients α at each grid point. For each dimension i , K3i steps are required to
determineαi = max

u
| ∂H
∂pi

| [30], which also depends on the relation between system

states and control inputs.

4. Calculating the step bound for CFL condition of integration takes in the value of
the calculated dissipation coefficient in [12]:

∆tmax = 1

max
x

(
∑d

i=1
αi (x)
∆xi

)
(4.29)

Therefore, the determination of time step requires 3d ·nd primitive operations in
total.

5. For each time step, the above calculation of Ĥ(x, p) is repeated for each grid point
as the right hand side of the ordinary differential equation [12]:

dϕ(x)

d t
=−Ĥ (4.30)

The number of operations required to solve this ODE is K4, which depends on the
integration scheme. Take Euler method for example:

ϕ(t +∆t ) =ϕ(t )−∆Ĥ (4.31)
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where K4 = 5 for each grid point. As stated before, the length of time step ∆t is
bounded by CFL condition∆t ≤ ∆x

max |V | , where V denotes the external velocity that
drives the propagation of the implicit surfaces. Hence, the total number of time
steps can be calculated as:

Nt = T

∆t
≥ T ·max(|V |)

min
i
∆xi

= T ·
√
Σd

i=1 X 2
i

T
min

i
Xi

n

=
√
Σd

i=1X 2
i

min
i

Xi
·n (4.32)

where T denotes the time horizon and X is the range of each dimension. Following
the discussion above, the total number of primitive operations required to implement
the level set method is N (n,d) = (d ·K1 +K2 +K3 +K4 +3d)nd Nt = Kl s (d)nd Nt . Since
Nt > n, the lower bound of N (n,d) is Kl s (d)nd+1.

4.5.2. COMPARISONS WITH THE DATABASE APPROACH
If the envelope is retrieved from the database instead of computed, the time complexity
is not dependent on n or d but only the structure of the database, which is trivial com-
pared to the level set method. When interpolation between two retrieved envelopes is
required, instead of computing to the entire grid like the level set method, only a sub-
set of points on the envelope boundary are needed. We first consider the simplest two-
dimensional case, in which the interpolation between two envelopes, E1 and E2, requires
N (n) = M(n) · Ni n(n) primitive operations. M(n) = λ ·n denotes the number of points
on the boundary of E1, which is proportional to the input size n with a scale factor λ.
For each point on the boundary of E1, the computation of the optimal path between two
contours based on the offline generated distance map of E2, requires Ni n(n) = Ki n ·n
primitive operations with Ki n < 1 ("in" indicates "interpolation"). Therefore, the total
number of primitive operation is N (n) = Ki n ·λn2. Since a 3D envelope can be decom-
posed into slices of 2D envelopes, the total number of primitive operations can be ap-
proximated by:

N (n) =
n∑

i=1
Ki n(i ) ·λ(i )n2 ≤ n3 ·max

i
Ki n(i ) ·max

i
λ(i ) (4.33)

where i is the index to the grid point of the third dimension. Based on this, the interpola-
tion between higher dimensional envelopes approximately requires N (n,d) = Ki n ·λnd

primitive operations by decomposing them into lower-dimensional envelopes, where
Ki n ·λ is the average value over the whole grid.

For example, to obtain a yawing envelope of vertical tail damage with two states (β,r )
(as shown in Fig. 4.7), the level set method takes approximately 3 ·108 (Kl s = 307) primi-
tive operations on a 100×100 two-dimensional grid, whereas the database approach only
needs 7695 (Ki n = 0.27, λ= 2.85) primitive operations by interpolating between two en-
velopes retrieved from the database with the same grid resolution and dimension. Based
on this aircraft model, Fig. 4.9(a) shows the number of primitive operations N (n) of us-
ing interpolation and the level set method with respect to grid resolution (n ∈ [10,100],
d = 2). The figure also shows the plot of n2 and n3 for comparison. It can be clearly seen
that the database approach using interpolation method requires much less computation
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load compared with the level set method. To make a more straightforward comparison
of both methods in terms of dimension, the speedup ratio of the database approach is
thus defined as:

Sdb(n,d) = Kl s (d) ·nd+1

Ki n ·λnd
= Kl s (d)

Ki n ·λ ·n (4.34)

The influence of dimension is mostly on the computation of the level set method de-
scribed by Kl s (d). Based on different models of 2, 3, and 4 dimensions respectively, the
results of the speedup ratio for different d and n are displayed in Fig. 4.9(b). It can be
observed that the speedup ratio grows significantly when the dimension reaches 4, indi-
cating that the level set method becomes significantly more complex compared with the
database approach. This is largely due to the increased complexity of solving a higher-
order optimal control problem, which results in the non-linearity of Kl s (d). Despite the
high speedup ratio with dimension 4, it indicates the results in relatively simple cases
where nonlinear programming is not involved during the computation. Therefore, The
results shown in Fig. 4.9(b) should be interpreted as a lower bound to the speedup ra-
tio of the database method. For more complex case where nonlinear programming is
needed, the complexity of the level set method will increase as well as the speedup ratio.
The computation of envelopes of such models with dimensions higher than 4 is out of
the scope of this research, but we will look into it in future work.

A key advantage of the database approach is that the required computational load
does not depend on the complexity of aircraft system model, which makes it a method
that covers a wider spectrum of cases and models. It should be noted that the level set
method is not the only way to compute reachable sets and flight envelopes, and the
scope of this method is limited. For example, when models of over-actuated aircraft with
highly-redundant control effectors are involved [53], the level set method is incapable of
computing the flight envelopes since there’s no analytic solutions to optimal control in-
puts. Instead, other theoretical and practical methods have been proposed and utilized
for envelope computation of this kind of model. However, these methods also have high
computational complexity that increase with the dimension [54], which can not be used
online. Therefore, a database is always needed no matter what method is used offline to
compute the safe flight envelopes.

This important feature also guarantees that when the aircraft model is changed due
to faults and damage (within the range of the database), the running time of retrieving a
different envelope remains unchanged, while the time taken to compute a new envelope
using the level set method (if it is possible) increases significantly due to the changed
model of the damaged aircraft.
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5
SAFE FLIGHT ENVELOPE

PROTECTION

"Come close the loop !"

Prof. dr ir M.Mulder

Once a complete database is built, the final step is to integrate it into a flight envelope
protection system with a fault tolerant controller. This chapter will close the loop of the
whole system and achieve the main research goal by connecting all the separate mod-
ules discussed in previous chapters together. Simulations with in-flight damage cases are
conducted to test the performance of the database-driven safe flight envelope protection
system. Simulation results indicate that the proposed system can be implemented online
and can help prevent the damaged aircraft from flying into loss-of-control conditions.

This chapter is based on:
Y. Zhang, C. C. de Visser, and Q. P. Chu, Database-driven Online Flight Envelope Protection for Damaged Air-
craft, Journal of Guidance, Control, and Dynamics, 2019. (to be submitted)
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5.1. INTRODUCTION
The function of a flight envelope protection system is two-fold: an augmentation of the
flight controller to monitor and maintain the aircraft within its flight envelope (e.g., max-
imum angle of attack) [1–3]; and an auxiliary system to inform pilots of the current flight
envelopes (e.g., minimum speed) via human-machine interactions such as haptics and
visual displays [4–7]. The first function prevents pilots from over-steering the aircraft
by limiting the commands to the flight controller, and the second function directly pro-
vides safety-related information to the pilots so that they can make unconventional con-
trol strategies without violating the envelope boundaries. These two functions work in
cooperation to enhance the flight safety.

Sudden occurrence of abnormal cases, like structural damage and system failures,
may cause an abrupt change of the inherit flight dynamics as well as control authority,
leading to a potential loss of stability and control [8]. In many cases, fast responses and
high-frequency control inputs from new control strategies are required, which are diffi-
cult for human pilots. Instead, a fault tolerant controller can be reconfigured to regain
the stability of the aircraft given the knowledge of the new flight envelope.

This chapter mainly focuses on the first function of the flight envelope protection
system, which integrates the prediction of the new flight envelope into a fault tolerant
controller. In this way, commands from pilot/autopilot as well as flight states are con-
strained within new limits in abnormal situations.

In the database-driven flight envelope prediction system proposed in this thesis, the
flight envelope is an explicit set of data, separate from the baseline controller as an inde-
pendent module. With modular design of the flight envelope protection system, only
envelopes that are explicitly referred to by the system need to be retrieved from the
database, and the re-design of the overall protection and control system is not neces-
sarily needed.

The implementation of system identification, fault/damage diagnosis and database
building have been individually discussed in the previous chapters. However, none of
these have practical meanings if they are not connected and run in a loop, providing new
envelope information to the succeeding flight envelope protection and flight control.
Hence, the main focus of this chapter is the implementation of the closed-loop fault
tolerant control with flight envelope prediction and protection.

Abnormal situations can be roughly categorized as either catastrophic or moderate.
A catastrophic case indicates the situation where the flight envelope is too small for air-
craft to recover from upset conditions and perform maneuvers. For example, under to-
tal loss of actuators and strong gust wind, the aircraft may immediately lose its control
without any effective control. Therefore, discussions on severely-impaired aircraft and
extreme external disturbances are excluded from the scope of this thesis.

Under moderate abnormal cases, internal control problems may lead to aircraft loss-
of-control (LOC), which is the main issue this chapter aims to solve. When, for instance,
the magnitude of faults/damage is not too large, it is still possible to control the aircraft
back to trim condition given appropriate control strategies. However, LOC is still likely
to happen when new maneuvers are initiated without the knowledge of the current ab-
normal condition and reduced flight limits. Therefore, flight envelope protection plays
an important role in preventing the aircraft from entering the LOC condition after the
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change of system dynamics and control authorities.

5.2. RECONFIGURATION OF FLIGHT CONTROL

A fault tolerant controller (FTC) is designed to reconfigure the flight control when there
are system faults and damage. The reconfigured controller is expected to achieve the
control object and satisfactory performance by using remaining control authorities to
adapt to the changed system dynamics and mitigate the adverse impact of faults and
damage. This can either be achieved passively with elaborate controller design, or ac-
tively with onboard detection of fault/damage. A general review of FTCs and their com-
parisons can be found in [9, 10].

Among various adaptive fault tolerant controllers for highly nonlinear systems, in-
cremental nonlinear dynamic inversion (INDI) control method [11, 12] has been inten-
sively applied to different types of aircraft. The INDI method can be considered as an in-
cremental form of the widely used nonlinear dynamic inversion (NDI) method [13, 14].
The NDI method only works fine with systems of which the models are perfectly mod-
eled without mismatch. The advantage of the INDI method over the NDI method is that
it makes the controller significantly less sensitive to model mismatch with simpler con-
trol design. In situations of system faults, failures and especially structural damage, the
present of model mismatch is inevitable. The INDI method uses sensor information to
replace a large part of the model including its unmodeled uncertainties, making it much
less model-dependent and very suitable for fault tolerant control. In practice, the high
performance and adaptiveness of the INDI controller has been proved by many pub-
lished results from simulations as well as real flight tests. In [12], a flight control strat-
egy based on the INDI method has been applied to a T-tailed UAV simulation model,
which showed increased robustness of the system. Real-world flight tests on a quad-
rotor UAV have demonstrated high performances of the INDI controller with very coarse
knowledge of model parameters in advance [15]. Highly nonlinear and inherently unsta-
ble models of helicopters [16] as well as over-actuated tailless aircraft [17] also utilized
the INDI method in controller design to achieve efficient tracking of the commands un-
der model uncertainties. Most significantly, real flight tests have been successfully con-
ducted on a Cessna Citation II aircraft (PH-LAB) [18]. The INDI control method was
integrated with the fly-by-wire and sensor system, and has performed satisfying results
with robustness to a certain amount of model mismatch [18]. In accordance with pre-
vious chapater, the simulation work conducted in this chapter is based on the Cessna
Citation model in DASMAT [19].

5.2.1. CONTROLLER STRUCTURE

The aircraft is controlled in a multi-loop structure based on its dynamics model. The
number of loops is decided by the states that are directly given commands to. In ab-
normal situations, maintaining control of attitude and aerodynamic angles is primarily
considered, thus is implemented in this section. As illustrated in Fig. 5.1, the control sys-
tem consists of two loops: an outer loop of roll angle φ, angle of attack α, and side-slip
angle β; an inner loop of angular ratesω= [p, q,r ]T corresponding to roll, pitch and yaw
respectively. The engine throttle is controlled by a separated auto-throttle loop to keep
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Figure 5.1: A multi-loop NDI/INDI control structure

the aircraft at a certain level of velocity. The commands of [φ,α,β,V ] are given by the
pilots/autopilots. The dynamics of [φ,α,β] can be written in the form:

 φ̇

α̇

β̇

 = Fout +Gout ω

=
 0

fα
fβ

+

 1 sinφ tanθ cosφ tanθ
−uv

u2+w2 1 −v w
u2+w2

wp
u2+w2

0 − up
u2+w2


 p

q
r

 (5.1)

where,

fβ =
1p

u2 +w2

[
−uv

V 2 (Ax − g sinθ)+ (1− v

V 2 )(Ay + g sinφcosθ)− v w

V 2 (Az + g cosφcosθ)
]

(5.2)

fα = 1

u2 +w2

[
u(Az + g cosφcosθ)−w(Ax − g sinθ)

]
(5.3)

and Ax , Ay , Az denotes the specific forces along the body X/Y/Z axis; u, v , w are the
velocity components along the body X/Y/Z axis. The values of these states as well as the
Euler angles are measured from onboard sensors. These measurements are estimated
by Kalman filters so that they are not contaminated by sensor noise and biases.

Since eq. 5.1 and 5.2 contains little model uncertainties, the classic NDI controller is
applied to the outer loop. The desired input to the inner-loop control ωr e f = [p, q,r ]T

r e f

is solved by introducing a virtual input [φ,α,β]T
vi r to the outer-loop controller:

ωr e f =G−1
out

([
φ,α,β

]T
vi r −Fout

)
(5.4)

Substituting Eq. 5.4 into the dynamics quation Eq. 5.1 yields a decoupled linear relation:[
φ̇, α̇, β̇

]T = [
φ,α,β

]T
vi r (5.5)
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The virtual input [φ,α,β]T
vi r can be solved by a linear controller (LC), as shown in Fig. 5.1.

The resulting ωr e f is used for controlling the inner-loop of angular rates, where the
Euler equations of motion are used [12]:

M = Iω̇+ω× Iω (5.6)

where M = [L, M , N ]T are the angular moments acting on the aircraft, and the inertia
matrix is denoted by I.

The moments M can be specified as a combination of flight-states-related moments
Ma generated by airframe aerodynamics, and actuator-related moments Mc generated
by the control surface deflections. Solving the above equation for ω̇ yields [12]:

ω̇= I−1(Ma +Mc −ω× Iω) (5.7)

by assuming on the linear relation between Mc and actuator deflections δ= [δa ,δe ,δr ]T ,
which is:

Mc = (Mc )δδ= 1

2
ρV 2S

 bClδa
0 bClδr

0 c̄Cmδe
0

bCnδa
0 bCnδr

 δa

δe

δr

 (5.8)

where (Mc )δ = ∂
∂δMc . If NDI is applied to the inner-loop, the actuator deflections δ can

be solved by introducing a virtual input νω to the inner-loop, which yields:

δ= M−1
c (Iνω+ω× Iω−Ma) (5.9)

where νω corresponds to the virtual input of the inner loop shown in Fig. 5.1. Similar to
the outer-loop, the introduction of νω yields a linear system ω̇ = νω, of which a linear
controller is used to generate νω depending on the error between the measured and
desired value ofω, as shown in Fig. 5.1.

It is noticed in Eq. 5.9 that the control law depends on the full aerodynamic model of
Ma and Mc . Hence, the uncertainties of the aerodynamic model will have an undesired
impact on the performance of the controller. Alternatively, it is considered to only com-
pute the increments of actuator deflections at each execution, which is only influenced
by Mc . The incremental part is obtained by a first-order Taylor approximation of ω̇ in
Eq. 5.7[12]:

ω̇≈ ω̇0 + ∂

∂ω

[
I−1(Ma −ω× Iω)

]
ω0,δ0

(ω−ω0)+ ∂

∂δ

[
I−1Mc

]
ω0,δ0

(δ−δ0) (5.10)

where ω0 and δ0 are the measured values of the previous time step. For small time in-
crements, the change rate of angular (ω−ω0) is considered to be negligible compared
to the change of actuator deflection. Hence, by denoting (δ−δ0) as ∆δ, Eq. 5.10 can be
simplified as:

ω̇= ω̇0 +
[
I−1(Mc )δ

]
∆δ (5.11)

It can be observed that a large part of the aerodynamic model Ma is canceled when only
the incremental form is considered. On the assumption of accurate sensor information
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of angular accelerations, the commanded incremental deflections of actuators can be
solved by:

∆δcmd = (Mc )−1
δ I(νω− ω̇0) (5.12)

which yields the commanded control input to the aircraft:

δcmd =δ0 +∆δcmd (5.13)

It should be noted that the derivation of the INDI method requires actuators with fast de-
flection responses and linear relationship between δ and Mc , so the performance of the
controlled may be degraded when the actuator saturated due to system faults or aircraft
damage, which will be discussed later in this chapter.

5.3. ONLINE IMPLEMENTATION
Figure 5.2 shows the complete loop to be implemented online, which is designed to en-
hance aircraft safety under the adverse impact of sudden faults/damage. Each building
block of the loop has been discussed separately, what remains left is implementing the
complete loop online.

The flight after faults/damage can be divided into two phases, and the first phase
ends with the new trimmed flight. During the first phase, the initial trim condition is
disturbed by the sudden faults/damage and the aircraft is quickly re-stabilized by the on-
board fault tolerant controller and actuators. Meanwhile, the system identification and
diagnosis system provides information on the current abnormal situation of the aircraft
as well as the reduced control authorities. Based on the current velocity and damage
case, a flight envelope is retrieved from the database.

The second phase starts when the aircraft tries to maneuver (e.g. turning). This phase
is more safety-related, since the maneuver may cause incremental forces and moments
that are beyond the current control authority and lead to loss-of-control. Therefore, dur-
ing phase 2, it is extremely important to consider the remaining control power and the
boundary of reduced flight envelope when giving commands to the controller.

As illustrated in Fig. 5.2, half of the loop on the right is more active during phase 1,
where the re-stabilization and diagnosis of the impaired aircraft is achieved. The left side
of the loop is more important during phase 2, where flight envelope prediction and pro-
tection are connected to ensure that the maneuver is always kept within the safe flight
envelope.

5.3.1. PHASE 1: FROM DAMAGE TO TRIM
When unexpected hazards, like structural damage suddenly occur, passive fault toler-
ant control is used to allocate the actuators to re-stabilize the aircraft. The advantage
of passive control is that it responds faster to abnormal situations than human pilots.
Hence, in phase 1, the mitigation of unexpected hazards is quickly achieved by passive
fault tolerant control if sufficient control authority is available. The quick reaction of the
controller alleviates the work load of pilots so that they can focus more on the situation
analysis and higher-level decision-makings.

In case of loss of vertical tail, for example, it is hardly possible to maintain directional
stability via rudder. Instead, research shows that alternate control methods like differ-



5

96 5. SAFE FLIGHT ENVELOPE PROTECTION

o
f

e
n

v
e
lo

p
e

d
a
ta

b
a
s
e

a
e
ro

d
y
n

a
m

ic
 m

o
d

e
l 

id
e
n

tifi
c
a
tio

n

fa
u

lt a
n

d
 d

a
m

a
g

e
 

d
ia

g
n

o
s
is

a
c
tu

a
to

rs
fa

u
lt to

le
ra

n
t 

c
o

n
tro

lle
r

fl
ig

h
t e

n
v
e
lo

p
e
 

p
ro

te
c
tio

n

m
a
n

u
a
l 

c
o

n
tro

l

a
u

to
p

ilo
t

e
n

v
e
lo

p
e
 b

o
u

n
d

a
ry

 

e
x
tra

c
tio

n

re
fe

re
n

c
e
 

in
p

u
t

a
c
tu

a
to

rs
 

c
o

m
m

a
n

d
a
irc

ra
ft

a
c
tu

a
l 

d
e
fl
e
c
tio

n
s

c
a
s
e
 in

d
e
x

in
p

u
t lim

its

s
e
n

s
o

rs

m
e
a
s
u

re
m

e
n

t fe
e
d

b
a
c
k

fl
ig

h
t  s

ta
te

s

a
e
ro

d
y
n

a
m

ic
 

c
o

e
ffi

c
ie

n
ts

fl
ig

h
t d

is
p

la
y
 a

n
d

 

s
y
s
te

m
 w

a
rn

in
g

p
ilo

t

h
e
a
lth

 c
o

n
d

itio
n

s
itu

a
tio

n
 

a
w

a
re

n
e
s
s

p
h
a
s
e
 1

p
h
a
s
e
 2

F
igu

re
5.2:A

n
overview

o
fth

e
co

m
p

lete
lo

o
p

to
b

e
im

p
lem

en
ted

o
n

lin
e



5.3. ONLINE IMPLEMENTATION

5

97

ential thrust and combined use of ailerons can be applied automatically by flight control
systems [20]. A more frequently occurred case is engine failure, which imposes a sudden
asymmetric side force and a non-zero side-slip angle (β) followed by a roll motion. Un-
der such emergencies, with the help of automatic flight controller, a rudder deflection is
used to mitigate the adverse yaw and maintain a zero β.

In Chapter 2, aerodynamic model identification is excited by a designed open-loop
doublet maneuver to show the performance of the re-identification process. In a closed-
loop controller, the excitation input δ is generated in a more practical manner. When
normal flight is disturbed by sudden faults or damage, the controller will try to re-stabilize
the aircraft and keep it under control. Meanwhile, the detection alarm is generated to
trigger the re-identification. During the process, actuator commands δcmd are gener-
ated and measured, which are used for the excitation input for the identification of con-
trol effectiveness. Triggered by the detection alarm, the covariance matrix is reset to its
initial value so that the re-identification is mostly influenced by new data in the changed
situation. Once the identification error and covariance matrix converge to sufficiently
small values, the identified parameters converge to their new values, which are used for
the diagnosis system.

Persistently exciting input is one of the key issues in system identification. In normal
situations, inputs from various flight states are expected to be as sufficient as possible
to obtain accurate global results. In abnormal situations where aircraft is more likely
to lose its control with maneuvers, excitation inputs, if required, should be given with
safety considerations, so the identification accuracy needs to be compromised. Due to
the highly generalization ability of support vector machines (SVM) used in the diagnosis
system, both safety and accuracy can be achieved.

The diagnosis system is composed of several parallel classifiers, each of which cor-
responds to one of pre-defined damage and fault cases. The classification is based on
the off-line training functions stored in the system, and each classifier may have differ-
ent aerodynamic coefficients as input. Based on the results produced by all the classi-
fiers running in parallel, the decision-making process determines the type, location and
severity of faults and damage.

The classification and decision-making results will then generate the case index to
retrieve the corresponding flight envelopes in the database. If the diagnosis system in-
dicates that there are multiple damage locations, or there is necessity for flight envelope
interpolation, more than one flight envelopes will be retrieved from the database.

5.3.2. PHASE 2: FROM TRIM TO MANEUVER

In the second phase when the re-stabilized aircraft tries to maneuver to another state,
active control strategies can be applied. However, during this phase, the loss of aircraft
control can be caused by aggressive commands. In an icing scenario simulated in [21],
even though ice accretion did not initiate immediate LOC of the aircraft, the maximum
achievable flight states had greatly changed. If the protection system had not taken these
changes into account, a combined pitch up and roll maneuver after icing could have
easily steered the aircraft over its physical limits and caused LOC.

Similarly, faults and damage to the aerodynamic surfaces and actuators lead to re-
duced stability margin and control authority. If the aircraft is subjected to incremental
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moments due to asymmetric damage and faults, it will cause further reduction of avail-
able control power during the maneuver. All these changes are reflected in the shrunken
flight envelopes. If the maneuver command is given without considering the changed
envelopes, the aircraft may fly into unrecoverable states. In some cases, for instance, ex-
cessive input may generate incremental moments that the remaining control authorities
can not counteract, leading to the saturation of actuators and irreparable LOC condition.
Therefore, flight envelopes retrieved from the database are incorporated in the control
and warning system to protect the aircraft from LOC situations.

5.4. CASE STUDY AND SIMULATION RESULTS
In this section, online implementation of the whole system shown in Fig. 5.2 is simulated
in the DASMAT model, where the flight envelope database is built in the form of look-up
tables. The overall objective of the simulation is to investigate if the flight envelope can
be successfully retrieved online, and if the envelope protection can prevent aircraft from
potential LOC conditions.

It is argued in [20] that lateral control limitation are less familiar to pilots than lon-
gitudinal control limitations. A possible reason is that aircraft in normal flight will have
adequate roll and yaw control until stall speed. This means that longitudinal control
hazard will normally manifest itself before lateral control becomes an issue. However,
this situation changes when stability and control of roll and yaw axis are influenced by
hazards (e.g., structural damage, ice accretion) on wing and vertical tail. In such cases,
excessive commands on angle of attack can over-steer the aircraft into LOC conditions
before it reaches stall limits.

In order to show the importance of envelope protection, two structural-damage cases
are modeled in the DASMAT model for simulation, as shown in Fig. 5.3. The first case is
symmetrical damage to the rudder, and the second case is asymmetrical damage to the
left wing and aileron. The combination of both wing and rudder damage is also sim-
ulated and discussed. Due to the coupling between roll and yaw motion, the loss of
directional control will generate rolling moment that may lead to the loss of lateral con-
trol if the available control power runs out. The simulation is performed in DASMAT
under normal and abnormal flight conditions. During each simulated flight, the aircraft
is initially trimmed at 100m/s and 5000m with α= 3.7°.

5.4.1. RUDDER DAMAGE

Rudder is commonly used to maintain zero sideslip angle under side force and adverse
yaw moment. Normally, rudder is not used for turning, except for crosswind landings,
where it is necessary to align the aircraft with the runway and a certain (non-zero) sideslip
angle is given as the reference input by the pilot/autopilot. When the aileron control is
limited, however, rudder can be used as an alternative for turning [20].

When rudder is damaged, in order to maintain the same value of β, more rudder
deflections are required compared to normal situations. If the reference input of β is
given without considering the reduced control effectiveness, the damaged rudder may
soon saturate and lead to the loss of directional control. The aim of β-protection is to
prevent such aggressive use of rudder controls.
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Figure 5.3: A three-view illustration of a damaged Cessna Citation aircraft

As discussed in the previous section, re-identification and classification form the pri-
mary phase of envelope prediction and protection. The re-identification is triggered
when the error between measured and modeled output exceeds a certain threshold. The
triggering threshold is pre-defined based on the slightest damage scale modeled in the
simulation. For asymmetrical damage (e.g., wing damage), the detection errors are in-
duced by unequal forces and increments of moments.

Ruder damage, however, is symmetrical, which does not induce constant increments
of yawing moment, unless it is combined with rudder hard-over or asymmetric engine
failures. Nevertheless, it is still possible to detect the error if the damaged rudder deflects
to, for instance, maintain a non-zero β command. Additionally, reports on past flight
accidents reveal that rudder and vertical tail damage is often accompanied, or induced
by sudden external disturbances and turbulence, when rudder deflects to re-trim the
aircraft.

The covariance matrix is an indication of the convergence of the re-identified param-
eters to their new values, which are closely related to the sufficiency of each state input.
In abnormal situations, recovering and re-stabilizing maneuvers only excite a limited
range of states, resulting in an updated local model of the current flight condition. Ob-
serving the variance of each estimated parameter, it is found that not all parameters are
fully excited and re-identified. Nevertheless, the advantage of using classification is that
it does not require all changed parameters to be accurately re-estimated. Only param-
eters that quickly converge are selected as the classification features. This advantage
naturally circumvents the safety concerns associated with obtaining global models in
abnormal situations.

The classification of damage is based on the training results by the SVM method dis-
cussed in chapter 3. Two parameters, Cnβ and Cnδr

, are selected as the classification
features. They can either be trained as two individual features, which yields two sepa-
rate classifiers, or as a feature set of one classifier. As shown in Fig. 5.4, the training is
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based on a feature set, and the boundaries of every two of the three classes are trained
by a linear kernel.

Similar to Chapter 3, data points of different classes in the training set are denoted
by different symbols in Fig. 5.4. Based on these data points, the decision function f
is trained. The decision boundary between two classes (solid line) is f = 0, as shown
between two dotted lines with f = −1 and f = 1 respectively. The whole state space is
divided by different color scales according to their values of decision scores.
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Figure 5.4: SVM training results of three damage levels denoted by % of tip loss (∗ : 30%, + : 40%, 4 : 50%)

In this section, a 50% tip loss of rudder is simulated by changing the values of aerody-
namic parameters in the look-up tables of the DASMAT simulation model. The original
values of these parameters and their changed values after damage are listed in Table 5.1.

In the simulation shown in Fig. 5.5, the rudder damage is triggered at 15s. An impulse
of external yaw moment∆Cn is added at 15s and lasts for 2 seconds to simulate the effect
of disturbances and turbulence, which causes an immediate rise of averaged error of Cn .
As shown in Fig. 5.5(a), ∆̄Cn exceeds the triggering threshold (3× 10−7) twice. Under
the influence of external yaw moment, β deviates from zero and rudder immediately
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Table 5.1: The values of aerodynamic coefficients before and after damage

Cnβ Cnδr
Cnr

original value 0.153 -0.1 -0.21
value after damage 0.122 -0.05 -0.168

deflects in response to the sudden change, which excites the identification of Cnβ and
Cnδr

respectively. In Figs. 5.5(e)(f), the value of Cnβ changes from 0.147 to 0.12, and Cnδr

from -0.095 to -0.046.

It can be observed from Fig. 5.5(d) that even though both parameters converge to
their changed values, the variance of estimated Cnβ converges a bit slower than that of
Cnδr

. This is due to different excitation inputs of β and δr .

In the damage assessment system, each classifier correspond to one damage case,
and the output of each classifier is represented by the value (0/1) of one indication flag.
Whichever flag becomes unity, its corresponding damage case is declared as the current
damage case. Based on the identification results shown on the left y-axis, the flag of the
expected damage case is shown on the right y-axis of Figs. 5.5(e)(f).

In the simulation shown in Fig. 5.6, the amplitude of the added impulse signal is
reduced to simulate the situation where the re-stabilizing response of β is not enough
to fully excite the identification of Cnβ . As shown in Fig. 5.6(b)(c), at the time of damage
occurrence, β deviates from zero and the controller gives commands of δr to maintain
zero sideslip angle, which generates the excitation input to the re-identification of Cnβ
and Cnδr

. Figure 5.6(d) shows that before 20s, the variance of the estimated Cnβ did not
converge to a small value as that of Cnδr

, since the excitation of β is not sufficient.

From the point of identification, moreβ-maneuvers are required for higher accuracy,
but this may also increase the risk of LOC in the current abnormal situation that has yet
been fully identified. Safety is always the first priority when it comes to flight, so small
maneuvers are suggested when giving excitation inputs. However, the criteria for “small”
is hard to define. In this chapter, we choose a limit of ±2° for β command to numerically
suggest how small the maneuvers should be. The limit is based on the most severe but
still recoverable rudder-damage case modeled in the simulation, in order to prevent the
aircraft from entering LOC condition during the identification process.

As shown in Fig. 5.6, after 20s, a series of β-command is manually given within the
limits, which provides more excitations for the estimated Cnβ to approach its expected
value around 25s. It can be observed that under damage conditions, the uncertainty of
identification is magnified due to limited maneuvers and the insufficiency of excitations.

When the identification of Cnβ can hardly be fully excited within the safe maneu-
vering limits, decision will be made based on the value of its variance of estimation. If
the variance is under a certain threshold, it means that the estimation is close to the
expected value. Given the high generalization ability of SVM classification, Cnβ can still
generate the expected classification results, as shown in Fig. 5.6(e). If the variance of esti-
mation remains at a value above the threshold, it means that the estimated Cnβ deviates
too far from the expected value, and can not be included as a feature input in the clas-
sification. Under this condition, the classification will only depend on the identification
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Figure 5.5: Identification without further maneuvers

of Cnδr
, which converges more easily since rudder deflections δr in the inner loop have

faster dynamics and thus generate sufficient excitations.
The comparison between flights with and without β protection after rudder damage
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Figure 5.6: Identification with further maneuvers

is shown in Fig. 5.7. Before damage occurs, the sideslip angle β is maintained around
−5°. In this simulation, external yawing moment is not added at the time of damage
(15s). Instead, the deflection of rudder experienced an increase at the time of damage
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to maintain the same value of β, which generates the error shown in Fig. 5.7(a). The
magnitude of the error exceeds the pre-defined threshold, though it is much smaller
than that in Figs. 5.5(a) and 5.6(a).

Based on the identified Cnδr
in Fig. 5.7(b), rudder damaged is quickly classified and

confirmed after the damage. As shown in Figs. 5.7(c)(d), after 20s the reference input
of β continues to increase until the damaged rudder begins to saturate. Under exces-
sive β-command without protection of the new envelope, the directional control is not
regained until 42s, which is more than 10 seconds after the β-command is reduced at
30s. Even though the saturation cannot cause the aircraft to flip over, strong forces at ex-
treme positions may trigger more severe damage, like the total loss of rudder and vertical
stabilizer. With updated information on the changed envelope, the same excessive in-
put command is limited within the bound of envelope, as shown in Figs. 5.7(e)(f), which
makes sure that the rudder deflections are always kept within the saturation limit.

5.4.2. LEFT WING AND AILERON DAMAGE
Unlike rudder damage, wing damage is asymmetrical, which generates an incremental
rolling∆Cl from unequal lift force (∆ClL ) and weight (∆ClW ) of two wing spans, as shown
in the lower right subplot of Fig. 5.3. Since the reduction of weight is much less compared
to lift force, its contribution to ∆Cl is neglected.

Figure 5.8 shows data from NASA wind-tunnel experiments [8], which indicates how
incremental rolling moment change with angle of attack under wing damage. It is ob-
served that ∆Cl can be approximated by a linear function of α. This can be explained by
the fact that for general aircraft like Cessna Citation, lift force can be linearly determined
by α in low-angle-of-attack region between α=−5° and α= 10°. Hence, ∆Cl in DASMAT
can be modeled as:

∆Cl =Clα ·α (5.14)

The damage also induces reduction in the stability and control authority of the air-
craft, which are reflected in the changed value of aerodynamic coefficients like control
effectiveness Clδa

and roll damping Clp [8]. The value of Clα and other aerodynamic
coefficients influenced by the damage is modeled in the DASMAT so that their original
values change once the damage is triggered in the simulation. In this section, a damage
case of 50% tip loss of left wing is simulated. Table 5.2 lists the original values of most
influenced coefficients in the look-up table and their modeled values after damage. It
should be noted that Clα is not necessarily included as a classification feature, since the
re-identification of this parameter requires sufficient input of α, which poses potential
risk to the flight after damage. Similar to Fig. 5.4, the training results of three different
wing damage levels using SVMs are shown in Fig. 5.9.

Table 5.2: The values of aerodynamic coefficients before and after damage

Clp Clδa
Clα

original value -0.46 -0.186 0
value after damage -0.345 -0.093 0.6
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Figure 5.7: The identification of single rudder damage and the comparison between flights with and without
envelope protection under yaw maneuvers

As shown in Fig. 5.10(a), the damage is initiated at 5s, and the averaged error of
rolling moment∆Cl suddenly increases above the threshold, which triggers the re-identification.
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Figure 5.8: Wind-tunnel data of incremental rolling moment with respect to angle of attack
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Figure 5.9: SVM training results of three damage levels denoted by % of tip loss (∗ : 30%, + : 40%, 4 : 50%)
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Sufficient excitation for identification is less an issue compared with rudder damage,
due to the existence of incremental moment. In response to the sudden roll motion at
5s (Fig. 5.10(c)), the undamaged (right) aileron deflects in an effort to re-trim the aircraft
and compensate for the incremental moment ∆Cl , as shown in Fig. 5.10(b). Meanwhile,
the aileron deflections and roll motions have provided sufficient input excitation to the
re-identification of aerodynamic coefficients. The identified Clp , Clδa

are shown on the
left y-axis of Figs. 5.10(d)(e).

As shown in Figs. 5.10(b), in the course of re-stabilizing the aircraft, the aileron needs
to deflect about 25° to keep the roll angle to be zero, leaving limited authority (13° ) for
further roll control. If ∆Cl continues to increase, the right aileron will saturate and the
aircraft may potentially lose control if velocity does not increase in a short period of time.

According to the previous analysis of wing damage and Eq. 5.14, the increase of α
may generate too much rolling moment that saturates the actuator and lead to uncon-
trollable roll motions. Under normal condition without damage, as shown in Fig. 5.11(a),
the angle of attack can be controlled to increase above 8° during pitch maneuver, and the
roll motion is barely influenced (Fig. 5.11(b)) due to decoupled effect of α. In the wing
damage scenario shown in Figs. 5.11(c), the command of α starts to increase at 30s after
the damaged aircraft has been re-trimmed. Under the coupled influence of wing dam-
age, the value of δa increases with α. As shown in Figs. 5.11(c)(d), when α increases to
about 5.5°, δa meets the upper limit and the aircraft starts rolling to one side under the
incremental rolling moment that can not be counteracted. This indicates that the angle
of attack needs to be protected within the envelope, so that the damaged aircraft is not
subjected to uncontrollable rolling moment.

The flight under envelope protection is shown in Figs. 5.11(e)(f), where the enve-
lope is retrieved based on the current damage case and flight states. The reference input
of α given by pilots/autopilot is not directly sent to the controller, but restricted by the
retrieved envelope to about 5.2° before the deflection of δa is computed by the INDI con-
troller. As shown in Figs.5.11(e)(f), δa is kept within the limit so that there is no unwanted
roll motion during pitching maneuvers.

5.4.3. COMBINED RUDDER AND WING DAMAGE

Based on the analysis of these two cases, it is observed that asymmetrical damage is
more critical than symmetrical damage, due to additional moments that are constantly
generated by unequal forces. Under asymmetrical damage, the aircraft is always at the
risk of LOC once the actuators reach their limits. In the simulation shwon in Fig. 5.12,
the situation of wing damage deteriorates after the occurrence of rudder damage.

For single rudder damage, rudder saturation will cause deviations of β-command,
but not total loss of aircraft control. However, when rudder damage is combined with
wing damage, the envelope protection of β becomes critical, due to the coupling be-
tween directional and lateral motion.

In the extreme situation shown in Fig. 5.12(a), the α-command is beyond the safe
limit and the actual α is maintained within the envelope boundary. It can be observed
in Fig. 5.12(e) that aileron deflection is on the edge of saturation. Due to the typically
large effective dihedral (Clβ ) of swept-wing transport aircraft, the sideslip excursions will
result in potentially large uncommanded rolling motions that require more aileron de-
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Figure 5.10: Aerodynamic identification and damage classification results under wing damage, without further
maneuvers

flections.
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Figure 5.11: The influence of wing damage and envelope protection under pitch maneuvers

As shown in Fig. 5.12(c), the excursion of β occurs at around 20s, when the control
authority of rudder is completely lost without β protection. The uncontrolled β and
saturated rudder generates more incremental rolling moment that cannot be mitigated
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by the aileron, which causes the aircraft to roll to one side until it crashes to the ground.
It can be observed that the protection ofα can no longer prevent the aircraft from LOC if
β is not effectively protected. As shown in the right column of Fig. 5.12, the utilization of
both β and α envelope protection can effectively prevent LOC situation when pilots give
excessive commands to the controller under emergencies.

5.4.4. DISCUSSION
Among all the LOC hazards that have a fundamental influence on flight envelopes, struc-
tural damage discussed in this chapter is only one category. Combination with other ab-
normal cases can lead to further change of flight envelopes and more stringent protec-
tion strategies. For example, icing-induced LOC incidents and accidents have occurred
on all classes of aircraft [21]. The primary aerodynamic effect of icing is the increased
drag force and reduced lift force on the icing part. Normally the ice accretion is not sym-
metrical, thus inducing moments from unequal forces. Based on these analysis, icing
can be regarded as a reformation of airframe outline, which is similar to the impact of
structural damage. Due to the lack of aerodynamic modeling data, icing is not modeled
and simulated in this chapter. The determination and protection of flight envelopes in
icing situations has been thoroughly discussed in [21, 22].

Engine failure is another important research topic related to LOC recovery, where
velocity plays a vital role between life and death. Rudder is applied when asymmetric
thrust generates non-zero side-slip angle. Another critical category is actuator faults, like
rudder jam or hardover, which not only result in loss of control effectiveness but also in-
duces unwanted moments. In these situations, flight envelope protection on automatic
controller is not enough to guarantee safe flight, but the cooperation between pilots and
machines. This also implies that the protection strategy discussed in this chapter has its
scope and limitations. For other LOC prevention and recovery strategies under engine
failure and rudder jam, readers can refer to Refs. [20, 23].
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6.1. DISCUSSION AND CONCLUSIONS
This research is motivated by the practical significance and technical challenges of loss
of control (LOC) prevention. The thesis started with a statistical summary of aircraft
accidents in recent years, addressing the importance of LOC prevention. Since LOC can
be defined as an aircraft moving outside its safe flight envelope [1], one of the keys to
LOC prevention is the ability of prediction and protection of these safe flight envelopes,
which motivates the main focus of this thesis.

As a dynamics and control problem, LOC is highly complex in that there are many
causal and contributing factors that happen in solo or in sequence [1, 2]. Among the
most challenging contributing factors, some factors fundamentally change the dynam-
ics, and the control authority of the aircraft. As a result, the flight envelopes are different
from that of a nominal aircraft. The scope of this research is limited to the envelope pre-
diction of such incidents, which includes airframe damage, icing, and actuator failures.

The main research goal formulated in Chapter 1 was:

Research Goal

To develop an online safe flight envelope prediction system for aircraft subject to
in-flight faults and damage.

The key words of the research question are “online”, “prediction” and “in-flight”, indi-
cating that the to-be developed system is required to predict the changed flight envelope
during (abnormal) flight. This requirement poses several challenges to the research. The
fundamental challenges in the online computation of flight envelopes lie in the funda-
mental impossibility of obtaining a global model of an in-flight damaged aircraft, as well
as in the heavy computational load of online envelope updates. To circumvent these
challenges, the concept of using a database is proposed in this research, which solves the
problem of a large amount of online computations by using fast database retrieval. The
core of this research is to develop this online system, the “Database-driven safE Flight
ENvelope preDiction (DEFEND)” system [3].

In order to design and implement such a database-driven prediction system, the re-
search is divided into two parts: offline envelope computation and online envelope pre-
diction. The offline work focuses on the preparation for online implementations; to-
gether they form the main content of this thesis.

This final chapter summarizes the main results and contributions of this thesis. The
proposed methodologies are evaluated in terms of their advantages and limitations. Rec-
ommendations for further research are given, as extensions of the current work, but also
potential applications in the field of aircraft safety and LOC prevention.

6.1.1. OFFLINE PREPARATION

The work to be accomplished offline includes three aspects: 1) aircraft dynamics mod-
eling, 2) flight envelope computation, and 3) database building. The offline preparation
lays the foundation of the envelope prediction system.
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DAMAGE MODELING

Modeling of aircraft dynamics effects under realistic LOC hazards is important but chal-
lenging work. The main challenge to tackle is data acquisition from impaired aircraft
or during abnormal flight. One feasible and safe solution is through conducting wind-
tunnel experiments as well as CFD modeling work on a sub-scale generic aircraft model
under several pre-defined LOC cases [4–7]. In these experiments, values of stability and
control derivatives under different abnormal cases are obtained and compared with nor-
mal aircraft flight. It can be drawn from these experiments that structural damage sig-
nificantly reduces the stability of the aircraft as well as its control authorities.

The main focus of Chapter 3 is to incorporate the aerodynamic characteristics of var-
ious damage cases into the original mathematical model of a normal Cessna Citation
aircraft, based on data from the aforementioned experiments, to establish a model of a
partially damaged Cessna Citation. The severity level of damage is defined as the length
ratio of damaged/lost tip to the total span. The model derived in Chapter 3 covers a
range of five severity levels (10% - 50%) at three different parts (wing, horizontal stabi-
lizer, vertical tail) and their affiliated actuators.

During the modeling process, it is found that the original model structure no longer
holds under asymmetric damage, which needs additional terms that represent the chan-
ged aerodynamic effects. It is also found that damage to different parts on aircraft re-
sults in different aerodynamic characteristics, which are reflected in changes of different
model parameters. For a certain damaged part, the change scale of each model param-
eter is related to the damage scale . By analyzing experimental data obtained from [4–7],
the quantitative relation between change scales of model parameters and severity levels
of the damage is approximated by a linear function.

In this way, each damage case is modeled by a predefined model structure with pa-
rameters that linearly change with the damage severity. By incorporating the modeling
into DASMAT, the aerodynamic effects of different damage cases can be simulated un-
der various flight conditions. Open-loop simulation results demonstrate that the derived
model reflects the change of aerodynamic characteristics, as well as a change in control
authority due to damage.

However, the models used in this research can not be verified by real flights or wind-
tunnel tests, since it is practically infeasible to conduct such experiments with a passen-
ger aircraft under damage conditions. Despite this, the modeling still accurately reflects
how aircraft model changes, because the trends of stability reductions can be explained
by flight dynamics principles. The only difference between the aerodynamic models of
two similar aircraft types is in the numerical values of their aerodynamic coefficients.
This is the primary assumption on which the modeling of the damage Cessna Citation
aircraft can be based upon.

FLIGHT ENVELOPE COMPUTATION AND DATABASE BUILDING

In Chapter 4, safe envelopes for both longitudinal and lateral motions are computed us-
ing the level set method. It is shown that the shape and size of the computed envelopes
depend on the time horizon, initial trim set, input values and most importantly, the cur-
rent aircraft model. From damage modeling in Chapter 2, it is found that structural dam-



6.1. DISCUSSION AND CONCLUSIONS

6

119

age directly influences the aircraft model. Therefore, the damage condition becomes a
decisive factor of a flight envelope.

Flight envelopes computed under 20% wing damage and 30% horizontal stabilizer
damage show obvious reductions in size and variations in shape compared with the
nominal flight envelope. These results not only show the large impact of structural dam-
age and the resulting aerodynamic model changes, but also confirm the necessity of
computing the shrunken flight envelopes during flight after the occurrence of damage.
It is also shown that flight envelopes are influenced by the flight condition, which for
example expand with increasing true airspeed. This finding inspires further research on
aircraft upset conditions(e.g., abnormal velocity and altitude).

Although the full aircraft model has been decoupled into longitudinal and lateral
models to reduce the high computational burden, online envelope computation using
the level set method is still extremely time consuming. Both theoretical analysis on com-
putational complexity and numerical implementations demonstrate the infeasibility of
direct envelope computation during flight even if the global model is available after a
failure. These findings give rise to the idea of using a database for envelope look-up.

In Chapter 4, a database is designed to store the offline computed flight envelopes
under different flight conditions and damage cases. Each flight envelope stored in the
database can be retrieved by referring to the corresponding case index and current flight
condition. However, physical limitations on database volume and damage modeling re-
stricts the number of envelopes stored, which yields the need for interpolation. It is im-
portant to note that it is neither necessary nor feasible to interpolate between any two
envelopes that are randomly retrieved from the database. In this dissertation, interpo-
lation is only applied between envelopes that have connections in their physical origins
and share similar geometric features. For example, envelopes of two different levels of
tip loss of the same damage part, or envelopes of two different values of the same flight
state or input.

Two examples are shown in Chapter 4, one is the interpolation between envelopes
of two different damage scales, and the other is the interpolation between envelopes
under two different values of airspeed. The interpolated envelopes are compared with
the ones computed by the level set method, and the results show that the interpolation
can approximate the result of the level set method with high accuracy.

In order to demonstrate the feasibility of online application of the database approach,
it is necessary to evaluate the computational efficiency of the algorithm used for enve-
lope interpolation. Compared to the level set method, the improvement in computa-
tional efficiency of the proposed database approach and interpolation is quantified by
the speedup ratio, which is shown to increase with model dimension and computational
grid resolution. For a simple 2D example, a significant enhancement in computational
efficiency is demonstrated with a speedup ratio of 40000. This ratio can even increase
up to 106 for a more complicated problem with 4 states. The complexity analysis indi-
cates that envelope interpolation allows for quick prediction of flight envelopes based
on database retrieval.

Furthermore, it is also discussed that envelopes obtained by experimental and com-
putational methods other than the level set method can all be included in the database,
regardless of the complexity of the methods applied offline. Given its high versatility and
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efficiency, the database approach is demonstrated to be essential in online LOC preven-
tion system, where available computational power and storage volume is limited.

Among all the contributing factors of LOC accidents, the database design and en-
velop computation in this thesis is only applied to aircraft damage cases. For some
other factors, such as sensor and software faults, aircraft upsets, wind gust, inappropri-
ate crew operations, the flight envelopes defined and computed in this thesis may not
change. For such cases, alternative ways of determining envelopes and other protection
strategies are required. Therefore, the proposed approach in its current form can not
prevent all LOC accidents, but can be of great importance in situations where the safe
flight envelopes have reduced. It should be noted that the proposed database-driven
approach can be potentially extended to include more abnormal cases, both failure and
non-failure, with flight envelopes defined and computed in different ways.

6.1.2. ONLINE IMPLEMENTATION
Based on offline-prepared database and models, the online system of envelope predic-
tion can be established. To formulate the entire loop from sensor measurements to con-
trol inputs, several modules need to be designed and connected to the database.

AERODYNAMIC COEFFICIENT IDENTIFICATION

The adverse impact of unexpected structural damage on aircraft dynamics is reflected
in the abrupt change of stability and control derivatives in the aerodynamic model, as
revealed by wind-tunnel tests. The change of these coefficients can also be explained by
basic flight dynamics, since the stability derivatives of the aircraft depend on the level in
which airframe and control surfaces are complete and functioned.

Mathematically, the changed coefficients can be identified from the aircraft model.
Since the damage/failure is activated in-flight, the changed model parameters need to
be re-identified online and replace their original values. After the re-identification is
initiated, the co-variance matrix is increased to enhance the influence of new incoming
data. Then, sufficient excitation is provided to the system so that the parameters can
converge to new values.

The re-identification is triggered by the signal of model change, which is generated
when the discrepancy between measured output and expected output rises above a pre-
defined threshold. From flight simulations in different scenarios, it is observed that the
sudden activation of asymmetric damage generates unequal forces and subsequent in-
cremental moments, which yield large errors in the original model of the undamaged
aircraft. It is also found that the values of errors depend on the scale of damage as well
as the level of external noise. Hence, the determination of the detection threshold for
a certain damage part is based on the slightest level of damage severity and the high-
est level of noise modeled in the simulation environment. Different values of thresholds
are simulated and results compared. It is found that higher threshold yields more false
negatives (missed detections), while lower threshold results in more false positives (false
alarms). The threshold that achieves a balance between false positives and false nega-
tives is chosen as the detection threshold.

Sufficient excitation input is the crux of parameter identification, which can be gen-
erated either in an active way or in a passive way. During open-loop simulations in Chap-
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ter 2, the excitation inputs to the aircraft are the deflections of elevators, ailerons and
rudder, which are directly given by pilots. A balance needs to be achieved between safety
and sufficiency when giving excitation inputs, especially after the occurrence of damage
and failures. Therefore, small maneuvers are desired when giving excitation inputs.

However, current discussions on how small the maneuvers should be are more fo-
cused on pilot experience and intuition instead of the quantification of input constraints.
In this thesis, pilot commands for excitation are constrained by the computed flight en-
velopes to guarantee safety. Since no information of the current damage condition can
be provided before identification, the system will go for the most pessimistic one. This
means that the excitation input starts with the boundary of the smallest envelope, which
corresponds to the most severe damage case in the database. If the aircraft is still in con-
trol and more excitation is required, the input can be gradually increased to the bound-
ary value of a larger envelope, until an updated local model around the current flight
condition is successfully identified.

In Chapter 5, the aircraft is controlled by an automatic fault tolerant controller, so
the excitation input is not directly given by the pilots but by the controller. Under this
closed-loop configuration, the excitation is less of an issue than it is in the open-loop
flight, especially when the damage is severe. The reason is that when trimmed flight is
disturbed by sudden damage, the fault tolerant controller will automatically re-stabilize
the aircraft, generating actuator commands that excite the identification. The closed-
loop controlled flight is simulated in Chapter 5, and the aircraft is in trim flight when
damage occurs. It is found that in the process of re-trimming the aircraft, sufficient ex-
citation has been generated for parameter identification, and no additional maneuver
commands are required from the pilot. The more severe the damage, the more the sys-
tem is sufficiently excited as long as the actuators will not saturate and the aircraft is still
under control. If the damage is too slight to fully excite the system, moderate commands
will be given by pilots based on the most pessimistic envelope, as previously described.

System identification is implemented in open-loop and closed-loop simulations in
Chapter 2 and Chapter 5, respectively. It is clearly shown that the identified stability
derivatives quickly converge to the changed values after maneuvers and excitation. The
identified parameters are used to capture the aerodynamic characteristics of the dam-
aged aircraft as a preparation for damage case classification.

DAMAGE ASSESSMENT SYSTEM

This part of the research is motivated by the need for retrieving flight envelopes from
the database. Since different abnormal cases result in different safety boundaries during
flight, the type, location and severity of the damage and failures are used as the search
key for retrieving various flight envelopes. In the database, each abnormal case is as-
signed an index number, which corresponds to a multi-dimensional data set of com-
puted flight envelopes. Based on the current flight condition (e.g., velocity, altitude), the
data set is decomposed and the desired flight envelope can be retrieved.

Among various abnormal cases, the identification of large-scale structural damage is
barely discussed in literature. The main challenge of this issue is that there is no explicit
mapping, i.e., a precise analytic mathematical function that describes the relationship
between the damage condition of the aircraft and the changed aerodynamic character-
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istics of the damaged aircraft. To tackle this problem, machine-learning is used to formu-
late the relationship from training data. Since the target of training is a set of pre-defined
discrete events, the training is aimed at classifying the data into one of the categories de-
fined by these events.

Two methods have been applied for damage case classification, namely neural net-
works (NN) and support vector machines (SVM). The classifiers normally produce a
score that represents the degree of which an instance is a member of a class. The score
is then used with a threshold to produce a discrete result. Each class is described by the
percentage of tip loss of wings and tails. In Chapter 3, the performance of the neural net-
work classification is evaluated by calculating the number and rate of true positive, false
negative, true negative and false positive in a cross-validation. These evaluation results
give us an insight into the balance between accuracy and generalization achieved by the
classifier under a certain level of uncertainties and disturbances.

For database retrieval, it is found out that SVMs have better generalization ability,
which provides additional information on the area between two neighboring classes.
When the target classes are sparsely located, this feature is used to trigger envelope in-
terpolation in the database, which is beneficial for safety. When the training classes are
closely located, both SVMs and NNs give similar classification and evaluation results.

Apart from damage classification, the current condition can be assessed in a more
descriptive way, such as ‘moderate damage’, ‘severe damage’, etc, which is achieved by
applying fuzzy logic (FL). The FL represents the current situation in a more qualitative
and descriptive manner, which may contribute to enhancing the situation awareness of
pilots. Unlike machines, humans may not need numerically precise results, but would
rather have a general qualitative idea of the current situation. Therefore, FL can be used
as an auxiliary part in loss-of-control prevention systems, where pilots can be warned of
the current situation by the diagnosis and assessment system.

FLIGHT ENVELOPE PROTECTION

By connecting online identification and classification to the offline-built database, an
online flight envelope prediction system is established. The utilization of such a system
is for online flight envelope protection, which closes the loop by feeding the safe bound-
aries to the online fault tolerant controller. Through online implementation of the com-
plete loop, the feasibility of the database-driven flight envelope prediction is proved.

The aircraft is controlled in a multi-loop structure by pilot commands. In this re-
search, commands on roll angle φ, angle of attack α and side-slip angle β are given to
the controller as the reference input, and are transformed into deflections of ailerons,
elevators and rudder, respectively, through NDI/INDI. On occurrence of sudden dam-
age, the controller will try to re-stabilize the aircraft within its control authority. Simula-
tion results show that during the period of re-stabilization, parameter re-identification,
damage assessment and flight envelope retrieval can indeed be achieved.

It is observed from simulations that after the sudden occurrence of damage, the air-
craft will be quickly re-stabilized by actions of a passive fault tolerant controller. As a
consequence, part of the actuators will be used to mitigate the adverse effect of damage,
which reduces the control authority of the aircraft. Simulation results show that LOC is
still likely to happen when a new maneuver is initiated by pilots without providing them
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with updated information of the current damage condition and reduced flight envelope
limits to the control system. It can therefore be concluded that even though flight enve-
lope prediction and protection cannot directly save the aircraft from LOC after sudden
damage, it can actively prevent the aircraft from entering the LOC condition again after
it is trimmed.

Hence, the main function of flight envelope protection in this research is to limit
maneuvering commands and protect the re-trimmed aircraft from LOC. In Chapter 5,
comparisons between simulated flights with and without envelope protection under the
same damage case reveal the importance of online flight envelope prediction and pro-
tection. Simulation results also indicate that online implementation of flight envelope
prediction and protection is feasible based on the offline-built databases.

From closed-loop simulations, it is found that the aircraft can not be protected from
all damage cases. When the damage is so severe that the remaining actuators have
reached their maximum control limits given the largest possible speed/thrust, the re-
covery of the aircraft is beyond the reach of the envelope prediction and protection tech-
niques developed in this dissertation.

6.2. MAIN CONTRIBUTIONS
This thesis describes a method for online safe flight envelope prediction and addresses
the issue of loss-of-control in transport-type aircraft. This work is unique in that it pro-
poses referencing a database of damage/failure scenarios based on in-flight identifica-
tion, rather than identification of a global model and direct envelope computations for
any damage/failure condition.

With significantly reduced computational effort compared to existing methods, the
proposed system is shown to be feasible for onboard real time implementation within
the aircraft control laws. The research advances the state of the art in online damage/failure
detection and safe envelope prediction of general fixed-wing aircraft.

Based on the above discussion, the main contributions of this thesis can be summa-
rized as follows:

• An approach to online safe flight envelope prediction is proposed, which is based
on the retrieval of information from offline-assembled databases.

• The aerodynamic model of a structurally damaged Cessna Citation aircraft is esti-
mated and added to the flight simulation model.

• An online damage assessment system is designed to determine the structural dam-
age of the state of the aircraft by using identification, detection, and classification
methods. The concept of classification based on changes in aerodynamic deriva-
tives is an innovative concept.

• A database is constructed offline, storing flight envelopes of different flight condi-
tions and damage cases that are computed using the level set method.

• A method for interpolating between two pre-computed safe-flight envelopes is
presented, which is less computationally expensive than directly using the level
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set method. With the ability to interpolate between envelopes, the database can
be used to establish an online flight envelope prediction system.

• The database-driven flight envelope prediction method is integrated with an on-
line fault tolerant controller, to formulate a closed-loop flight envelope protection
system. The implementation of the system in flight simulation illustrates the fea-
sibility of its onboard application.

6.3. RECOMMENDATIONS FOR FUTURE WORK
This thesis has provided answers to the research questions posed in Chapter 1, yet in the
course of obtaining results, many new questions and opportunities for further research
have emerged. Recommendations for future work are summarized here.

MODELING AND SIMULATION OF VARIOUS LOC HAZARDS
Among all the contributors to LOC accidents, only fault and damage cases are mod-
eled and simulated in this thesis as examples of representative abnormal cases based on
wind-tunnel and CFD data. The modeling and simulation work of other LOC hazards,
like stall, onboard icing and engine failures conducted in other research work [1, 6] is not
included in this thesis. Therefore, it is recommended to develop an integrated real-time
LOC simulation, covering a wide range of LOC scenarios and realistic combinations.

One limitation of this thesis is the lack of data, for our source of data is mainly from
wind tunnel tests conducted by NASA [4, 5] on a generic transport model. To enable
a more thorough study on the aerodynamic characteristics of a damaged Cessna Cita-
tion aircraft and establish its mathematical model in the DASMAT, wind tunnel tests on
subscale model or CFD computation is recommended in future work.

Compared with the modeling process discussed in this thesis, the modeling method
can be improved in future work to include not only aerodynamic effects, but also influ-
ential factors like propulsion and mass properties. The improvements on the modeling
and simulation of LOC hazards will enhance the fidelity of the computed flight envelopes
as well as the whole prediction and protection system. In addition, it will also benefit pi-
lot training and the design of re-configurable flight control systems.

DEVELOPING INTERFACE SYSTEMS ON FLIGHT ENVELOPE PROTECTION
Generally, the application of safe flight envelopes should be focused on two aspects. One
is on automatic flight control systems, and another equally important aspect is on hu-
man factors. This thesis mainly focuses on the former one, while the significance of
situation awareness of pilots should not be ignored. Under highly-complex LOC condi-
tions, a lack of situation awareness may result in inappropriate or delayed pilot response,
counteracting the effectiveness of the controller and exacerbating the current situation.

Therefore, it is recommended in future work to apply the database-driven flight en-
velope prediction system to the development of flight deck interfaces. Based on dynamic
flight envelopes retrieved from the database, better anticipatory guidance and improved
situation awareness can be achieved either by modifying current displays [8–10] or de-
signing new ones [11]. The abstract numerical limitation of flight envelopes can be trans-
formed into interfaces designed in visual, verbal or haptic forms [12], which are more
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easily understood and interpreted by human pilots.

EXPERIMENTAL TESTING FOR TECHNOLOGY VALIDATION

The DEFEND system developed in this thesis is only implemented through software sim-
ulation, while it is not yet validated by real-time hardware experiments. Hardware tests
of closed-loop safety-critical systems are normally implemented on a robotic motion
flight simulator [13], or more advanced subscale aircraft [1].

Based on the facilities available in TU Delft, it is recommended to conduct human-
in-the-loop experiments on the six-degree-of-freedom SIMONA Research Simulator (SRS).
Compared with desktop software simulations, the SRS provides a much more realistic
environment that incorporates more practical considerations as well as human factors
issues. In future work, various LOC scenarios can be simulated in the SRS, combined
with an operational DEFEND system. Evaluations on flight performance and pilot work
load in specific flying tasks (e.g., take off and landing) is recommended.

Although real flight tests on large passenger aircraft cannot be flown into high-risk
LOC conditions, tests on small unmanned aircraft are possible to evaluate the perfor-
mance of the DEFEND system and optimize the database based on the onboard memory
capacity. Currently, experiments on a damaged quadrotor drone are being conducted,
where one rotor is removed from the drone and the flight is maintained by an INDI con-
troller [14]. Future work is recommended to define and compute flight envelopes that
can be applied to damaged drones in the framework of the database approach.

TOWARD FUTURE AUTONOMOUS SYSTEMS

With the rise of self-driving cars, conceptual electric air taxis and intelligent robots etc.,
future research is moving towards more autonomous systems and operations [1], which
pose critical safety-related issues. The concept of reachability can be applied to such
systems, to guarantee a certain level of safety in autonomous operations. For example,
the safe driving envelope can be computed for autonomous cars to reduce crash prob-
ability in a planned trajectory [15, 16]. Obstacle avoidance for drones may possibly be
achieved by computing the reachable sets in more complex environments.

Furthermore, the concept of reachability can be extended to stochastic reachabil-
ity analysis [17], which computes the probability of reaching a target set under the in-
evitable presence of disturbances. The combination of reachability and stochastic pro-
cess is suitable for autonomous systems in complicated environment full of uncertain-
ties and disturbances. Additionally, future autonomous systems will need to be adapted
to a wide spectrum of adverse conditions and hazards. Therefore, database technology
developed in this thesis may provide a set of safe operation envelopes for these systems
in various abnormal scenarios with advanced intelligent and decision-making methods.
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